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SUMMARY

This thesis analyses the solidification, the microstructure and the mechanical properties of several
magnesium alloys. The objective is to establish correlations between them in order to predict the local
mechanical properties of magnesium cast components. On one hand, the solidification times have
been related to the grain sizes and on the other, the grain sizes to the tensile yield strength, as for
example, using the Hall-Petch equation. These relationships are integrated into numerical models for
the prediction of the local mechanical properties in castings. Moreover, the effect of the alloying
elements in the mechanical properties and in the generation of the texture in HPDC magnesium alloys

after uniaxial deformation has been analysed.

This work is aimed at the aeronautic sector, specifically to substitute aluminium alloys in applications
for the interior of commercial aircrafts. Four casting technologies and four alloys have been selected.
The casting technologies are sand, investment, gravity die and high-pressure die-casting. Two of the
selected alloys are commercial, the AZ91 and AM50 alloys. The commercial alloys are reference
alloys for two new alloys. Three alloys, including the two commercial alloys, are based in the Mg-Al
system. The fourth alloy is a higher strength magnesium alloy based in the Mg-Zn-Zr-Nd-Gd-Y system
and designated as MRI207S.

This investigation is divided into three sections. The first task is the production of magnesium castings
and the acquisition of cooling curves. A variety of alloys have been cast obtaining several

microstructures and consequently, different mechanical properties.

The second section relates to the microstructural characterisation in as-cast and heat treated
conditions. The applied heat treatment is the solution heat treatment and artificial aging (T6). In this
section the precipitates of each alloy are identified, as well as the grain sizes in different areas and the
fracture mechanisms. Precipitates increasing the strength are present in the new alloys. Moreover,
texture generation in uniaxial deformation is analysed in order to investigate the effect of the alloying
elements on the deformation mechanisms. The basal plane (0001) is oriented parallel to the loading
direction. The obtained intensity is smaller than that obtained in wrought alloys. It has been concluded

that the alloying elements have not affected the generation of the texture.

The third section involves the mechanical characterisation. Tensile tests have been carried out in
order to obtain the ultimate tensile strength, the tensile yield strength and the elongation of the
material. The properties of the MRI207S alloy are close to the ones of the A357 aluminium alloy.
Vickers microhardness tests have also been performed to see the influence of the kind of precipitates
in mechanical properties. The morphology of the precipitates in the AZ91E alloy varies in the same

zone, and, therefore, varying the local mechanical properties.

Correlating the results obtained in these three sections, relationships between solidification time, grain
size and tensile yield strength have been established for the new MRI207S gravity-cast alloy (cast by

sand, investment and gravity die-casting).
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RESUMEN

La presente tesis analiza la solidificacion, la microestructura y las propiedades mecanicas de varias
aleaciones de magnesio con el fin de establecer correlaciones entre ellas y predecir las propiedades
mecanicas locales en piezas fundidas. Se han relacionado los tiempos de solidificacion con los
tamafos de grano por un lado y por el otro los tamafios de grano con el limite elastico a traccion,
como por ejemplo mediante la ecuacion de Hall-Petch. Estas relaciones se integran en modelos
numeéricos para la prediccion de propiedades mecanicas locales en piezas de fundicion. Asi mismo,
se ha analizado el efecto de los aleantes en las propiedades mecanicas y en la generacion de la

textura de las aleaciones de magnesio inyectadas tras deformacion uniaxial.

El trabajo realizado se enmarca dentro del sector aeronautico, concretamente con el fin de sustituir
aleaciones de aluminio para aplicaciones del interior de aviones comerciales. Se han seleccionado
cuatro tecnologias de fundicion y cuatro aleaciones. Las cuatro tecnologias son el moldeo en arena,
la cera perdida, el moldeo en coquilla por gravedad y la inyeccion. Entre las aleaciones
seleccionadas, dos son comerciales, siendo estas la AZ91 y la AM50. Las aleaciones comerciales se
han utilizado como referencia para las dos nuevas aleaciones. Tres aleaciones, incluyendo las dos
comerciales, se basan en el sistema Mg-Al. La cuarta aleacién es una aleacion de magnesio de

mayor resistencia basada en el sistema Mg-Zn-Zr-Nd-Gd-Y y denominada MRI207S.

Se han distinguido tres fases principales. La primera fase consta de la producciéon de fundiciones de
magnesio y la adquisicion de curvas de enfriamiento. Se ha fundido una diversidad de aleaciones con

varias microestructuras y por consiguiente, con diferentes propiedades mecanicas.

La segunda fase trata de la caracterizacion microestructural antes y después del tratamiento térmico.
El tratamiento térmico empleado ha sido el de solubilizado, temple y envejecimiento artificial (T6). En
esta fase se han identificado los precipitados presentes en cada aleacion, los tamafos de grano en
diferentes zonas y los mecanismos de fractura. En las nuevas aleaciones se han detectado varios
precipitados que mejoran la resistencia. Asi mismo, se ha analizado la evolucién de la textura durante
la deformacioén uniaxial para analizar el efecto de los elementos de aleacién en los mecanismos de
deformacion. En la deformacion, el plano basal (0001) se orienta paralela a la direccion de carga,
siendo la intensidad obtenida menor que la obtenida en las aleaciones forjadas. Asi mismo, se ha

detectado que los aleantes no han afectado a la evolucion de la textura.

La tercera fase es sobre la caracterizacion mecanica. Se han realizado ensayos de traccion para el
establecimiento del limite a rotura, el limite elastico y el alargamiento. La aleacion MRI207S muestra
propiedades mecanicas cercanas a las de la aleacidon de aluminio A357 fundidas. También se han
efectuado ensayos de microdureza para establecer la influencia que tiene el tipo de precipitado en las
propiedades mecanicas. La morfologia de los precipitados en el caso de la aleaciéon AZ91E varia en

una misma zona, variando asi sus propiedades mecanicas locales.

Relacionando los resultados obtenidos en estas tres fases, se han establecido correlaciones entre el
tiempo de solidificacion, el tamafio de grano y el limite elastico para la nueva aleacion MRI207S

fundida por gravedad (moldeo en arena, a la cera perdida y en coquilla por gravedad).
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LABURPENA

Hemen aurkezten den tesi honek hainbat aleazioren solidotzea, mikroegitura eta ezaugarri
mekanikoak aztertzen ditu. Helburua euren arteko erlazioak ezarri eta galdatutako piezen ezaugarri
mekanikoak igartzea da. Batetik solidotze denborak ale tamainarekin erlazionatu dira, eta bestetik ale
tamainak trakzioko elastikotasun mugarekin, Hall-Petch ekuazioaren bidez adibidez. Lorturiko
ekuazioak zenbakizko modeloetan sar daitezke galdaketako piezen lekuko ezaugarri mekaniko
iragartzeko. Aleazio elementuek ezaugarri mekanikoetan duten eragina ere aztertu da. Bestalde,

injekziozko magnesio aleazioen testura sorkuntza deformazio uniaxialean ere aztertu da.

Lan hau sektore aeronautikoan kokatzen da, hegazkin komertzialen barne aplikazioetan aluminio
aleazioak ordezteko asmoarekin. Lau galdaketa teknologia eta lau aleazio aukeratu dira. Lau
teknologiak hondarrezko moldekatzea, argizari galduzkoa, maskorrezkoa eta injekzioa dira.
Aukeraturiko aleazioen artean, bi komertzialak dira, AZ91 eta AM50 hain zuzen ere. Aleazio
komertzialak erreferentzia moduan erabili dira beste bi aleazio berrirentzat. Hiru aleazio, tartean bi
komertzialak, Mg-Al aleazio sisteman oinarriturik daude. Laugarren aleazioa erresistentzia handiagoko

magnesio aleazio bat da, Mg-Zn-Zr-Nd-Gd-Y sisteman oinarritua eta MRI207S deiturikoa.

Hiru etapa nagusi bereizi dira. Lehenengoa magnesio piezen galdaketa eta hozketa kurben neurketan
oinarriturik dago. Etapa honetan hainbat aleazio galdatu dira mikroegitura desberdinak eta ondorioz,

ezaugarri mekaniko desberdinak lortzearren.

Bigarren etapa karakterizazio mikroegituralaz arduratzen da. Aleazio bakoitzean agerturiko
prezipitatuak, ale tamainak eremu desberdinetan eta haustura mekanismoak aztertu dira. Aleazio
berrietan, materialaren erresistentzia hobetzen duten prezipitatuak aurkitu dira. Bestalde, testuraren
garapena aztertu da deformazio uniaxialean. Helburua aleazio elementuek deformazio
mekanismoetan duten eragina aztertzea izan da. (0001) planoa karga norabideari paralelo orientatzen
da eta lorturiko intentsitatea forja aleazioetan emandakoa baino txikiagoa da. Aleazio elementuek

testura sorreran eraginik izan ez dutela ere erakutsi da.

Hirugarren fasea karakterizazio mekanikoari buruzkoa da. Trakzio saiakuntzak egin dira aleazio
desberdinen haustura erresistentzia, elastikotasun muga eta luzapena ezagutzeko asmoz. MRI207S
aleazioak A357 aluminio aleazioaren pareko ezaugarri mekanikoak ditu. Honenbestez, aluminio
aleazioak ordezkatzeko posibilitate handiak ditu aleazio honek. Mikrogogortasun neurketak ere egin
dira AZ91 aleazioan prezipitatu motek ezaugarri mekanikoetan duen eragina jakiteko asmoz.
Prezipitatuen morfologia aldakorra da eremu jakin batean, eta ondorioz, lekuko ezaugarri mekanikoak

ez dira konstanteak.

Hiru etapa hauetan lorturiko emaitzak batuz, solidotze denboraren, ale tamainaren eta elastikotasun
mugaren arteko erlazioak garatu dira MRI207 aleazio berriarentzat hondarrezko moldekatzeaz,

argizari galdukoaz edo maskorrezkoaz galdatzen den kasuetarako.
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1 INTRODUCTION

In this chapter the motivation leading to this research work, the defined objectives and the structure of
the document are presented. The purpose of this introduction is to justify the interest of this thesis
from a research point of view as well as from its use in industrial applications. This work is developed
analysing components made for aircrafts, but the results are also applicable generally. Nevertheless,

in some parts of the thesis, aviation requirements are considered.

1.1 Motivation

Since the 70s, the automotive industry has been working on the lightening of the vehicle for the
reduction of fuel consumption [CAR97]. Common steels and iron are being replaced by high strength
steels, aluminium, magnesium and polymers. In contrast, it takes longer to introduce changes in the
aircraft industry because of strict regulations. The number of tests to go through is high before any
change in the design of the aircrafts takes place. Furthermore, the aircraft industry has not been really
conscious of the problem of weight until recently. Nowadays, due to the application of fuel emission

taxes and the increase of fuel price, the introduction of light weight materials becomes important.

The reduction of pollution caused by air traffic has been a key target in recent years. It has been
reported by the Commission of the European Communities [COM05, COMO06] that air transport
accounts for 3% of the total CO, emissions in the European Union, but the expected growth is high.
EU emissions from international aviation grew by 87% between 1990 and 2004. In addition, air traffic
is forecasted to more than double between 2005 and 2020. With this increase in traffic, it is essential
to reduce the emissions, for example, by means of improvement in engine efficiency or by lightening

the aircrafts.

Magnesium is a candidate for substituting other materials for the reduction of weight. Magnesium is
the lightest structural metal with a density of 1.8 g/cm3 compared to 2.7 g/cm3 of aluminium and it has
a specific strength comparable to steel [KAIO3]. Traditionally, magnesium alloys have been considered
for the substitution of aluminium alloys, but their lightness together with their metallic nature makes

them a suitable candidate to substitute plastic components as well.

Although in recent years the efforts in magnesium technology have been concentrated in the
automotive industry, the properties of magnesium alloys are also favourable for the aerospace
industry. Benedyk [BENOS8] states that in World War 1l, magnesium was a common material in
aircrafts, but corrosion problems have reduced its use in aerospace. Currently, new high purity alloys
show improved corrosion resistance, but the requirements of the aerospace industry make further
developments necessary. This need is increased because of the limited quantity of the available Mg-

alloys.

Magnesium alloys show some limitations when achieving the higher mechanical properties required
for aviation. First of all, there are too few magnesium alloys with property ranges covering the

requirements of aeronautics. Hence, there is a lack of quantity. Secondly, there is a lack of
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understanding of the behaviour and properties of magnesium alloys, especially with regard to the
correlations between alloy composition, process parameters and properties of the final component.
Therefore, there is a lack of material and process knowledge. The development of this knowledge will
allow the prediction of the component behaviour in service. Finally, these measures together will

provide the basis for increasing the use of magnesium in aircrafts in a substantial way.

Present running R&D projects will probably define the future applications of magnesium in the
aerospace industry. The 6" European Framework Program had three magnesium related projects in
Aeronautic Priority: IDEA, AEROMAG and MagForming [OSTO7]. The first one is related to the
development of magnesium castings and the other two to wrought magnesium alloys. This research
work has been developed in the frame of the IDEA project: “Integrated Design and Product
Development for the Eco-efficient Production of Low-weight Aeroplane Equipment”, contract no.
AST3-CT-2003-503826. The final aim of the IDEA project has been to develop new magnesium cast
alloys mainly oriented to the aircraft industry.

In order to validate newly developed alloys, mechanical and microstructural characterisation is
necessary. In addition, it is interesting to know local mechanical properties for designing a cast
component. The mechanical properties in a cast part are defined by the material itself and by the local
solidification conditions. Simulation tools can be employed for the prediction of local solidification
conditions, and therefore, for the prediction of local mechanical properties. This leads to the possibility

of an optimised design of the components that fulfil the requirements.

Improved and verified knowledge will allow a sound formulation of relationships between solidification
rate, microstructure and tensile yield strength of cast magnesium alloys. An accurate prediction of the
local mechanical properties will result in an optimised design of the components. A good design also
leads to the reduction of weight, with less extra material. Since the main interest of magnesium is the
lightening of components, this work could lead to an increase in the use of magnesium castings in

aircrafts.

For a specific alloy, the solidification conditions define the microstructure. For example, long
solidification times mean large grain sizes and precipitates closer to equilibrium. The solidification
conditions of a component are not the same in all zones, so the microstructures and the mechanical

properties differ from one area to another.

There are only few publications focusing on the prediction of properties in cast magnesium alloys.
Most of them are dedicated to the Mg-Al system, which is the most used alloying system. A new
developed cast alloy based on the Mg-Zn-Zr-Nd-Y-Gd system is analysed in this work. This kind of
alloy is used when higher mechanical properties and creep resistance are required. For the validation
of the results commercial AZ91E (Mg-Al system) is used as reference alloy. Solidification parameters,
microstructures and mechanical properties are evaluated for these two alloys and correlations are

established.

A complementary work leading to a better understanding of the deformation and fracture behaviour of

magnesium castings is also presented in the microstructural characterisation. The evolution of texture
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during tensile testing has been measured for high-pressure die-cast (HPDC) Mg-alloys in this issue.
Commercial AM50 and an alloy based on AM50 and modified with Si and Sn are analysed. Several
mechanisms can be the reason for increasing the mechanical properties of the alloys. This
investigation leads to a better understanding of the deformation modes and of the effect of the alloying
elements in the texture. There are few research works related to the creation of texture in magnesium

cast alloys, and this study is an contribution to this area.

1.2 Objectives

In order to overcome the before mentioned obstacles (lack of quantity and lack of process and
material knowledge) to a higher use of magnesium components, the following objectives for this thesis

were formulated:

e To develop exploitable new knowledge on the influence of casting conditions on the

mechanical behaviour of cast magnesium components.

e To enable the numerical simulation to predict local properties of cast magnesium components
by provision of alloy and process specific data.

e To analyse the influence of the alloy composition and the precipitated intermetallics in the

mechanical properties of magnesium alloys.

The present study was carried out to contribute to the establishment of the relationship between
solidification conditions, microstructures and mechanical properties of magnesium cast alloys. This
task will enable the prediction of the mechanical behaviour of magnesium casting and the optimisation
of the alloy as well.

The mechanical properties of an alloy are defined by the obtained microstructure during casting and
posterior heat treatments. In cast components, the mechanical properties will be different in each area
because the solidification conditions depend on the casting parameters and on the geometry of the
mould. With the help of casting simulation tools, as for example WinCast®, MagmaSoft® and Procast®,
local solidification times can be predicted. It is then essential to increase the accuracy of the prediction
of the microstructure from a local solidification time. Precise correlations between microstructures and
mechanical properties may also be obtained. This will be possible due to the correlations between

microstructure and mechanical properties established in this work.

The correlations between microstructure and tensile yield strength (TYS) are usually achieved using
the grain size for a certain alloy cast in a specific casting technology. Hall Petch relation is used to
correlate the grain size to the TYS. The influence of precipitates and the deformation modes are
integrated as constants, and these factors should be modified when the casting technology or the alloy
are changed. The performance of a further step has been decided upon in order to reach a better
understanding of the deformation mechanisms. In order to analyse the effect of the precipitates in the

deformation mechanism, the texture generation during tensile testing has been measured.

According to these considerations, the work plan for this thesis is structured into three steps. Figure

1.1 summarises the defined work plan to reach the main objective. The procedure starts casting
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several parts with four casting technologies to obtain a variety of microstructures. Once the

solidification conditions and microstructures are analysed, they are correlated with mechanical

properties.

Casting of components
Acquisition of cocling curves
Obtaining of microstructures dependent on solidification rate

. 1

Analysis of microstructures
Precipitates, Grain Size, Texture

&3

Analysis of mechanical properties
Tensile tests, hardness measurements

Figure 1.1. Diagram highlighting the steps of the overall work plan.

The three technical objectives represented in Figure 1.1 are detailed below:

1.

Casting of tensile samples and test parts. Acquisition of cooling curves. This task allows
us to obtain the samples for microstructural and mechanical characterisation. Furthermore, it
leads to the obtainment of cooling curves at different points of the castings. The result is a
variety of castings with different microstructures and mechanical properties with registered

cooling curves.

Microstructural characterisation. Microstructures in as-cast and heat treated conditions are
characterised by optical microscopy and SEM. Precipitates are identified. Grain sizes and
porosity are measured to obtain a correlation between grain sizes and solidification curves.
Fracture areas are also identified. The purpose is to define the effect of the alloy composition
and the effect of precipitates in the fracture mode. Finally, for a better understanding of the
deformability of Mg alloys, texture measurements are performed with the aim of defining the
texture generation in uniaxially deformed magnesium castings. The effect of the alloying

elements in the texture generation is analysed in this issue.

Mechanical characterisation. Tensile tests are carried out in separately cast tensile
specimens and in specimens machined out from components. Mechanical properties are
compared with microstructures. The final objective is to be able to predict the mechanical
properties, especially the tensile yield strength, depending on cooling conditions. Hardness
measurements on the other hand lead to the establishment of correlations between hardness

and microstructures.

Three alloys from two families were chosen for this work and four casting technologies are used for

the production of samples: three gravity casting technologies (gravity die-casting, investment-casting
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and sand-casting) and high-pressure die-casting (HPDC). Table 1.1 summarises the alloys used in
each technology. Three Mg-Al based alloys are used. AZ91 is used in each casting technology. AM50
and AM50+Si+Sn are only used in HPDC. MRI207S, a Mg-Zn-Zr-Nd-Gd-Y alloy, is only cast by gravity
die-casting, investment-casting and sand-casting. At present, it is not possible to cast such alloys by
HPDC due to their reduced castability.

Table 1.1. Alloys used in each technology.

Technology AZ91 AM50 AM50+Si+Sn MRI207S
Sand-casting X X
Investment-casting X X
Gravity die-casting X X
HPDC X X X

The results obtained from the tasks above lead to a better understanding of the effect of the

precipitates and to the prediction of the tensile yield strength starting from the solidification conditions.

1.3 Structure of the document

This work is divided into six chapters plus the introduction and conclusion.

The first chapter is a review which explains the theoretical basics and technological background.
Firstly, an introduction to Mg castings is done. Next, the theory of solidification and alloying systems
focused on the magnesium alloys of this study are discussed. Finally, heat treatments in magnesium,
correlations between mechanical properties and microstructures and a short introduction to texture

generation in Mg alloys are presented.
The second chapter is dedicated to the description of the adopted experimental procedure.

The third chapter describes the results of the casting trials and the acquisition of solidification curves.
The results obtained in gravity die-casting, investment-casting, sand-casting and HPDC are shown.
The difficulties and casting defects encountered during the casting of several parts, as well as the

measured cooling curves are explained.

The fourth chapter is one of the main chapters of this work. First of all, it describes the microstructures
obtained in each alloy in as-cast and heat treated conditions. Then, a short description of the fracture
mechanisms is given, continuing with the grain size and porosity distribution in the castings. Finally,
the texture generation of HPDC alloys during tensile testing is analysed using the neutron diffraction

method.

The fifth chapter is dedicated to the mechanical testing of the separately cast tensile specimens and

components. Hardness measurements of different phases in AZ91E alloy are also presented.
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Finally, the sixth chapter puts together all the results obtained in the previous three chapters to apply

correlations between them and to define the parameters that permit the prediction of the

microstructures and mechanical properties from local solidification parameters.

Figure 1.2 shows a chart describing the structure of the thesis.
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Figure 1.2. Chart describing the structure of the thesis.

1.4  Main contributions of this study

The main results of this work are listed in this section.

The most important result is regarding the determination of mechanical and microstructural properties

of two new magnesium alloys. In this work these properties are compared to commercial alloys. New

alloys show promising results for future applications in commercial aircrafts. The new MRI207S alloy

reaches the requirements established by Israel Aerospace Industries within the IDEA EC project for

magnesium applications.

Moreover, this thesis is the first systematic investigation into new magnesium alloys for aeronautics

that combines aspects of improved properties and component behaviour. The improved properties are

achieved with the new alloys. On one hand, with the aim of increasing the knowledge about the newly

developed magnesium alloys, the influence of precipitates and fracture mechanisms are described in

as-cast and T6 heat treatment. On the other hand, the correlations between solidification times and

microstructures for the new alloys are established to predict the component behaviour. Furthermore,
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Hall-Petch parameters have been found for the first time for the gravity cast MRI207S alloy
investigated in this work. Previously, only parameters for pure magnesium, for the Mg-Al system and

for Mg-Zn binary alloys had been defined in literature.

Finally, for the first time, texture generation during uniaxial deformation is measured for magnesium
high-pressure die-castings. Texture in high-pressure die-cast (HPDC) magnesium alloys is measured
for a better understanding of deformation modes in different alloys. Neutron diffraction method is used

for this task.
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2 LITERATURE REVIEW

In this chapter the literature review concerning the solidification of magnesium alloys, microstructure

development and the relationship between microstructure and mechanical properties is presented.

First of all, the casting of magnesium is briefly introduced, giving an overview of the main factors to

take into account when casting Mg.

Then, the microstructural evolution during solidification is explained. Nucleation events, morphology of

the developed structure during solidification and methods for grain size calculation are discussed.

Subsequently, a review of the effect of alloying elements, the main intermetallics compounds in Mg
alloys and the metallurgical background of the Mg-Al and Mg-Zn-Zr-Nd-Gd-Y alloys is presented.

Typical heat treatments in Mg alloys are also mentioned.

Thereafter, different models for correlating microstructures with mechanical properties are discussed,
focusing on the Hall-Petch equation. Fracture mechanisms are described for a better understanding of

the effect of the alloying elements and grain size in the behaviour of the material.

Finally, the literature review relating to the active deformation modes and the development of texture

in polycrystalline magnesium and its alloys is presented.

2.1 Introduction of casting. General aspects

Magnesium alloys can be, in principle, cast by all known casting technologies. However, some

precautions should be taken in comparison to other metals.

One of the mayor concerns in melting magnesium is its flammability. But in fact, magnesium only
burns easily either in liquid state or in the form of powder or chips. For casting of Mg, Bach et al.
[BACO04] recommend that the melting process should be performed under protective atmosphere or
with the use of fluxes because of the high affinity to oxygen and the high vapour pressure of
magnesium alloys. The more typically used protective methods are explained below in this section.
When molten magnesium reacts with oxygen, a thin oxide layer is formed on the surface of the melt,
but the oxide layer is porous and it is not sufficiently protective to prevent further oxidation [BACO04].
Hydro Magnesium [HYDO06] summarises the exothermic reactions with oxygen and oxygen-containing

materials as follows:
Burning/Oxidation
2Mg + O, = 2MgO
Rapid evaporation (expansion) of water entrapped by liquid magnesium
Mg (lig.) + H.O (lig.) = H,O (vap.) + Mg (fine droplets)
Water reaction/Hydrogen explosion

Mg + H,O = MgO + H, and 2H, + O, =2H,0
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Thermite reaction

3Mg + Fe,0O3 = 3MgO + 2Fe
Silica reaction

2Mg + SiO, = 2MgO + Si

Fluxes were traditionally used for alloys containing aluminium or manganese. Emley [EML66] gives
the compositions of the typical fluxes. They are mainly composed of MgCl,, CaCl,, NaCl, KCI and
BaCl,. The proper use of fluxes leads to good quality castings. Nevertheless flux can cause melt loss,

inclusions, and flux disposal problems for example [ASM88], so fluxless melting was developed.

For fluxless melting protective gases has to be used. The first protective gas mixtures used contained
sulphur dioxide (SO;) [ASM88], but due to its toxicity, in the 70s, mixtures of sulphur hexafluoride
(SFg) became more common [CAS04]. This is a colourless, odourless and non-toxic gas, but since its
greenhouse effect was discovered, alternatives to this gas are being analysed. It can trap heat in the
atmosphere 23,900 times more effectively than CO, [EPA06]. Nowadays, there are alternatives to SO,
and SFs. Some examples are the HFC-134a gas and the Magshield system. Cashion et al. [CAS04]
present the HFC-134a hydrofluorocarbon gas 1,1,1,2-tetrafluoroethane. They say that it releases the
fluorine more readily than SFg, being more efficient for melt protection than SFg at typical molten metal
temperatures. Revankar et al. [REVO08] introduce the Magshield system, which work with the

decomposition of KBF,4 to obtain BF.

There are other precautions to be taken when melting magnesium. Molten magnesium reacts with
water. Therefore, the ingots and tools, such as ladles, should be preheated to 150°C before placing
them into molten Mg [HYDOG6]. Finally, silica crucibles should not be used due to their reaction with
molten magnesium. Steel crucibles should be used instead [ASM88, AVE99, EML66, HYDO06], as they

are usually made of plain steel or nickel-free low alloyed steels.

2.2 The solidification and microstructural evolution of magnesium alloys

The key solidification processes that control the final microstructure are the initial nucleation events,
the growth of these nuclei into primary dendrites and the eutectic solidification. Therefore, smaller
grains can be achieved with the use of artificial nucleants or by elevated solidification rates. In this
section, the nucleation mechanisms, the growth morphology and the obtained grain size are

described.

2.2.1  Nucleation mechanisms

Solidification starts when the free energy of the liquid is higher than the free energy of the solid. This
can, for example, be achieved by a decrease in temperature. The solid phase of metals is usually
crystallographic and the liquid phase is non-crystallographic. For the change from liquid to solid, it is
necessary to form stable regions of the solid phase. This becomes possible due to the nucleation of
small clusters of ordered crystals in the melt. A minimum radius of the clusters is required to form a

stable nucleus, smaller clusters being unstable. Kurz [KUR98] states that the smaller the difference
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between the melting point and the temperature of the melt (undercooling), the larger the size of the

equilibrium crystal will be. The equilibrium crystal is the stable generated cluster which will not melt.

The critical nucleus size to form stable clusters is given by Eq. 2.1 [POR81]

= 2y

Eq. 2.1
AG g

\

where r* is the critical nucleus size, ys; the solid/liquid interfacial free energy and AG, the change of

free energy per unit volume from liquid to solid.

On the other hand, the rate of nucleus formation is given by Eq. 2.2 [KUR98],

AG; + AG,
| =1,exp| ———— Eq. 2.2
kgT

where [ is the number of nuclei created per unit volume and time, /, a pre-exponential factor, AG;’ the
activation energy for the nucleation of a critical number of clustered atoms forming an stable nucleus,
AG, the activation free energy for diffusion across the solid/liquid interface, ks the Boltzmann's

constant and T the temperature.

The maximum value of AG, varies with 1/ AT . AT is the undercooling of the material where the

solidification starts. Therefore, the number of clusters depends on the undercooling of the material.
There is a maximum in the nucleation rate at a critical temperature. This maximum is situated between
the melting point (AT = 0) and the point where there is no longer any thermal activation (7=0). This is
illustrated in Figure 2.1a [KUR98]. At low undercoolings, the energy barrier for nucleus formation is
very high and the nucleation rate is very low. As the undercooling increases, the nucleus formation
rate increases before again decreasing due to a lower rate of atomic migration (diffusion) with
decreasing temperature. Therefore, the result is a maximum in the nucleation rate. Figure 2.1b is
plotted in a TTT (time-temperature-transformation) diagram, which gives the time required for
nucleation. This time is inversely proportional to the nucleation rate, and, therefore, the inverse of
diagram a) for a given alloy volume. When usual cooling rates are applied, a crystalline structure is
obtained, but for very high cooling rates, an amorphous solid is the result via a continuous increase in

viscosity.
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Figure 2.1. a) Nucleation rate and b) nucleation time as a function of absolute temperature. T is the
temperature of fusion, I, the maximal nucleation rate and t,, is the minimum time for nucleation to form
a crystal. Line 1 represents a solidification time leading to a crystalline structure and an amorphous
material will be the result with the solidification marked by line 2 [KUR98].

The value of AGI? and, therefore, of the nucleation rate can be increased by adding foreign crystalline

materials or by increasing the undercooling [KUR98]. The most effective nucleating agent for grain
size reduction in magnesium is Zr. Nevertheless, the presence of elements such as Al and Mn
dramatically reduces the liquid solubility of Zr, eliminating its grain refining effect in common Mg-Al
alloys [AGHO04]. Other grain refining methods used in Mg alloys are increased cooling rates,
superheating, carbon or Sr additions, the addition of ferric chloride (Elfinal process) and agitation
[EML66, LEEOO, WALO3].

The initial nucleation is an important factor in determining final grain size. Difficulty arises when giving
values to Eq. 2.2. For example, AG;’ is not constant for an alloy as previously explained, and it

changes with artificial agents and undercooling. In practice, equations based on the growth

mechanisms are used for the prediction of the microstructure in casting simulation models.

2.2.2  Growth morphology

The solidification of a liquid in metals can lead to different structures depending on the cooling rate,
from a planar structure to a cellular one, then to a dendritic structure and finally to the rapid
solidification structure. Figure 2.2 shows how the morphology changes when the solidification rate
increases. Planar interface is then obtained when high thermal gradients are present. When reducing
the thermal gradient, first protrusions will be generated and solute will be rejected laterally and piled
up at the root of the protrusion. This will cause the lowering of the equilibrium solidification and
eventually the protrusions develop into long arms or cells growing parallel to the direction of heat flow.
Next comes the dendritic structure. It is the most common structure for all metallurgical processes.
Porter and Easterling [POR81] explain that it is not fully understood why cells become dendrites. They
say that it is probably associated with the creation of constitutional supercooling in the liquid between
the cells causing interface instabilities in the transverse direction. Finally, rapid solidification is used to

obtain very small microstructures and amorphous material [PFEQ7].
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Figure 2.2. Evolution of the solid-liquid interface morphology with increasing velocity. a) Planar
interface generally observed in single-crystal growth; b) cellular structures: ¢) dendrites observed in
classical metallurgical processes; d) flat interface obtained in rapid solidification [PFEQ7].

Figure 2.3 introduces the main planes and directions present in hexagonal materials for the
explanation of the principal direction of the dendritic growth in magnesium.
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Figure 2.3. Magnesium unit cell crystal with hexagonal close packed structure; a) atomic positions b)

basal plane, a face plane and principal planes of the [1 21 0] zone; c) principal planes of the [ 1100]
zone; d) principal directions [AVE99].

It is usually accepted that the <10i0) direction is the one for dendrite growth in hexagonal materials
such as Mg [CHA54, CHAG4, FLE74, REEG4], although this has been established only for high purity
Zn [WEI52]. Other directions have been reported for non-metallic materials, as the (0001) direction for
Co417Smy, [KUR98]. The general principle for faceted materials is that the direction of dendritic growth
is the axis of a pyramid whose sides are the closest packed planes with which a pyramid can be
formed [FLE74, CHA54, CHAG64]. This is based on Bravai's law, which states that the directions

normal to the most closely packed planes are the slowest growing directions [PET90]. Magnesium

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys



Chapter 2 - Literature Review 40

crystals grown from the vapour form faces which are parallel to the (0001), {10i0} and {1011} planes
[STR35, VANT1].

Pettersen et al. [PET89, PET90] analyse the growth directions of the dendrites of magnesium alloy
AZ91. In a first study [PET89], they conclude that the main growth direction was the (11 éO), with six

secondary arms around the primary dendrite stalk. Two lie in the basal plane and four in (1011)-type

planes (Figure 2.4). In a later article [PET90], they find that for a high temperature gradient to growth
velocity ratio, the stem direction is <224_1 5) and secondary arms grow in three directions from the stem;
two arms grow in the (ZZZ 5) directions at 35° from the stem direction, while the third arm grows in the
(1150) direction, at 54° from the stem direction. For a lower gradient to velocity ratio, the stem
direction is (11 E 0). Secondary arms are growing in six directions from the stem, two (11 E 0)

directions at 60° from the stem direction and four (2221 5) directions at 73°.
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Figure 2.4. a) The mechanism of branching of the dendrites to establish the long-range arrangement of
the structure along the basal plane; b) Essential feature of a columnar dendrite in the magnesium
AZ91 alloy [PET89].

However, when more than one phase is being generated simultaneously in the transition from liquid to
solid, eutectic structures will be obtained as well as the monophasic structures explained above. When
solidifying in dendritic structures, solute elements are rejected into the liquid. Therefore, the
concentration of solid and liquid phases is not the same, and segregation occurs. The liquid can also
reach the eutectic composition, and eutectic phases can form in the grain boundaries and/or between

dendrite branches.

A high variety of eutectic structures can be created. The most common eutectic structures are
composed of two phases, which can be regular or irregular (Figure 2.5). When there is a high volume
of both phases (0.25<f<0.5, where f is the solute concentration) the eutectic tends to be lamellar. For
small concentrations of a phase (f<0.25), there is a tendency to form fibres of that phase [KUR98].
Furthermore, these structures can be regular or irregular, being regular when both phases have a low

entropy of fusion (a<2, where « is the entropy of fusion of the phases).
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Figure 2.5. Types of binary eutectic morphology, fibrous, lamellar, reqular or irregular. a) fibrous and
regular; b) lamellar and regular; c) fibrous and irreqular; d) lamellar and irreqular [KUR98].

The growth of magnesium dendrites occurs according to the usual principles of primary phase
solidification: solute elements with a distribution coefficient less than unity are rejected in front of the
dendrites during growth and this causes changes in the microstructure. For example, a small addition
of aluminium to pure magnesium leads to a morphological change of the primary phase. It changes
from a cellular to a dendritic structure [STJO3].

Figure 2.6 shows a typical dendrite in Mg-Al alloys. It has a six-fold symmetry as explained in Figure
2.4. In this figure, A shows secondary arms of magnesium dendrites, B is the y-Al;,Mgq7 phase and C
shows the a-Mg solid solution rich in aluminium. y-Al;,Mg47 equilibrium phase precipitates in Mg-Al
alloys in interdendritic spaces. It is a hard phase suitable for increasing strength at room temperature.
Nevertheless, it is not suitable because it reduces ductility and creep resistance significantly.

Figure 2.6. a) Micrograph of fully developed dendrites in a Mg-15wt% Al alloy permanent mould
casting [STJ03]; b) representation of the hexagonal morphology [FERO6].
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2.2.3  Primary and secondary arm spacing

Firstly, definitions of grain size (d), primary arm spacing (44) and secondary arm spacing (/,) are given

for metallic materials to clarify each concept and to avoid misunderstandings.

Grain size is equal to the diameter of a grain. A grain is the domain of solid-state matter that has the
same structure as a single crystal. In a grain, the atoms are arranged in an orderly repeating pattern
extending to all three spatial dimensions and it constitutes a single phase. However, grains are not
always spherical and not every grain is the same size. Furthermore, average values are usually given.
Besides, if the size depends on the direction, for example in wrought materials or directional

solidification, grain size is given for each direction.

When dendritic structure is present, apart from grain size, primary and secondary arm spacing can be
defined. Primary arm spacing is the distance between two adjacent primary dendrite arms. In
columnar grains, for example, primary arm spacing and grain size is usually equivalent to the direction
perpendicular to the trunk. Secondary arm spacing is similar, but in this case, it is the distance

between the centers of two adjacent secondary dendrite arms.

Kurz and Fischer [KUR98] report that the dendrite arm spacing is defined by the solidification time,
which is the time needed to go from liquidus to solidus temperature. The primary spacing develops
during nucleation and is fixed during growth. It is directly related to the grain size. However, the
secondary spacing can increase with long contact times between the highly-curved, branched
structure and the melt. Once nucleation events are completed, growth continues until the primary
dendrite arms meet the diffusion boundary of the neighbouring branches, at which point the grain size
is fixed. The remaining time is left for the thickening of the secondary arms. This occurs by diffusion
along the surface of the cylindrical arms as a result of a concentration gradient. The thin arms will be
in a liquid high in solvent. Thus, the thin arms will dissolve as a result of diffusion of the solvent along
the surface to the thicker arms as shown for Al-4.5% Cu by Kattamis [KAT67].

For a better understanding of the three definitions given above, d, 4, and A, are represented in Figure
27.

5, p)

Figure 2.7. a) Columnar dendrites and their schematic representation as hexagonal packing of
ellipses. Primary arm spacing (1) is indicated, in this case being equal to grain size (d) [PFEO7]; b)
lllustration of secondary arm spacing (1) and grain size (d).
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Kurz [KUR98] computes the characteristic dimensions of the dendrites for the most important range of
dendritic growth at commonly used parameters. The primary dendrite spacing or the periodicity, 1+,
(Figure 2.7) is given by Eq. 2.3. In this equation it is assumed that the dendrite tip-to-root temperature

is similar to the liquidus-solidus range, so, AT’'=AT,,

2 _4_.34 AT,D,T
JG kv,

A4 is the primary arm spacing, G is the interface temperature gradient, AT, is the liquidus-solidus range

Eq. 2.3

at a solute concentration c,, D, is the diffusion coefficient of the solute in liquid, 7" is the Gibbs-
Thomson coefficient, k is the segregation coefficient (k=cs/c.) and v; is the interface velocity. Similar
equations are also given for secondary arm spacing by Kurz [KUR98] or by Pfeiler [PFEQ7].
Nevertheless, all these equations are difficult to use due to the high amount of variables to be taken
into account. In the commonly used multicomponent alloying systems, the usage of these equations

becomes even more complicated.

Kurz [KUR98] states that dendrite arm spacing will not obey the simple relationship which is often
proposed, as for example, by Flemings [FLE74] (Eq. 2.4). However, even if this equation is very
simplified, it is useful due to its ease of application. Regarding Mg alloys, it allows an easy way to
relate the microstructure with the cooling curves as reported by Caceres [CAC02a] and Wendt
[WENOS6].

d =a'tsn =b(AtTSJ Eq. 2.4

S

In this equation d can represent either the dendrite arm spacing or the grain size. a and b are
constants to be defined for each alloy and n is an exponent. Flemings [FLE74] reports without any
explanation that the exponent n is in the range of ¥ and %2 and generally very close to V2 for primary

spacing. t; is the solidification time and AT is the non-equilibrium temperature range of solidification.

The relationship between AT and t is defined by the solidification rate or the cooling rate ([T|) in the
next equation (Eq. 2.5).
.l’. AT, (Tliquidus —Teolicus) Eq. 2.5
t, t, o

Tiiquiaus 1S the liquidus temperature and Tiqus the solidus temperature.

Caceres et al. [CAC02a] make an analysis of this relationship for AZ91E alloy and compared their
data with data taken from the literature [DUB98, LAB97, SEQ97]. Values for b and n (Eq. 2.4) are
given in Table 2.1 for the calculation of secondary arm spacing. Those values are also represented in
Figure 2.8a. Kamado et al. [KAM87] and Tensi and Rosch [TEN92] also analyse the effect of the

cooling rate in the dendrite arm spacing for two Mg-Al alloys (Figure 2.8b).
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Table 2.1. Parameters relating secondary arm spacing and solidification rate (Eq. 2.4) for the
magnesium AZ91 alloy.
b n
[CACO023a] 49.0 0.42
[LAB97] 49.9 0.34
[DUB98] 35.5 0.31
[SEQ97] 63.6 0.37
100 T o
% S 0. s s
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Figure 2.8. a) SDAS as a function of the cooling rate for the AZ91 alloy compared with data from the
literature [DUB98, LAB97, and SEQ97 in CACO02a]; b) Effect of cooling rate upon the dendrite arm
spacing for AM50 and AZ91 [KAM87, TEN92].

It is necessary to measure the solidification time to solve the Eq. 2.4. One way of determining {; is to

use sensorised moulds with thermocouples placed inside. The temperature is continuously measured

during the solidification process at different positions by the thermocouples using a data acquisition

software. Curves like the one shown in Figure 2.9 are obtained by this method. The solidification time

can be calculated by the changes in the slopes of the curve at the beginning and at the end of the

solidification (second derivative).
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Figure 2.9. Measured temperatures of the AZ91E magnesium alloy at different points of the mould in a
gravity die-casting example [WENO6].
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2.3 Alloying Systems

Magnesium is available commercially with purity exceeding 99.8%. Nevertheless, it is rarely used for
engineering applications without being alloyed with other metals due to poor mechanical properties.
Key features that dominate the physical metallurgy of magnesium alloys are the hexagonal lattice
structure and the fact that the atomic diameter of magnesium (0.320 nm) is such that it has a

favourable size factor with a diverse range of solute elements [AVE99].

Atomic-size and valency restrictions, as well as the electropositive nature of magnesium, must be
considered in alloying. In this section, the effects of alloying elements and the characteristics of two
alloying systems are presented. The Mg-Al and Mg-RE-Zn-Zr systems are the ones analysed in this

study. This section is an introduction of the characteristics of these alloys.

The most used alloying system is the Mg-Al-Zn system. The reason for this is the good castability and
mechanical properties at room temperature of the alloys of the Mg-Al system in addition to their low
cost. Mn additions are common in this alloying system to increase ductility. In order to obtain high-
performance alloys, other minority elements, i.e. RE, Si and Ca are added. For high-performance
gravity casting alloys, aluminium is completely removed and alloys containing zinc, zirconium, and rare

earths are the most common.

2.3.1  Metallurgical background of the Mg-Al alloys
Several researchers [AGH98, CAC02a, CAO04, CAR97, FOX43, and STJ03 amongst others] have

analysed the microstructure and mechanical properties of Mg-Al alloys.

One of the most interesting properties of Mg-Al alloys is their good castability. In addition, high levels
of Al improve the castability in spite of an increase in the volume fraction of eutectic [STJ03]. The
amount of eutectic is high in AZ91. This is one of the alloys under investigation in this work, and
therefore, it is essential to understand the role of the eutectic in the microstructure of Mg-Al alloys.

This section focuses on the description of the eutectic precipitation in these alloys.

According to the Mg-Al equilibrium phase diagram, the y-Al;,Mg47 phase, which is the one appearing in
the eutectic reaction, is expected to appear when the aluminium content reaches ~13 wt%. Although in
equilibrium an alloy should not exhibit any eutectic structure, in non-equilibrium solidification sufficient
liquid enrichment can occur. Consequently, the eutectic structure can appear. It has been reported
[EML66, STJ03], that in Mg-Al alloys with about 2 per cent aluminium, particles of y-Al;,Mg¢7; can
appear depending upon the cooling rate. The reason is that alloys do not follow the equilibrium phase
diagram in real casting procedures, where the cooling rate is higher than that required for equilibrium
solidification. When an alloy reaches the liquidus point, the solute composition of the generated solid
is smaller than the solute content in the alloy. Therefore, the liquid is enriched in solute. The path
followed in the phase diagram for a non-equilibrium cooling is given by Carlson [CAR97] in Figure 2.10

for a Mg-Al alloy. In this diagram, the y-Al;,Mg7 intermetallic is denoted with B.
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Figure 2.10. Schematic composition paths during Mg-Al non-equilibrium solidification [CAR97].

Aghion and Bronfin [AGH98] explain the solidification of AZ91 alloy in ingot casting, where the cooling
rate is relatively slow, compared to sand-casting. However, it is not an equilibrium solidification. They
report that solidification starts at 595°C. The first crystals contain approximately 1.5% Al. Aluminium
content increases as solidification continues, and the surface of the grain can have contents of 9%
aluminium [AGH98].

Eutectic can be produced in several morphologies in magnesium alloys as is shown in Figure 2.11.

Figure 2.11. a) Lamellar, b) fibrous, c) partially divorced and d) fully divorced morphologies in Mg-Al
alloys of various compositions [STJ0O3].

StJohn et al. report [STJ03] that for alloy compositions and casting conditions used commercially
(gravity and high-pressure casting), the eutectic morphology is generally fully or partially divorced.
Fully divorced morphologies are usually formed in die-casting, while partially divorced morphologies
are more likely at lower cooling rates. They explain that at high cooling rates, the isolated regions
between dendrite branches are smaller and the undercooling higher. Therefore, fully divorced eutectic
is more usual because nucleation in the interdendritic liquid is required in each of these regions. Since
the undercooling required for nucleation is larger than the undercooling required for growth, the
phases already present are more likely to grow forming the divorced eutectic. In the same work, it is
also reported that aluminium content influences the morphology. A reduction in aluminium content
favours a more divorced morphology, but ternary additions can change this trend.

Fox and Lardner [FOX43] detail further the precipitation and generation of the pseudo-eutectoid form

of the precipitated y-Al;,Mg,; phase after solution treatment and posterior precipitation treatment. They
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highlight the importance of the aluminium content, of the heat-treatment temperature and, to a lesser
extent, of the heat-treatment time for the precipitation of y-phase. They distinguish 4 kinds of
precipitates in their work. The first kind is the grain boundary precipitate, which grows from the grain
boundaries of the supersaturated a solid solution in the form of continuous waves. The extent of these
grain-boundary-precipitate areas depends upon the aluminium content of the supersaturated solid
solution and upon the temperature at which the specimen is treated. Those precipitates are called
troostite, sorbite and pearlite because of their resemblance to steel precipitates. However, the three
types of structure are varieties of one main form, as it is possible to obtain intermediate structures
between the two extremes. In troostite, the two phases (a-Mg and y-Al;,Mg47) can hardly be
recognized as two phases. The sorbite is a coarsened troostite, where the particles show a tendency
to lie in parallel layers. Finally, the pearlite shows a fully lamellar structure. Emley [EML66] reports that
long heat-treatment times, high temperatures, and low aluminium contents favour coarse pearlite. The
second kind of precipitate cited in [FOX43] is the osmondite, which can be crystallographic, uniform or
granular. The osmondite comprises the precipitates which are produced in areas not affected by the
growth of the grain-boundary precipitates and appears when the grain boundary precipitation ceases.
The crystallographic osmondite is the first appearance of osmondite, and needs an “incubation”
period. The uniform osmondite is produced from crystallographic osmondite, where the precipitate
remains in the form of extremely small particles. In further heating, the orientation of the precipitates is
more marked, forming parallel layers, small lozenge-shaped flakes lying in the (0001) crystallographic
plane or small bars. The third kind of precipitation is the mosaic type, which appears when large grain
growth has taken place during the solution treatment. It is formed by irregular lines of very small
precipitated particles going across the grains. It appears that mosaic precipitation may occur as a
result of y-Aly,Mgq; particle precipitation on the sites of original grain boundaries. Finally, the
spheroidite kind of precipitates appear in continued heat-treatment when the precipitated structures
coarsen growing into spheroidal particles, presumably the form in which the energy of the system is at

a minimum.

2.3.2  Metallurgical background of Mg-Zn-Zr-Nd-Gd-Y alloys

Mg-Zn-Zr-RE alloys are of interest for high strength and high temperature applications [EMLG6].
However, due to the high reactivity of Zr, only a few elements are compatible with it. The most
recognised elements compatible with Zr are Zn, RE, Y and Ag [AGHO04]. In this work an alloy
containing Mg-Zn-Zr-RE-Y has been analysed.

The addition of rare-earth elements is interesting because these alloys show precipitation hardening
by aging [HONO7]. Bronfin et al. [BROO7] suggest an optimal combination in concentration of
gadolinium, yttrium and neodymium to obtain high strength alloys. Nd has a good combination of
enhanced solid solubility, availability and low cost, but contents higher than 3% result in significant
embrittlement. However, they state that Nd should be considered as the main alloying element. Y and
particularly Gd have higher solubility in magnesium than Nd, but they are expensive. Furthermore, Gd,
because of its great atomic weight, requires higher additions in weight to have the same atomic

percentage compared to Y and Nd.
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This section is divided into the analysis of alloys having Zn as a major element and rare earths as the

main alloying elements.

2.3.21 Mg-Zn based alloys

Rao et al. [RAOO06] report the appearance of MgZn and MgZn, nano-sized precipitates that may
improve the precipitation strengthening for Mg-Zn-Y alloys. On the other hand, Boris et al. [BROO07]
indicate that Zn content should be limited in most cases to 0.3-0.8% when zinc is added to a
magnesium alloy containing rare earths. The reason is that zinc combines with Nd, Y and Gd to form
stable eutectic intermetallics. Thereby, it nullifies the contribution of the above elements to
precipitation hardening. However, higher Zn contents can be used in some cases when solid solution
strengthening is considered as an alternative strengthening mechanism. Suzuki et al. [SUZ03] report
that the addition of Zn leads to the formation of planar defects in the (0001) plane after solid solution.

Thus, confinement of dislocations in the basal plane and suppression of non-basal slip occur.

Li et al. [LIO7] have analysed the effect of Nd and Y additions in Mg-Zn-Zr alloys. They conclude that,
when only Nd is added to Mg-Zn-Zr alloys, a continuous network of T phase precipitates is formed
around the grain boundary. Those precipitates are ribbon-shaped and lamellar eutectics and they
reduce the ductility and the ultimate tensile strength. Wei et al. [WEI97] define the T phase as a
ternary phase of c-centred orthorhombic crystal structure exhibiting a wide range of stoichiometry.
When Li et al. [LI07] add Nd contents up to 2 wt.%, the W phase coexists with T phase. In this case,
the continuous lamellar eutectics became predominant. Yang et al. [YANO8] have also analysed the
effect of Nd in Mg-Zn alloys. They agree with Li et al. in that the addition of 2 wt.% Nd to a Mg-4.5Zn
(wt.%) alloy leads to the precipitation of a continuous network of interdendritic compounds leading to a
decrease in mechanical properties. However, the addition of 1 wt.% Nd improves the mechanical
properties of Mg-4.5Zn (wt.%) alloy. When Li et al. [LIO7] add 0.5-1 wt.% Y to Mg-5Zn-2Nd-0.6Zr
(wt.%) alloy, individual formation of the W phase in the form of lamellar eutectics with o-Mg is
obtained. The addition of Y poligonises and thickens the lamellar eutectics and lessens the continuity
of the eutectic networks. Therefore, UTS and elongation are improved. They also find out that the
addition of Nd and Y to Mg-Zn-Zr alloys refines the dendritic size, increases the interdendritic phase
amount and improves the thermal stability of these interdendritic phases. Conversely, Yang et al.
[YANO8] do not observe any grain refining effect with the addition of Nd. Figure 2.12 shows the
evolution of the microstructures of Mg-Zn-Zr alloys with the addition of Nd and Y. Figure 2.13 shows

the TEM image of the lamellar W phase.
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Figure 2.12. Optical micrographs of as-cast alloys at two magnifications each; a) and b) Mg-5Zn-0,6Zr
(Wt.%); c) and d) Mg-5Zn-1Nd-0.6Zr (wt.%); e) and f) Mg-5Zn-2Nd-0.6Zr (wt.%); g) and h) Mg-5Zn-
2Nd-0.5Y-0.6Zr (Wt.%); i) and j) Mg-5Zn-2Nd-1Y-0.6Zr (wt.%) [L107].

Figure 2.13. TEM BFI showing lamellar eutectic W phase observed in Mg-5Zn-2Nd-1Y-0.6Zr (wt.%)
alloy [LI07].

2.3.2.2 Mg-RE based alloys

The increase in hardness and strength in Mg-Nd alloys is reported to be due to the formation of plate
shaped “GP” zones on one hand and Mg;Nd phase and precipitates on prismatic planes of the Mg
matrix on the other [PIK73].

Aghion et al. [AGH08] summarise the strengthening effect of the addition of Y to a Mg-3Nd (wt.%)
alloy schematically, which is illustrated in Figure 2.14. The strengthening effect of Y after T6 heat
treatment is explained. The strengthening happens by solid-solution and precipitation. The solubility of
Y in magnesium leads to solid-solution strengthening and the formation of a fine dispersed ternary p’

(Mg«(Nd,Y)+) intermetallic phase is the cause of precipitation strengthening.
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Figure 2.14. Schematic illustration of the strengthening mechanism of yttrium in Mg-3%Nd. a) Mg-
3%Nd in as-cast condition; b) Mg-3%Nd-2%Y in as-cast condition; ¢) Mg-3%Nd-2%Y after T6 heat
treatment (all numbers relates to wt.%) [AGHO08].

Gill et al. [GIL04] analyse the microstructures of three Mg-RE-Zn-Zr alloys. As-cast and solution heat-
treated microstructures of the Mg-2.8Nd-0.6Zn-0.46Zr-0.29Gd (wt.%) alloy are shown in Figure 2.15.
The as-cast microstructure is formed by equiaxed dendrites of a-Mg solid solution surrounded by a
divorced eutectic. The divorced eutectic is composed of a-Mg solid solution and Nd-rich second
phase. Solution treatment results in the formation of large, 0.1-1 um, precipitates in the centre of the
a-Mg grains for the Zn containing alloys. Some other authors [MUK97, TIK71] report the presence of
(MgZn)4,Nd precipitates in Mg-RE-Zn-Zr alloys.
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Figure 2.15. Mg-2.8Nd-0.6Zn-0.46Zr-0.29Gd (wt.%) microstructures; a) as-cast; b) solution treated
[GILO4].

Penghuai et al. [PENO8] work in the same framework as Gill et al. They describe the microstructures
and mechanical properties of the Mg-3Nd-0.2Zn-0.4Zr (wt.%) alloy. In their study they describe an o-
Mg matrix with eutectic precipitation of Mg1,Nd in the grain boundaries in the as-cast condition. In the
solution treated condition, they indicate that the eutectic compounds have almost dissolved into the
matrix. Instead, they find small gathered precipitates in the grain interior, which they identify as ZrH,
and Zn,Zr;. They detect some other Zr-containing unidentified particles. Those microstructures are

shown in Figure 2.16.
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Figure 2.16. Optical micrographs of Mg-3Nd-0.2Zn-0.4Zr (wt.%) alloy: a) as-cast and b) solution
treated at 540°C for 6 h [PENO0S].

Honma et al. [HONO7] analyse the effect of Zn additions on the age hardening of Mg-Gd-Y-Zr alloys.
They work on the improvement of strength, elongation and creep resistance of these alloys compared
to the commercial WE54 alloy. They follow the work presented in previous investigations by other
authors [ANYO1a, ANY01b, KAWO1]. Homma et al. report that the precipitation sequence in Mg-
2.0Gd-1.2Y-1.0Zn-0.2Zr (at.%) alloy aged at 225°C is:

SSSS > B” (D04g) = B’ (bco) = B4 (fcc) > continuous LPS structure (14H-type)

Concurrent precipitations of g’ and f; phases are attributed to the maximum hardness. Zn does not
join B’ phases. Zn additions mostly contribute to the formations of ; phases and 14H-type long-period
stacking LPS structures. As a result, it minimizes the total energy in the system and leads to active
movement of dislocations on the basal planes. Honma et al. [HONO7] conclude that this is the reason
for the unusual improvement in elongation when adding 1.0% Zn to the Mg-2.0Gd-1.2Y-0.2Zr at.%
alloy.

2.3.2.3 Description of the MRI207S alloying system

Avraham et al. [AVRO07] analyse the precipitates generated in the alloy of this work, the MRI207S
alloy, based on the Mg-Zn-Zr-Nd-Y (Gd) system. With regard to the precipitated phases, they find the
GdMg; phase except in the solubilised alloy. Table 2.2 shows the precipitates they detect in the
MRI207S alloy for as cast, solubilised (T4) and after thermal exposure at 200°C for 32 days.

Table 2.2. Phases detected by XRD after different thermal treatments in the MRI207S alloy (a-Mg
excluded) [AVRO7].

Alloy Initial state Thermally exposed/aged at 200°C for 32 days
MRI207S-F GdMg; GdMg;
MRI207-T4 | - GdMgs;

Figure 2.17 shows the BSE micrographs of the MRI207S-F alloy and the same alloy after thermal
exposure at 200°C for 32 days presented by Avraham et al. [AVRO7]. In the as-cast state (F), Zr and
Gd are detected at the centre of the a-Mg matrix, with an eutectic phase of (Gd,Nd)Mgz and Zr in the
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grain boundaries. Y and Nd are detected in the grain boundary area. After thermal exposure Zr and
Gd are also detected at the centre of the a-Mg matrix. Fine precipitation of (Gd-Nd)Mg; takes place in

the matrix. In the grain boundary area it appears as a continuous layer.

a) v

Figure 2.17. a) BSE micrograph of alloy MRI207S-F; b) BSE micrograph of MRI207S-F after thermal
exposure at 200°C for 32 days [AVRO7].

Precipitation hardening and grain boundary strengthening are the major mechanisms which contribute
to the strength of MRI207S alloy [BROOQ7] after a solution and precipitation heat treatment (T6).

2.4  Heat Treatment of Mg-Alloys

Mg alloys can be strengthened by the four most well-known strengthening mechanisms: solid solution
strengthening, precipitation hardening, grain boundary strengthening and dislocation hardening or
work hardening [AGHO04].

Solid solution strengthening happens when solute atoms are placed in the matrix generating
substitutional or interstitial point defects in the crystal. Point defects generate lattice distortions that
make the movement of the dislocations difficult. The temperature and time required for solid solution
treatment should be sufficient to dissolve the eutectic intermetallic phases formed during the
solidification of the alloy. Practically, the solid solution treatment is conducted at a temperature of
about 20-30°C below the solidus temperature of the alloy [BROO07].

Precipitation hardening is based on the formation of a second phase, which acts as a pinning point in
a similar manner to solutes in the solid solution strengthening. In this case, the particles are composed
of an intermetallic phase instead of a single atom. This effect is marked only in alloys where fine
coherent precipitates of GP zones (Guinier-Preston zones) are formed [AGHO04]. Guinier-Preston
zones are the first precipitates to form and are coherent with the matrix. They are a small precipitation
domain in a supersaturated metallic solid solution. With continued aging, Guinier-Preston zones

transform to more stable precipitates [ASM85].

Grain boundary strengthening is based on the fact that different grains have different orientations and
that there is a discontinuity of slip planes from grain to grain. Therefore, grain boundaries act as an
impediment to the dislocation motion and small grain sizes mean a higher strength of the material.
Grain refining is used for the grain boundary strengthening (see the section on nucleation mechanisms
of this chapter).
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Finally, work hardening occurs due to the pile up of dislocations, which also acts as an impediment to

the dislocation motion.
The basic temper designations used are shown in Table 2.3.

Table 2.3. Basic temper designations [AVE99].

Designation Expansion
F As-fabricated
®) Annealed, recrystallised (wrought products only)
H Strain hardened (wrought products only)
H1 Strain hardened only
H2 Strain hardened and partially annealed
H3 Strain hardened and stabilized
W Solution heat treated; unstable temper
T Heat treated to produce stable tempers other than F, O or H
T2 Annealed (cast products only)
T3 Solution heat treated and cold worked
T4 Solution heat treated
T5 Artificially aged only
T6 Solution heat treated and artificially aged
T7 Solution heat treated and stabilized
T8 Solution heat treated, cold worked and artificially aged
T9 Solution heat treated, artificially aged, and cold worked
T10 Artificially aged and cold worked

In this study, the hardening mechanism used is precipitation hardening. The relationship between the
required temperature and time for precipitation hardening found by Jenkins and Bucknall [JEN35] is

given in Eq. 2.6. This equation gives the time needed to obtain the maximal hardness of the material,
t=ce™ Eq. 2.6

where t is the time in hours, T is the absolute temperature in degrees and m and C are constants for
the particular alloy system. Fox and Lardner [FOX43] obtained a straight line when plotting the log of
time in hours against the reciprocal of the absolute temperature for the alloy AZ91, which is in
agreement to the above formula. They suggested that the period required for maximum hardening at

100°C would be 40 days, and at room temperature (15°C) about 40 years.

2.5 Correlation between mechanical properties and microstructure

For a polycrystalline material, the ductility will be dependent upon the texture. For random orientation,
as obtained in castings for the present work, the ductility will increase with a decrease in the grain size
[EMLG66]. Figure 2.18 shows the relationship between grain size and ductility for pure magnesium. In
the same book, Emley also refers to the stress to be applied. During deformation of a polycrystalline
material, considerable stresses must develop at boundaries between grains which are unfavourably
oriented for slip and adjacent grains in which slip can occur readily. Therefore, tensile properties of Mg
alloys should increase more rapidly in Mg alloys with decreasing grain size than in the case of cubic

metals for which more modes of deformation are possible.
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Figure 2.18. Relation between grain size and ductility for pure magnesium [EML66, data taken from
HER36, CHAG62].

The vyield stress of metals, oy, and alloys usually follows the Hall-Petch equation [HAL51, PETS53]
(Eq. 2.7).

o, =0, +kd 72 Eq. 2.7
where o, and k are experimentally derived constants and d is the measure of the grain diameter. It is

thought that the friction stress, o, is possibly related to the critical resolved shear stress (CRSS) for

basal slip while k seems to be related to slip in the prismatic system [ARM83]. k seems to be

dependent on texture, having a lower value for textured materials [ANDO3].

Pfeiler [PFEOQ7] in his book proposes a more specific explanation of the Eq. 2.7. He argues that the
Hall-Petch law, which was first explained in terms of dislocation pile-ups emitted by sources and
blocked against grain-boundaries, cannot describe large-grain materials where long dislocation pile-
ups have never been observed. Therefore, he proposes the Eq. 2.8.

o, = ayb\/;+cte = o, /5% +cte Eq.2.8

where « is the proportionality coefficient, u is the shear modulus, b is Burgers vector, p is the density

of dislocations, d is grain size and ¢ is the plastic strain. This equation is similar to the Eq. 2.7 with

K = o~/ &b . Taking &=0.2%, k has the right order of magnitude. However, most authors use the Hall-

Petch equation described in Eq. 2.7 instead of the Eq. 2.8, because it is usually valid in commonly
used alloys.

Blake and Caceres [BLAO8] define the Hall-Petch coefficients k and o, as dependent on

temperature. They base their study on the conclusions of Armstrong [ARM68, ARM83], where k is

12
)

defined as dependent on 7, in a relationship of (z,) “ and o, varies with temperature as does 7. 7, is
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the critical resolved shear stress of the prism slip system and 7, of the basal system. Blake and

Caceres [BLAO8] express k by the following relationships (Eq. 2.9):

k=a(r,)” Eq. 2.9
where o is a constant.
o, is described by Eq. 2.10,
2
o, =mz, =m(z, +B.c’? + By [c(L—O)?) Eq. 2.10

where m is the Taylor factor (=4.5 [CAC?7?]), 7, is the CRSSys, Of pure Mg (=0.5 MPa [AKH72]), B, is
the strengthening coefficient for random solid-solution (=43.2 MPa [AKH72]) and Bs that of short-range
order (SRO) (=6000 MPa [CAC02b]). A value of « = 0.058 MPa'?m"? was chosen for Mg-Zn alloys,
being k~0.40 MPa m"? for Mg-Zn alloys [BLAOS].

The Hall-Petch coefficients described in literature for Mg alloys (k and o, ) are listed in the Table 2.4.

Table 2.4. Hall-Petch coefficients for several Mg-alloys for determining tensile yield strength.

Alloy Material history k (MPa m™?) o, (MPa) Ref.
Grain refined by hot
Pure Mg extrusion and 0.22 12 [HAUS56]
annealing
Cast with Zr grain-
Pure Mg refinement and stress 0.25 17.7 [ANDO3]
relieved
Mg-2wt.%2Zn Sa”d'f:,ﬁ;é"r:g 2rarai 0.47 3.1 [MANO4]
AZ91 Gravity die-cast with 0.181 40 [CAR97]
grain refinement
AZ91 Extruded at 200°C 0.21 130 [NUS89]
AZ91 Extruded at 200~450°C 0.23 144 [MABOO]
[COUB6 in
AZ91 Sand-cast (as-cast) 0.42 66 CAC023]
Sand-cast with [COUGH in
AZ91 undefined T6 0.60 84 CAC023]
Squeeze cast + T6 [YUE95 in
AZ91 (420°C/16h+205°C/4h) 1.25 60 CAC02a]
. i [SAS96 in
AZ91 Gravity cast (as-cast) 0.32 53 CAC02al]
Gravity cast + T6 [SAS96 in
AZ91 (420°C/16h+205°C/4h) 0.48 7 CAC023]

Caceres et al. [CAC02a] give some possible reasons for the high discrepancy of the Hall-Petch

parameters shown in Table 2.4, where k values go from 0.181 MPa\/E to 1.25 MPa\/H. One of the

first reasons could be the lack of a wide range of grain sizes due to the nonexistence of effective grain
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refiners for Mg-Al alloys. This generates the deficiency in statistics. Secondly, it is difficult to dissolve
the Aly;,Mg,7 particles during solution-treatment without causing grain growth, making it hard to explore
small grain sizes, particularly in die cast material. Thirdly, some results, particularly for extruded

material, may have been affected by preferred orientation effects.

Eq. 2.7 will be used in this thesis for the establishment of relationship between microstructures and
mechanical properties. The reason for this is their easy applicability, even if the integration of the
effect of precipitates in the equation proves to be interesting for future works. Summarising, the Hall-
Petch relationship is valid when a single phase is present or when the phases in the material do not
vary. If the precipitated phases or the distribution of solute elements differs, the constants of the

relationships will change.

2.6  Fracture mechanisms

Pure magnesium, and conventionally, cast alloys show a tendency for brittleness. The fracture of pure

magnesium near and below room temperature is described [AVE99] as happening primarily due to the
joining of intergranular cracks. Those intergranular cracks form on {30§4} or higher-order planes,

such as {1014} or {1015}. At elevated temperatures, cracking and cavitation at grain boundaries

become much more important factors in the fracture of magnesium.

The most used alloys are based on the Mg-Al system, whose fracture mechanisms are analysed in

this section.

An important feature of Mg-Al alloys is the presence of the y-Al;;Mg4; phase at grain boundaries,
which is known to be fragile. The eutectic interface provides a convenient crack path around the more
ductile magnesium dendrites. The result is a sharp decrease in the ductility of the alloys [STJ03]. The
as-cast properties of Mg-Al alloys increase with aluminium content up to about 6%, after which the
UTS falls gradually and the elongation falls rapidly due to the increasing proportions in the grain
boundaries of the relatively brittle y-Al;,Mg,; phase [EML66]. An example of how large deposits of y-
Al;,Mgq7 phase can lead to fracture paths is shown in Figure 2.19. This microsection is taken
longitudinally close to the point of failure. The sample is a solution-treated test-piece showing
numerous large deposits of the y phase. These cracks disappeared after fully heat-treated
conditioning. Therefore, heat treatments could be applied to reduce the brittle effect of continuous y-

Al12Mg,7 precipitates.
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Figure 2.19. A Mg-8%AI-4%Zn alloy solution treated for 30 hr. at 365°C, showing a premature fracture
in the residual y-Al;,Mg;; phase away from the main fracture. This cracking tendency disappeared
after precipitation [FOX45].

HPDC alloys have two regimes, plasticity and void formation. Assuming that there is no porosity, on
loading, plastic deformation starts in the a-Mg matrix. Stress concentrations develop between the o-
Mg and the y-Al;o,Mg,7; particles. When the dislocation pile-ups become large enough, either the
fracture of y- Al4,Mg4; particles or the decohesion of the y- Al;,Mg47/a-Mg interface occurs and a void

or microcrack is formed [SEQO04].

In high-pressure die-castings two regions can be distinguished: a fine-grained skin-region and an
interior zone as shown in Figure 2.20. The large grains have a typical size of 20-30 um and are oval in
shape. The fine grains ranged in size from 1 um to 5-10 um with their size tending to be finer within
the surface layer [AGH98]. Sequeira and Dunlop [SEQO04] state that the difference in microstructure
causes the surface to have a higher yield strength. It is because of the presence of a high volume
fraction of y-Al;,Mg,7 intermetallic in the skin regions of the castings combined with a high dislocation
density, increased solute (Al) in the a-Mg grains, and the constraining effects of the hard y-Al;,Mg4;

phase. The process of void formation starts with voids first forming in the fine grained regions.
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Figure 2.20. Cross section of a die-cast test plate of alloy AM60. The arrowheads show the fine
grained surface [KOCO03].

Crack paths are intergranular for small grain-sized magnesium alloys. Intergranular regions are
covered by intermetallic phases and the decohesive force of these regions is lower than the cleavage
force required for transgranular cracking in small a-Mg grains. The result is a ductile dimple fracture
surface, which is the result of growth and coalescence of microvoids [YANO4]. When the crack
encounters a large a-Mg grain, cleavage or transgranular fracture may occur. When large grains are
encountered by the advancing crack, intergranular fracture is still predominant but some of these large
grains may fracture transgranularly [SEQO04].

Magnesium alloys do not usually show any necking behaviour at room temperature testing. For
example, although the AZ91D high-pressure die-castings show ductile fracture, they do not have
necking behaviour. This means that once voids are formed and reach a critical density, the material
fails catastrophically [SEQO04].

2.7 Deformation modes and texture development in Mg-Alloys

In this section, the deformation mechanisms in magnesium are described. Thereafter, a general
description of the texture in polycrystalline materials and the development of texture during
deformation are discussed.

Figure 2.21 illustrates the principal deformation planes and directions for a better understanding of this

section.
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Figure 2.21. Relevant hexagonal close packed crystal planes for slip and twinning in magnesium
[AGNO5].

2.7.1 Deformation modes in magnesium and its alloys

Compared to, for example, the face-centred cubic (fcc) structure, the hexagonal close-packed (hcp)
crystal structure of magnesium has fewer slip systems. Therefore, its ability to be deformed is limited,

especially at low temperatures.

Staroselsky et al. [STAOQ3] state that crystallographic slip in hcp single crystals is commonly observed
to occur on the basal or prismatic systems. However, for magnesium polycrystals, most authors
[AVE99, EML66, PEKO3, and STAO3, among others] agree that, at room temperature, deformation
occurs mainly by slip on the basal planes at room temperature. These investigations reveal that
deformation of pure magnesium takes place mainly by slipping in the basal plane of the hexagonal
crystal lattice and by twinning at temperatures up to around 225°C. It is not until the temperature rises
above this level that further (pyramidal and prismatic) slipping planes are activated. This causes a
strong increase in formability [STAO01]. Kainer [KAIO3], in his analysis, suggests that extensive

deformation only occurs above 225°C.

There are only three equivalent basal slip systems in magnesium, which are the three <11 20> most

closely packed directions in the (0001) plane. However, the compatibility of deformation in polycrystals
requires at least five independent slip systems [TAY38]. The <11 20> direction is also present in the

{1010} vertical face planes (prismatic) and in the {1011} pyramidal planes. However, the {1011}
pyramidal plane is only active at elevated temperatures (above 225°C) [AVE99, EML66, PEKO03].

Due to the fact that all the <11 2 0> directions are perpendicular to c-axis, slip on the systems listed
above, does not produce any elongation or shortening parallel to the c-axis [STAO03]. In order to
accommodate the deformation in the c-direction, other slip or twin systems must be operative. In
magnesium, twinning is the dominant mechanism. Twinning re-orientates basal planes favouring the

orientation of the grains for slip, even though it is only a finite amount of strain that may be

accommodated by twinning [AGNO05]. Twinning on the pyramidal {1012} plane is widely reported
[AVE99, EML66, GEHO05, NAV04, YI105], and it is also called tensile twin. The activation of twinning
itself is dependent on the grain orientation [EML66]. Twinning of this type is only possible in

compression with stresses parallel to the basal plane (0001) and only with stresses perpendicular to
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the basal plane in tension. Other twins are reported [NAV04], which are the contraction twinning on
the {1011} and {1013} planes and the double twins where the matrix twins on either a {1011} or
{1013} plane and then the material inside the twin twins on a plane such that both twinning events
produce rotation about the same <1012> axis. {30§4} results from {10I1} twins re-twinning
according to {1012} in the re-oriented lattice [EML66]. The characteristic misorientation relationships

resulting from types of twinning commonly observed in Mg are listed in Table 2.5.

Table 2.5. Misorientations between the matrix and primary or secondary twins commonly observed in
Mg [NAVO04].

Type of twin Misorientation angle/axis
{1011} 56° <101 2>
{1012} 86°<1012>
{1013} 64° <101 2>
{1011}-{1012} 38°<1012>
{1013}-{1012} 22°<1012>

2.7.2 Description of the texture

The commonly used metallic materials are polycrystalline, containing several crystallites. When the
material is cast, a random orientation of the grains is usually achieved. Nevertheless, thermo-
mechanical treatments can lead to the obtaining of a preferred orientation of the crystals. When a
material shows a preferred orientation, it is said that the material has a texture. When the texture is
random, there is no preferred orientation of the grains. A strongly textured material behaves similarly

to a single crystal, inheriting, for example, the anisotropic behaviour.

The texture of a polycrystalline material is defined as the orientation distribution function of its

crystallites with respect to a given sample coordinate system (Eq. 2.11) [BUN89, Y105].

f(g) dv /v . gS:_n{{(Pp{é’(Pz }} o ot
=—; i g.2.
dg dg :gi"d%.dm%

dVIV is the volume fraction of crystallites having a crystallographic orientation g within the limits dg. An
orientation g may be described by a rotation that transforms the sample-fixed coordinate system Kj

into the crystal-fixed system Kg of the crystallite in question (see Figure 2.22). The orientation g may
be described by the Euler angles ¢,,@,®,, or by many other orientation parameters like Miller indices

(hkil) [uvtw]. g is the relationship between two coordinate systems defined in the orientation
distribution. One coordinate system is usually fixed in the exterior shape, e.g. normal, transverse and

rolling direction in case of rolled sheet. The second coordinate system is fixed in the crystal-axes

following the crystal symmetry, e.g. [1010], [11 20] and [0001] in case of the hexagonal structure.
Euler angles are used in this work. Euler angles are defined by rotation angles around 3 fixed axes,

from which the crystal coordinate system becomes matched with the sample coordinate system. The

crystal coordinate system is firstly rotated about the Z'-axis through the angle ¢,, secondly about the
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X-axis (in its new orientation) though ¢ and thirdly, once again about the Z'-axis (in its new

orientation) through the angle @, [BUN93]. Figure 2.22 shows two methods of representing the

crystallographic orientation. One is by Miller indices and the other by Euler angles.

Figure 2.22. Two methods for representing the crystallographic orientation g: a) Miller indices; b) Euler
angles; a coordinate system is presented as Z-axis and its X-Y plane for the sample; Z’ and X-Y’
plane for the crystal [YI05].

The pole figure represents the probability of the distribution of the crystals laid in an arbitrary sample
direction [YI105]. Figure 2.23 explains the construction of a stereographic projection to represent a pole
figure. The orientation of an individual crystallite is defined by the position of its unit cell in space with
reference to a coordinate system. In this explanation a cubic material is used, representing the unit

cell by a cube. The stereographic projection is obtained by the following procedure:

e The unit cell is located in the origin of the coordinate systems and surrounded by the unit

sphere.

e To represent the cube faces in the stereographic projection, the point of intersection of the

normal vector of each cube face with the surface of the unit sphere is determined.
e Only the intersections 1, 2 and 3 on the northern hemisphere are taken into account.

e Connecting the points of intersection with the south pole yields the intersecting points 1', 2'

and 3' in the equatorial plane.

e They are called poles of the respective cube faces.
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Figure 2.23. Stereographic projection construction of a cubic material [ALUQS].

For polycrystalline materials, a set of poles can be plotted for each individual grain to produce a pole
figure. If the grains are randomly oriented, then the poles may be distributed evenly over the pole
figure. When the grains are not randomly oriented, but tend towards particular orientations, the
previously mentioned preferred orientation or crystallographic texture appears. In this case, the poles
will be concentrated within certain areas of the pole figure. Figure 2.24 shows the difference between

random and preferred texture in the pole figures.

=100= Pole Figure =100= Pole Figure
| .' '.I -\.'.;-i: |
[ i ] N |
[ .,' TO | " A .! T
/.-' .:':« u- Ty
" _,/ '\_‘ //
a) A b) RD

Figure 2.24. Representation of a) random and b) preferred texture in the pole figure [ALUQS8].

2.7.3 Development of texture in magnesium

Since the texture is a key issue for wrought alloys, most of the literature is focused on the study of
texture in wrought material. Nevertheless, the theory is applied, in the same way, to cast or wrought

alloys, the only difference being the initial texture of the material prior to deformation. In this section,
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an introduction of the texture of wrought alloys is given. However, the main point is to explain the

texture obtained after tensile and compression testing.

2.7.3.1  Texture in wrought materials

It is written [TEN8O] that, for hexagonal materials with c/a ratios approximately equal to the ideal (c/a ~
1.633), such as Mg, the textures are developed with a tendency of basal fibre texture, so called c-type
(center-type) (Figure 2.25). In the c-type texture most of the grains have the c-axis perpendicular to
the rolling plane. The c-type texture is observed in several works concerning rolling of Mg alloys
[PERO4a, SOMO06, STA03, and VALO3]. Yi [YI05] estimates that the categorization by c/a ratio is a
rather crude approach because many other factors influence the texture development, e.g. strain rate,
temperature, chemical composition, etc. Yi in this work reports the presence of t-type and r-type
textures in hexagonal materials. In the r-type texture the basal pole splits towards the rolling direction
(RD) in the (0002) pole figure and in the t-type towards the transverse direction (TD). The r-type
texture has been reported in other works [DUY03, PERO04b], where the maximum intensity is displaced

from the ideal basal orientation by a rotation around the transverse direction (Figure 2.26).

(0002) {1010}
RD RD
D D
T

Figure 2.25. Schematic rolling textures in HCP metals with c/a ratios are approximately equal to the
ideal like Mg (c-type) [TEN8O]

RD

@

Levels: 1,2.3.4.5.6,7.8

Figure 2.26. (0002) pole figure illustrating the macrotexture of the AM60 alloy after one rolling pass at
375°C with a 80% thickness reduction. r-type texture is observed [PER04b].
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2.7.3.2 Texture development during tensile testing

It is reported [DUYO03, JIAO7, LIUOG, STAO03, WAGO06, YI05, YI06] that tensile testing leads to the

formation of texture in the {1010} plane perpendicular to the loading direction (LD) and in the <1010>
direction parallel to LD. Figure 2.27 shows the evolution of the texture during tensile test for a sample
machined at 0° to the extrusion direction. In this sample the initial texture is given and the measuring
points of the sample during the test are represented in the tensile curve. In the 0° sample only the
intensity is slightly changed during tensile testing. In the same work, Yi [Y105] also analyses samples

cut at 45° and 90° to the extrusion direction, all of them having a tendency to form the texture in the

{1010} plane. In the 90° sample the component {1210} is also present. The maximal intensity (Pax)
of the 45° and 90° samples is about 6.5 m.r.d. in the (0002) pole figure. Thus, it is similar to the Q°

sample presented in Figure 2.27.

n 150

T T T T
] 5 10 15 0 25
Strain (%)

Measuring pointl Measuring point 2 Measuring point 3 Measuring point 4
Poax = 5.6 mr.d. Poax = 5.4 mr.d. Poax = 5.3 mr.d. Poox = 5.0 mr.d.

c)

Figure 2.27. a) (0002) pole figure of the 0° tensile sample. FN is the original normal direction after
cutting of the sample and FT is the transverse direction of the extruded bar. P,,,=5.7 m.r.d.; b) the
flow curve during tensile test, indicating the in-situ measuring points of the texture. c) variation of the
(0002) pole figure during tension of the 0° sample. Level = 1.0, 1.5 ... 6.5 in all the pole figures [YI05].

2.7.3.3 Texture development during compression testing

During compression most grains are reoriented so that their c-axes lie parallel to the load axis [JAIO7,
JIAO7, STAO3, and WAGO6]. Figure 2.28 shows the texture in compression, being a) the undeformed
texture and b) and c) the texture after compression in the RD and TD directions. Note that the loading
direction in these two is not represented in the centre but in the top-bottom or left-right of the pole
figures.
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Figure 2.28. {1010} and (0002) pole figures for the a) undeformed; b) compression in the rolling
direction, and; ¢) compression in transverse direction samples. [JAIO7].

2.8 Summary

A small summary of the models to be used is presented in this section. The models are only related to
the sections 2.2 and 2.5 of this chapter, which are used to predict the microstructure and the

mechanical properties.

Several solidification models are found in literature, but most of them are complicated to use, mostly in
multicomponent alloys. A lot of physical properties of the material have to be measured in order to
solve these equations. Therefore, it is not interesting to use them in real applications. The measuring
of all the data for every alloy is time consuming and expensive. The selected equations for this study
are useful for numerical simulations for example. They are easily introduced in the models and the

obtained results give an approximate value of the reality.

In this thesis work Eq. 2.4 defined by Flemings [FLE74] were used for the prediction of the grain size
from the solidification time. For the prediction of the tensile yield strength Hall-Petch equation was
used (Eq. 2.7). Hall-Petch equation makes the assumption that the material is a single phase
polycrystal. When the nature, distribution and amount of precipitates are constant, this equation is
valid. When any of them changes, the constants may be calculated again. However, if the casting and
heat treatment conditions are similar, these equations are valid and easy to use. In this work it is
expected to obtain equations for the commonly used casting and heat treatment conditions. Table 2.6

summarises the equations mentioned above.
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Table 2.6. Summary of the selected equations.

-n
AT
Prediction of grain size d=a-t"=b . £ Eq.2.4
S
Prediction of tensile yield -y
o, =0, +kd 72 Eq. 2.7
strength y
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3 EXPERIMENTAL PROCEDURE

In this chapter the experimental procedures are described. The main objective was to increase the
knowledge of the prediction of mechanical properties in magnesium castings. In order to analyse the
effect of solidification conditions on mechanical properties, a variety of microstructures were obtained
using different casting technologies and part geometries. Tensile bars, test-parts and prototypes were
cast using sensorised moulds for the acquisition of cooling curves. Later, microstructures, textures and
mechanical properties were analysed. The effects of alloying elements in the mechanical properties
and in the creation of the texture during deformation were considered for a better understanding of

how properties can be improved.

3.1 Casting technology

Four casting technologies were used in this research work: sand-casting, gravity die-casting,
investment-casting and high-pressure die-casting (HPDC). The last one, due to the difficulties to insert
thermocouples inside the melt, was not considered for establishing the relationship between

solidification conditions, microstructures and mechanical properties.

The casting was performed mostly in foundries except for some investment-cast parts which were
produced in the installations of Mondragon Goi Eskola Politeknikoa (MGEP). Sand-castings were
produced by Stone Foundries Ltd, in London, England. Gravity die-castings and investment-castings
were cast by SpecialValimo Oy and by Helsinki University of Technology, both in Espoo, Finland.
Finally, HPDC parts were made by Magnesium Research Institute (MRI), in the Dead Sea, Israel and

by Fémalk co., in Budapest, Hungary.

The melting procedure for the AZ91E alloy was defined as described by Stone Foundries and
employed in all the gravity castings, with the only variation of some commercial products such as grain
refiners. The crucibles were preheated to a dull red heat before being dusted by flux and charged with
ingots first, then scrap returns progressively. Flux was added in the AZ91E alloy as required to prevent
the burning of the metal, and the temperature of the melt was adjusted. After grain refinement, the
melt was cleaned from oxides and the casting temperature was fixed. The MRI207S alloy and the
HPDC alloys were melted under protection atmosphere of CO, + SFs. Pouring was always completed
under protection gas CO, + SF¢ to avoid the burning of the melt during the casting process. The
MRI207S alloy was melted following the indications defined by MRI. Filters were placed in the sand

and investment-cast moulds.

MGEP used a similar procedure. A Nabertherm K4/13 tilting melting furnace was used for the melting
of Mg. A steel crucible was constructed as recommended for melting magnesium [AVE99], with a
capacity of 3.5 I. Figure 3.1 shows the CAD model of it and the crucible built and placed in the furnace.
The flux Magrex 60 from FOSECO was used for protection during the melting process. When the melt
reached 720-740°C, the grain-refiner powder Nucleant 5000 (FOSECOQO) was applied. For submerging
the grain-refiner inside the melt, it was put inside aluminium foil. Due to the flammability of the grain-

refiner, care must be taken in this process. Finally, the oxides were removed from the surface. A
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preheated investment-cast mould was placed under the furnace and the casting was completed under

protective atmosphere of N,+6%SFs.

Figure 3.1. The CAD model of the crucible and the crucible constructed and placed in the furnace.

HPDC alloys were originally produced in ingot form and then re-melted and die-cast at the MRI’s high-
pressure die-casting laboratory using an IDRA cold chamber die casting machine with a 345 t
clamping force. The configuration of the HPDC die is shown in Figure 3.2. In this die, apart from two
tensile bars, a corrosion bar, a fatigue, a bending and a Charpy sample were obtained. In this work,

only the tensile bars are analysed.

Figure 3.2. Configuration of High-Pressure Die-Cast specimens.

HPDC test parts were cast in Fémalk in a cold-chamber die-casting machine under protective

atmosphere.

3.2 Selected alloys

Two gravity casting alloys were selected along with other three HPDC alloys. All these alloys are
summarised in Table 3.1. The AZ91 was the only common alloy for all the technologies. The only
difference between the gravity cast AZ91E alloy and the HPDC AZ91D alloys are minor elements in

their composition for a better behaviour in each technology.

Table 3.1. Alloys used in each technology.
Technology AZ91 AMS50 AM50+Si+Sn MRI207S

Sand-casting X X
Investment-casting X X
Gravity die-casting X X

HPDC X X X
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Two gravity casting alloys were used in this study, which are the commercial AZ91E alloy and the new
developed MRI207S alloy. The MRI207S alloy is a high strength magnesium alloy which can be
suitable for the required mechanical properties of the aerospace industry. The AZ91E alloy was
selected because of its high castability and for being the most common alloy in actual applications.
Moreover, in order to compare two different kinds of technologies, as are gravity casting and high-
pressure casting, this alloy was the most suitable. Other usual high-performance alloys, for example
the commercial WE54 alloy, are not possible to cast by HPDC due to their reduced castability. It would
lead to the impossibility of comparing the mechanical properties of those different technologies.
Another reason for using the AZ91 alloy is because of the literature. Most of the data about Mg-alloys
refers to pure Mg or to AZ91. In order to verify the experimental data with literature, AZ91 is the most

suitable magnesium casting alloy.

The composition of the gravity cast AZ91E alloy is shown in Table 3.2. The compositions of the HPDC
AZ91D and AM50 alloys are also given in the same table. The MRI207S alloy is an alloy based on the
Mg-Zn-Zr-Nd-Y-Gd alloying system, but the exact composition of this alloy may not be disclosed due
to confidentiality issues. The AM50A alloy was selected as a reference alloy, and a higher strength
alloy modified with Si and Sn was developed. This new alloy is called the AM50+Si+Sn alloy in this
work and its composition is also kept confidential. These alloys were developed by MRI in the frame of
the FP6 European IDEA project. The compositions are confidential until MRI decides to protect them

by patents.

Table 3.2. Composition (%wt.) of the AZ91E, AZ91D and AM50A alloys [AVE99].

Alloy Standard %Al % Mn %Zn %Si Z‘;alj(e :T/:)aﬁl ";:;(u elgr:”lheer:ts
ASTM UNS ' ' '

a 0.01 OE®
AZ91E B93 | M11918 | 8.1-9.3 | 0.17-0.35 | 0.4-1.0 | 0.20 | 0.005 | 0.0010 | 0.015 0.30 OT*
AZ91D" 8.5-9.5 | 0.17-0.40 | 0.45-0.9 | 0.05 | 0.004 | 0.001 0.025 0.01
AM50A” 4595 | 0.28-0.50 0.20 0.05 | 0.004 | 0.001 0.008 0.01

2 [AVE99]
® [DSM08]

° max other (each)
4 max other (total)

3.3 Selected geometries

Tensile bars, a test part and some components were cast. Separately cast specimens were cast with
optimal parameters to avoid defects like porosity. The purpose of the separately cast tensile
specimens was mainly to characterise the material for each casting technology. The test part has
changing wall thicknesses, which make it prone to shrinkage. This part is appropriate for optimising
casting parameters as well as for having different solidification rates inside one casting. The capability
of the technologies can be compared in a same geometry with the test part. Figure 3.3 shows the
sand-cast tensile bars and test part. The selected geometry for the prototype is a thin-wall aerospace
part, which is at present produced in aluminium. Other two components were also proposed within the
IDEA project as possible candidates to substitute aluminium made components by magnesium. These

geometries are presented in the introduction of the chapter 6.
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Figure 3.3. Different geometries cast by sand-casting: a) tensile bars; b) test-part.
Half of the cast parts were T6 heat treated for mechanical and microstructural characterisation.

Sand-cast tensile bars were slightly machined before tensile testing to avoid the influence of the
surface roughness in the mechanical properties. Tensile bars were excised from the test-part and

samples for metallographic examination were taken from several locations of this part.

For simplicity for further references, Table 3.3 introduces all the gravity cast samples in this work. This
table also describes the nomenclature utilised later in this document. It also states whether cooling

curves were measured for each casting family and the origin of the castings.

Table 3.3. Summary of the gravity cast samples and the utilised nomenclature.

Casting Part geometry ° Alloy N b | Cooling
Technology omenclature curves
T P C AZ91E | MRI207S
X X TSFA No
Sand-casting X X TSFM No
(foundry) X X PSFA Yes
X X PSFM Yes
X X TIFA No
Investment-casting X X TIFM No
(foundry) X X PIFA Yes
X X PIFM Yes
Investment-casting X X TIMA Yes
(MGEP) X X CIMA Yes
X X TGFA No
Gravity die-casting X X TGFM No
(foundry) X X PGFA Yes
X X PGFM Yes

2 T: Tensile bar; P: Test part; C: Component

® The nomenclature of the castings is composed by the first letter meaning the kind of geometry (T: tensile bar, P: test
part, C: component or prototype). The second letter means the casting technology (S: sand-casting, I: investment-
casting, G: gravity die-casting). The third letter signifies the place of casting (F: foundry, M: MGEP) and the last letter
means the cast alloy (A: AZ91E, M: MRI207S). The foundries were Stone Foundries Ltd., England, for sand-cast

parts and SpecialValimo J. Pap Oy, Finland for gravity and investment-cast parts.

The geometries of separately cast tensile bars were different for each technology in order to have the
optimum properties in each technology. A single geometry was defined for tensile bars machined from
the test parts. The test parts, being of the same geometry, will allow us to compare different

technologies.

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys



Chapter 3 - Experimental Procedure 73

Most of the geometries were defined using the standards of ASTM. Tensile specimens were
dimensioned following the standard ASTM E8-M [ASTO03], except sand-casting, where dimensions
were defined with an English standard used by Stone Foundries for tensile testing. Sand-cast tensile
bars were slightly machined, but tensile bars produced by the other three technologies were tested
without any machining. The main reason is to avoid the influence of the roughness of the as-cast
surface in the testing of the sand-cast tensile specimens, while other technologies, with a better
surface finishing do not need machining. On the other hand, machining can be harmful, deteriorating,
for example, the properties of HPDC parts. The fine grained skin typical in HPDC is considered to be
responsible for increasing the strength of the alloys. The dimensions of HPDC tensile samples are
shown in Figure 3.4a, gravity die-cast tensile specimens in Figure 3.4b, investment-cast samples in

Figure 3.4c and sand-cast tensile specimens in Figure 3.4d.
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Figure 3.4. a) Tensile bar for HPDC; b) for gravity die-casting;, and c) for investment-casting; d)
machined sand-cast tensile sample.

The maximum dimensions of the test parts (Figure 3.5) were 200x200x20 mm?®. This test plate, with its
combination of different thicknesses and shapes, is adequate for producing different microstructures
together with variable porosity levels inside the casting. The right side of the casting has thicknesses
of up to 13 mm in the thick area, and the right side is dominated with a 4 mm thick area with some
massive cylinders where the porosity should be concentrated. The upper side of the part is composed
with an empty area in the centre with ribs around. The test part, apart for mechanical and

microstructural characterisation, serve to obtain cooling curves at different positions.
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Figure 3.5. CAD model of the test part.

A component was also cast for the acquisition of cooling curves. The component was a thin-wall
aerospace part, actually produced in aluminium. This part is shown in Figure 3.6, with maximum
dimensions of 900x45x45 mm® and 2.5 mm of thickness. The parts were not used for further

characterisation of the material.

Figure 3.6. CAD model of the prototype.

3.4 Acquisition of cooling curves

Cooling curves were measured placing K-type thermocouples (chromel-alumel) inside the moulds at
different locations and temperatures were recorded from the casting up to the solidification of the alloy.

DaqView® data-acquisition software was used for the registering of the data, using time-steps of 0.1 s.
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Thermocouples were placed in different positions of the casting. Different positions mean different
cooling curves, and it is more pronounced in parts like the selected test part due to its differences in
thickness. The different solidification times will lead to a variety of microstructures inside the casting,
which will be used for setting correlations between solidification times and microstructures. Figure 3.7
describes where thermocouples were placed inside the test part. Figure 3.8 describes the positions of
the thermocouples inside the moulds that were investment-cast in MGEP. Figure 3.8a shows the
investment-cast tensile bars with the gating and running systems and in Figure 3.8b the positions in
the prototype mould are marked.

Figure 3.7. Positions for the thermocouples placed inside the test part.

Figure 3.8. Positions for the thermocouples placed in the investment-cast parts: a) placements in the
mould for casting tensile bars; b) placement of the thermocouples in the mould of the prototypes.

3.5 Heat treatment

The microstructure and mechanical properties of AZ91E and MRI207S alloys were characterised in
as-cast and heat-treated conditions. The heat-treatment applied to both alloys was solution heat
treatment and subsequent artificial aging (T6). AZ91E was T6 treated as follows: 385°C for 8 hours
plus 415°C for 16 hours (under protective atmosphere of CO,+2%SF;), water quenched (65-85°C) and
aged at 165°C for 16 hours. An accelerated T6 heat treatment developed by MRI was applied to
MRI207S alloy.

No heat treatment was applied to the HPDC alloys.
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3.6 Microstructural analysis

The preparation of samples consisted of grinding passes of 2 min each on SiC-papers of grit 800,
1200, 2500 and optionally 4000. Subsequently, samples were polished using OPS or alumina with a
particle size of 0.05 um. When automatic polishing was used, 6 samples were prepared together at a
pressure of 1.8 bars. The disc rotated at 280 rpm and 2 min time was applied for each grinding step

and at 180 rpm during 7 min for polishing.

For grain size measurement of the AZ91E alloy, samples were solution heat treated prior to
metallographic preparation. Standard practice dictates that Mg-Al alloys should undergo a solution
treatment of 12 hours at 410°C [CAR97]. Otherwise, the problem for grain size measurement in as-
cast conditions is the dendritic morphology, which makes it difficult to distinguish the grains. On the
other hand, after complete T6 heat treatment, large areas of eutectic appear in the microstructure, and
grain size measurement is influenced by the presence of two structures. Therefore, these two
structures should be counted separately or the eutectic phase should be resolubilised in order to have
a single phase. That is the reason why both as-cast and T6 heat treated grain sizes were measured
after a solution heat treatment of 12 hours at 410°C under protective atmosphere of Ar. It has been
reported [BUS45] that an approximate 13.5% increase of grain size may occur due to the annealing.
However, the possible grain growth due to the solution treatment was not taken into account because
it was considered a systematic error in all the AZ91E grain size measurements. All the measurements
were made after the same solution treatment, so the grain size should be proportional in all of them,

and therefore, the results comparable.

The AZ91D, AM50, AM50+Si+Sn and MRI207S samples were etched in a solution of 5 ml acetic acid,
6 g picric acid, 10 ml HO and 100 ml ethanol (98%). The AZ91E alloy in as-cast and T6 heat treated
conditions were etched using a solution of 30 ml distilled water, 25 ml acetic acid, 50 ml ethanol, 60 ml
ethylene glycol, 1-2 ml nitric acid and 3 g of picric acid. The reason for using this etchant was to have
a soft etching in the eutectic, given that the usual etchant produces an excessive etching in the
lamellar eutectic. The AZ91E solubilised samples for grain size measurement were etched using a
solution of 60 ml distilled water, 50 ml acetic acid, 100 ml ethanol, 120 ml ethylene glycol, 2 ml nitric
acid and 2 g of picric acid. This etchant allows a good definition of grain boundaries in the solubilised

AZ91E alloy. All these etchants are summarised in Table 3.4.
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Table 3.4. Metallographic etchants used for Mg alloys.

Etchant Alloy Formula Application
MRI207S,

Etchant 1

o AZ91D, 5 ml acetic acid, 6 g picric acid, 10 ml o
Acetic picral Highlights general structure

AMS50 and H,O and 100 ml ethanol (98%)

[AVE99]

AM50+Si+Sn

AZ91E-F 30 ml distilled water, 25 ml acetic acid, The same as etchant 1 but

Etchant 2 and AZ91E- | 50 ml ethanol, 60 ml ethylene glycol, 1- | softer for better demonstration

T6 2 ml nitric acid and 3 g of picric acid of the eutectic phase

The same as etchant 1 but

AZO1E aft 60 ml distilled water, 50 ml acetic acid, | softer for the a-Mg matrix and

after
Etchant 3 o 100 ml ethanol, 120 ml ethylene glycol, | capable of showing the grain
solubilisation o ] o .
2 ml nitric acid and 2 g of picric acid boundaries of solubilised

AZ91E alloy

Grain size was measured with the average linear intercept method described in the standard ASTM
E112 [AST96] using optical microscopy. Both the average linear grain size (d) and the ASTM grain

size number, G, are reported in this document.

Porosity was measured in as-cast samples (without heat-treatment) using the image analysis

technique. Surfaces were polished and no etching was applied.

Secondary and backscattering electron microscopy with EDX was used for the analysis of the
precipitates. Transmission Electron Microscopy (TEM) was employed for the analysis of HPDC tensile
bars for checking the deformation mechanisms that are present during testing. Samples for TEM were

prepared using ion-mill technique.

3.7 Texture Analysis Using Neutron Diffraction

The texture is formed when there is a preferred orientation of the grains in a polycrystalline material.
There is usually a random texture in castings. Texture is formed when the material is deformed, such
as in uniaxial deformation. The reason to measure texture is to identify if there is any influence of the

alloying elements in the formation of the texture in high-pressure die-castings.

Several techniques can be used for texture measurements, such as synchrotron sources, visible light,
neutrons and electrons [BUN89]. In this thesis, the neutron diffraction method was selected because
of its capacity to measure global texture with high penetration depth instead of measurements in local
or small areas. Schafer [SCH68] also states that more accurate pole figures are obtained by neutrons

than those obtained by X-rays.

The high-cooling rate generates a small grain size on the surface of high-pressure die-castings and
the microstructure is inhomogeneous, with a fine grain skin and a coarser grain interior. The difference

on grain size may also cause an inhomogeneity in the texture. The objective of this work is to measure
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the change of the global behaviour of the different alloys. Hence, the texture on a macro scale is

needed, which is obtained directly by neutrons.

3.7.1  The utility of neutrons

Intense neutron beams have a diverse potential for industrial applications and materials research. For
this purpose, a variety of thermal neutron techniques have been established. The materials under
examination are often complex, such as oils, welds, engines, etc., and these often experience harsh
chemical, mechanical, thermal, and processing environments. Under such conditions, thermal
neutrons are well suited to perform in situ measurements. Their high penetrating power, up to several
centimetres, makes neutrons also particularly well suited for non-destructive testing of real materials

and components in their as-fabricated or in-service condition.
The most important applications of thermal neutrons are listed below [ASM86]:

e Determination of atomic arrangements (for example, crystal structure, short- and long-range
order), especially for structures containing light (low atomic number) atoms in the presence of

heavier atoms or neighbouring elements
e Determination of magnetic structures

e Determination of structural changes as a function of temperature, pressure, magnetic field,

etc.
¢ Quantitative analysis of multiphase materials

e Determination of residual stress and texture in polycrystalline engineering materials

3.7.2 Lattice Strain Determination

The neutron diffraction technique for lattice strain characterisation in crystalline materials is based on

Bragg’s law given by Eq. 3.1
ni=2d,,sin@ Eq. 3.1

where A is the neutron wavelength, dyy is the lattice plane spacing of a selected hkl reflection and 8 is
half the diffraction angle. Monochromatic neutron diffraction obeys the same Bragg’s Law of diffraction
as X-rays, being the difference that neutrons diffract from atomic nuclei rather than orbiting electrons
[EDI75, SWI04].

n (reflection order) appears because of the periodicity of the wave and can be any positive integer.

Figure 3.9 illustrates Bragg's Law for the reflection orders n=1, 2, 3.
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S e ﬁ\*/ /
R N

Figure 3.9. Schematic of concept of neutron diffraction according to Bragg’s law; a) 1% order reflection:
A =2dsin 64 b) 2" order reflection: 2A = 2d sin 6,; 3 order reflection: 3A = 2d sin 6, [BRUOS].

Swift [SWI04] explains as follows the application of Bragg’'s law for the case of monochromatic
diffraction. Basically, a beam of neutrons strikes a sample and is diffracted from the crystal planes
within the sample. For each crystal plane of different orientation (or composition or structure for multi-
phasic materials) within a polycrystalline sample, the neutron beam will require a different angle to
diffract and be detected. Thus, for a single wavelength neutron source, the incident angle (and thus
diffraction angle) is altered by rotating the sample with respect to the incident beam, which itself
cannot move and always admits the beam from the same direction. Therefore, for the case of
monochromatic diffraction, the only unknown is d, while A is fixed and known, and 6 is known but
varied and controlled.

3.7.3 Experimental Set-Up

In this work neutron diffraction has been used for texture measurements in uniaxially deformed HPDC
cast samples. Two alloys were measured without any deformation and after fracture in order to
establish the influence of the alloying elements in the formation of the texture. Tensile testing was
used as the deformation method. Some samples were deformed at 1%, 5%, 10%, 15% and up until
fracture for the texture measurement. When deformation levels of 1%, 5%, 10% and 15% were
reached, some tests were stopped in order to measure the texture at these deformation levels. The
texture measured at different levels of deformation gives an idea of how the texture is formed in HPDC

under uniaxial deformation.

The tests were performed in the Stress-Spec instrument in the FRM-II in Munich [FRMO08]. The
Materials Science Diffractometer STRESS-SPEC is located at the thermal beam port SR3 of FRM Il
and can easily be configured either for texture or stress analysis. The set-up utilises three different
monochromators: Ge (511), bent silicon Si (400) and pyrolitic graphite (002) (PG). This selection of
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monochromators and the possibility of varying automatically the take-off angles from 26, = 30° to 120°
allows us to find a good compromise between the resolution and intensity for each measuring

problem. Figure 3.10 describes the Stress-Spec instrument at FRM-II in Munich, Germany.

area
detector

radiation

protection 700- 1500 mm

& 850 mm
maonochromator — heam stop
sample-
environment

400- 580 mm

collimator and shutter

Figure 3.10. Representation of the Stress-Spec instrument at FRM-II [FRMO08].

Figure 3.11, on the other hand, shows a picture of the set-up used in the texture measurements
performed in this work. A PG-monocrhomator was used for the measurements and a distance of 800
mm between the sample and the detector. Samples were mounted in a pin to ease their positioning.

Two diffraction angle ranges, 26, were chosen for the texture measurements. The first range at 26 =
35°% includes the diffraction peaks (1010), (0002) and (1011). The second range at 26 = 67° includes

the peaks (11 EO) and (1013). The measuring time was controlled through a fixed number of neutron

counts for one measuring point.

Figure 3.11. The set up in the Stress-Spec instrument at FRM-II.
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3.8 Mechanical characterisation

3.8.1 Tensile testing

The geometries of tensile specimens are explained in section 3.3 of this chapter and shown in Figure
3.12. As already explained, the dimensions are defined by ASTM standards except sand-cast tensile

bars. For more information check the section on selected geometries.

Figure 3.12. Tensile bars cast in this work by HPDC, sand, investment and gravity die-casting.

Moreover, four tensile samples were excised from the indicated positions of the test parts (Figure
3.13). The geometry of the machined samples was the same as the geometry described in Figure 3.4c

already presented.

Figure 3.13. Positions for excising tensile bars from the test part.

Tensile tests were performed in an INSTRON 4206 testing machine in MGEP, with a first speed of the
moving crosshead of 0.2 mm/min up to offset yield 0.4% and then switching to 0.5 mm/min (strain rate
of 1.5*10™ 3'1) for HPDC, gravity die-cast and sand-cast tensile bars, where an extensometer of gauge
length of 50 mm was used. 0.1 mm/min and 0.25 mm/min crosshead speeds were used for
investment-cast tensile bars and samples machined out from the test parts, where tests were

performed with an extensometer of 25 mm.

3.8.2 Hardness measurements

Finally, Vickers hardness measurements were performed. The hardness of the a-Mg matrix and the
lamellar structure composed by the a-Mg and y-Al;Mg,; phases in the AZ91E alloy were measured.
The objective was to quantify the influence of those two structures in the mechanical properties. First,
the solidification times and/or the time of the eutectic reaction would be related to the quantity of
precipitation and its hardness, and then, the quantity and hardness of them would be integrated in the

equations for the prediction of mechanical properties.

Different precipitates generate a change in the hardness and consequently, a change in the
mechanical properties. The microstructure of AZ91E-T6 is composed by two mayor structures, which
are a magnesium matrix and a pearlitic lamellar structure, as it is shown in Figure 3.14. The idea is to

identify the hardness of both structures, to quantify the percentage of lamellar structure generated in
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different zones and finally, to establish correlations of the precipitates with the mechanical properties.
This way, the effect of the precipitates in the mechanical properties could be integrated in the
correlations between microstructure and mechanical properties. As it is discussed in the literature
review, Hall-Petch equation is valid for a single phase material. In those materials, where more than
one phase is present, the parameters of the equation should be modified with the morphology of the
precipitates. This was a first attempt to integrate the effect of the precipitates in a more precise

manner in such relationships.
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Figure 3.14. Microstructure of the AZ91E alloy showing two main phases: a-Mg and lamellar a-Mg and
}/-AI12Mg17 (TSFA)

Vickers hardness was measured using a diamond indenter with the shape of a square-based pyramid

with an angle of 136° between opposite faces (22° between the indenter face and the surface of the

material).

Vickers Pyramid Number (HV) can be expressed by Eq. 3.2

1.854F
HV = -7 Eq 3.2
d
where F is the force applied to the diamond and d the average length of the diagonal left by the

indenter.
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4  CASTING AND SOLIDIFICATION OF MAGNESIUM ALLOYS

The main objective of the work described in this chapter is to analyse the cooling behaviour of the
magnesium alloys. Microstructures, and therefore, mechanical properties, are dependent upon the
alloy and the local solidification times in castings. Solidification times are calculated using cooling

curves.

Four casting technologies, sand casting, investment casting, gravity die-casting and high-pressure die-
casting were considered for producing a variety of castings. The most relevant result of this chapter is
the acquisition of cooling curves, along with an explanation of the encountered difficulties to obtain
sound parts. Solidification times and cooling rates are measured from these cooling curves for the
AZ91E (Mg-Al system) and the MRI207S (Mg-Zn-RE system) alloys.

Moreover, an overview of the high-pressure die-casting trials is given in a separate section. The
differences between gravity-casting technologies and HPDC are too large, gravity casting being closer
to equilibrium solidification than HPDC. Therefore, the morphology and the distribution of the
precipitates are very different. Another divergence is that high-strength alloys, not containing
aluminium, are not castable by HPDC. Therefore, it was decided not to analyse this technology with

respect to gravity casting technologies.

4.1 Casting of gravity Mg-parts

Tensile bars, test parts and prototypes were produced in foundries and in MGEP. Three different
technologies were employed in gravity casting, which are sand, investment and gravity die-casting.
Two magnesium alloys were cast, which are the AZ91E and MRI207S alloys. Figure 4.1 shows the
different parts produced for this work. More information about the cast geometries is presented in

chapter 3, in the description of the experimental procedure.

a) b)
Figure 4.1. Magnesium parts cast in this work: a) tensile bars; b) test part; c) prototype.

This section is divided in two parts. The first one is dedicated to the casting of the samples in the
foundries, and then to the casting of the parts in MGEP. This separation is done mainly because the
part made in the foundries was not directly controlled. Casting parameters were established by the
foundry and only the results are available for this study. On the contrary, the casting procedure and

parameters employed in MGEP were designed in the frame of this study.
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4.1.1  Casting of Mg-parts in the foundries

For each casting technology the process was optimised until sound castings were obtained. Figure 4.2

shows the casting of the investment-cast bars (TIFM) in SpecialValimo S. Pap Oy Foundry.

Figure 4.2. Pouring of MRI207S to an investment casting mould (TIFM).

The main defects encountered during the production of the test-parts were misruns, internal oxides
and porosity. For example, the thin area of the investment-cast test part (PIFA and PIFM) shown in
Figure 4.3 presents misruns. This is due to the faster cooling of the melt in this area. When the cooling
melt reaches its mushy zone due to a faster cooling rate, the viscosity increases. Therefore, the filling
velocity in colder areas decreases, generating incomplete filling. It was observed that small variations
in the process, such as lower melt or mould temperature, lower surrounding air temperature, variation
in filling time, different alloy, variations in mould structure, and so on cause visible problems in the thin

areas.

Figure 4.3. Small visible defect area in a test-part (PIFM).

Another encountered problem was the presence of porosity, oxides and impurities inside the castings.
These defects decreased the mechanical properties. Figure 4.4 shows one of the clearest examples of

bad quality samples encountered after tensile testing.
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Figure 4.4. Porosity and internal oxidation encountered in some investment-casting test parts after
fracture (TIFA).

However, after some optimisation process, the castings were sound and good mechanical properties
were obtained in most cases. Some exceptions were the AZ91E gravity die-cast tensile samples
(TGFA), where mechanical properties were low due to a high presence of oxides. The exceptions are
explained further in chapter 6 when the mechanical properties are given.

4.1.2  Investment-casting of Mg-parts in MGEP

Tensile bars and prototypes were produced in MGEP with the AZ91E alloy. In this section solutions to

filling problems, presence of oxides, melt protection and grain refinement are discussed.

When producing investment-cast parts in MGEP, one of the first problems encountered was the
incomplete filling of the casting. Using simulation tools for optimising parameters, it was concluded
that the main reason was the long filling time. Another crucible was then constructed with a bigger
crucible mouth and the filling time was reduced from the initial 25-30 s to 9-10 s. In this manner, the
filling problem was solved (Figure 4.5).

Figure 4.5. a) Incomplete filling of the mould in the first trials with the old crucible; b) Complete filling of
the mould with the new crucible (TIMA).

Another main objective was to avoid internal and surface oxidation. A filter was placed in the feeding
system to catch impurities. However, it was concluded that the melt temperature is a key factor for
avoiding oxidation. Problems with internal oxidation were solved when melt temperature was reduced
from 760°C to 720°C. Surface oxidation also disappeared with a melt temperature of 720°C and using

ceramic shells with the first layer of alumina. This first layer of the shell is important, as mentioned by
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Cingi [CINO6]. When aluminium oxide (Al,O3) was used, little or no oxidation was observed in the
surface of the castings. On the contrary, surface oxidation was common in commercially used colloidal
silica (SiO,) ceramics (Figure 4.6).

a) b)

Figure 4.6. a) Isolated oxides in aluminium oxide moulds; b) Oxides distributed in the longitudinal area
of the sample in moulds made by colloidal silica.

Another important factor for reducing surface oxidation is the use of inhibitors. The inhibitor mainly
used is SF;. In these experiments, a mixture of N,+SFs was used for protecting the melt during the
casting process. The mould was filled with this gas and metal was also protected while pouring. The
NaBF, inhibitor was impregnated in the moulds to avoid surface oxidation. NaBF, is a liquid inhibitor
producing BF; protection gas when heated at temperatures higher than 384°C [CINO06]. When no
protection was used high oxidation levels were encountered in the castings.

Another factor to be analysed was the importance of the use of grain refiners. A test without any
addition of grain refiner to the AZ91E alloy was performed. An extremely brittle material was the result.
The material broke down when solidifying, and microstructural analysis showed long dendrites where
needles from the brittle y- Al;2Mg4; phase were present inside the grains as shown in Figure 4.7 and
Figure 4.8.
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Figure 4.7. Long dendrite arms encountered when no grain refiner was used.
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Figure 4.8. Needles of the brittle phase y- Al;,Mg7 distributed in the microstructure.
Therefore, the use of grain refiners is required for the AZ91E alloy.

Once the casting parameters and procedure were established, cooling curves were measured and
analysed. These cooling curves are explained in the next section together with the cooling curves

measured in the foundries.

4.2 Cooling curves in gravity-cast parts

Cooling curves were measured for the different technologies in order to establish a relationship
between local solidification times and microstructure. Several control points were defined in the test
part and in the castings performed in MGEP. The placement of the control points is described in

chapter 3 and in Figure 4.9.

Test parts of the AZ91E and the MRI207S alloys were produced in the foundries. In the experiments in
MGEP, only the AZ91E alloy was cast. Figure 4.9 shows the measured curves in the sand-cast test
part for the AZ91E alloy (PSFA) and Figure 4.10 for the sand-cast MRI207S (PSFM) alloy as
examples of cooling curves. Figure 4.11 is the measured cooling curve of the AZ91E test-part (TIMA)
cast in MGEP and Figure 4.12, of the AZ91E component (CIMA), also cast in MGEP.
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Figure 4.9. Measured cooling curves at the indicated points in the AZ91E sand-cast test part (PSFA).
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Figure 4.10. Measured cooling curves at the indicated points in the MRI207S sand-cast test part
(PSFM).
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Figure 4.11. Measured cooling curves at the indicated points in the AZ91E investment-cast tensile
bars at MGEP (TIMA).
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Figure 4.12. Measured cooling curves at the indicated points in the AZ91E investment-cast
components at MGEP (CIMA).

The melt arrives at each point in the maximum temperature shown in the graphs. From here on, the
cooling starts. At temperatures around 600°C the solidification starts for the AZ91E alloy and at
temperatures around 620-640°C for the MRI207S alloy. This temperature can be distinguished by the
curves due to a change in the slope of the curve. The solidification is finished with a last change of
slope at around 430°C for the AZ91E and 520°C for the MRI207S alloy. The eutectic reaction
coincides with the end of solidification. Luo [LUO94] and Busk [BUS87] report undercooling of the
eutectic reaction for AZ91. They measured the reaction at 425-427°C instead of at the equilibrium Mg-
Al eutectic temperature of 437°C. The AZ91E alloy has an eutectic transformation at this temperature,
where the y- Al;,Mg47 phase is generated. Table 4.1, Table 4.2 and Table 4.3 show the characteristic

parameters extracted from the cooling curves. These parameters are:
e Maximum temperature: this is the maximum temperature registered in each analysed curve.

e Liquidus temperature: this temperature corresponds to the temperature of the first change of
slope, where the solidification starts. For the points where the melt arrives under the liquidus

temperature, the indicated temperature is the maximal temperature at this point.

e Solidus temperature: this temperature corresponds to the temperature of the last change of

slope, where the solidification is finished.

e Solidification time: this is the time spent from the liquidus temperature to the solidus

temperature.

A comment should be made about the values presented. The values of the curves measured in the
foundries (Table 4.1 and Table 4.2) are average values taken from 4 different curves. The motivation
is to provide statistics. This is due to the fact that the microstructural analysis presented in chapter 5 is
not taken from the same castings where the curves were measured. Therefore, it was decided to work
with average values in the parts produced in the foundries. However, the same parts, where cooling

curves were registered, were analysed for microstructural analysis in the castings produced in MGEP.
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Consequently, the values are directly related to the points and they are not average but individual

measurements (Table 4.3).

Table 4.1. Solidification temperatures and times of the sand, investment and gravity die-cast AZ91E

test-parts produced in the foundries (average values; PSFA, PIFA and PGFA).

Test-parts in the

foundries Area Tmax (°C) | Tiiquidus (°C) | Tsoligus (°C) ts (s)
PSEA Po?nt 1 592.9 579.0 421.0 86.9
Sand-casting Point 2 591.8 592.0 423.0 77.9
Point 3 585.9 585.2 423.3 45.0

PIFA Point 1 654.2 596.0 425.0 45.7
Investment- Point 2 652.7 595.5 423.7 47.5
casting Point 3 640.1 595.3 4255 41.7
PGFA Point 1 583.0 583.0 416.0 457
Gravity die-casting| Point 2 589.0 589.0 415.0 47.5

Table 4.2. Solidification temperatures and times of the sand, investment and gravity die-cast MRI207S

test-parts produced in the foundries (average values; PSFM, PIFM and PGFM).

Test-parts
in the Area Tmax (OC) Tliquidus (OC) Tsolidus (OC) ts (S)
foundries
PSFM Point 1 644 619 516 19.8
Sand- Point 2 627 623 516 14.8
casting Point 3 623 622 516 12.8
PIFM Point 1 703.7 641.0 533.7 34.5
Investment- Point 2 705.3 640.0 533.0 36.4
casting Point 3 692.0 638.3 533.8 23.4
PGFM Point 1 630.0 630.0 525.5 24.0
Grg;’étt}’ng'e' Point 2 631.4 631.4 522.5 24.3
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Table 4.3. Solidification temperatures and times of the sand, investment and gravity die-cast AZ91E
tensile bars and components produced in MGEP (TIMA and CIMA).

Tensile bars
d
congnents Area Tmax (OC) Tliquidus (OC) Tsolidus (OC) ts (S)
in MGEP
Point 1 648 596 417 437.5
TIMA10 Po!nt 2 629 595 423 375.5
Point 3 651 595 424 316.5
Point4® 633 580 422 524.5
Point 1 643 594 423 364
TIMA11 Pollnt 2b 612 599 423 345
Point-3 461 461 428 40.6
Point 4 675 612 424 562
Point 1 664 599 428 555
CIMAO1 Po!nt 2 644 595 425 421.5
Point 3 687 599 427 812
Point 4 671 598 426 537

? Point E in the TIMA10 has a high undercooling. Solidification starts at 580°C. This point will not be taken into

account because of this different behaviour.

® Point 3 measured in TIMA11 is not valid due to a bad placement of the thermocouple inside the mould. Therefore,

the thermocouple was not in contact with the melt and the results are not valid.

In the following chapters, the values of solidification times are compared with the generated
microstructures and mechanical properties for a further understanding of the behaviour of magnesium
alloys when different solidification rates are applied. Correlations between solidification time and

microstructure are given in chapter 7.

4.3 Casting of HPDC tensile bars

HPDC tensile bars were cast by MRI in the Dead Sea, Israel. The reference alloys were the
commercial AZ91D and AM50A alloys. The reference alloys were compared to the newly developed
AM50+Si+Sn alloy. The developed alloy was based in the AM50 reference alloy and was modified
with Si and Sn. The tensile parts received were free of oxides and impurities. The porosity was also

finely dispersed as usual in high-pressure die-castings.

HPDC test parts were produced in Fémalk co. Contrary to tensile specimens, test-parts were not
satisfactory because of high porosity levels. The reason is that the geometry of the part is not suitable
for HPDC due to the thick areas. The porosity of the test parts caused problems during machining
operations at MGEP. Some of the tensile samples broke down when machining because of the lack of
soundness. Furthermore, the samples which were not broken during the machining presented very
poor tensile properties. More details about the amount of porosity encountered in HPDC test parts are

given in the following chapters.
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4.4 Summary and outlook

In this chapter the casting trials and the acquisition of cooling curves are explained.

Casting parameters were optimised to obtain acceptable castings. Parameters like filling time, melt
temperature, shell material in investment-casting, inhibitors and the use of grain refiners are discussed
in this chapter. Short filling times, less than 10 s, lead to complete filling, while misruns were present
with higher filling times. Surface oxidation was solved with the application of the liquid inhibitor NaBF,
to the investment-cast shells. Moreover, the effect of the grain refiner was verified in the AZ91E alloy.
The grain refiner, apart of the reduction of the grain size, leads to the change in the morphology of the

v- Al;,Mg47 phase.

The cooling curves obtained at different points are also given and the essential information disclosed.
This information is used for the prediction of microstructures. The main discussion about these results
is done in the chapter 7, where all the results are put together and the main conclusions presented. In
the measurements of solidification curves, it is observed that the solidification time is more dependent
upon the casting parameters than on technology. In theory, sand-casting is the technology which has
the slowest solidification due to a lower thermal conductivity of the moulds. Nevertheless, for example
in the MRI207S test part, the solidification time is higher in a same area in investment-casting. This
means that it is also dependent upon the melt and mould temperatures, mould material, usage of
freezers, feeders, etc. It should be noted that the usage of freezers and feeders was remarkable in the

design of the sand-cast test-part in order to obtain sound castings.
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5 MICROSTRUCTURAL EVOLUTION

The objective of this chapter is to analyse the grain size and precipitates of the cast parts in order to
be able to relate the microstructures to the cooling conditions explained previously and to the

mechanical properties which are described in chapter 6.

With this aim, gravity and high-pressure die-casting microstructures and fracture surfaces were
analysed at different points. Precipitates were identified in order to achieve a better understanding of
the effect of the alloying elements. In addition, grain sizes of gravity cast alloys were measured.
Porosity level also influences the mechanical properties. Therefore, the porosity in the test part was

also measured.

Finally, for a better understanding of the formability of magnesium alloys, the texture creation of HPDC

tensile bars during deformation was analysed.

5.1 Identification of microstructures

First of all, the characterization of microstructures using SEM and optical microscopy was studied. The
kind of precipitates present was identified for each alloy. In general, the precipitation was similar for all
the alloys at the different cooling rates. The difference was mainly in the morphology of the
microstructure between high-pressure die-castings and gravity castings. Gravity and high-pressure die
casting precipitates are separately analysed for a better understanding. The phases present in Mg-Al
commercial alloys are described in literature, for example in [AGH04, EML66, KAIO3]. The phases of
the new alloys were described inside the IDEA project by Technion, Israel Institute of Technology.
Once the phases are identified, the description of the microstructure is done by optical and electronic

microscopy.

5.1.1  Gravity cast microstructures

Two alloys were cast in gravity casting technologies, which are the AZ91E and the MRI207S alloys.

The phases present in those alloys are summarized in Table 5.1.

Table 5.1. Phases present in AZ91E and MRI207S alloys in as-cast and T6 conditions.

Alloy Phases
o-Mg
AZ91E v-(Al,Zn)12Mg17
AlL,Mn,
a-Mg
MRI207S (Gd,Nd)Mgs
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Figure 5.1 shows the optical micrographs of the alloy AZ91E in as-cast and T6 conditions. This alloy
shows a dendritic morphology in as-cast condition. After T6 treatment, the continuous precipitated y-

Al;,Mgq7 forms a lamellar structure with a-Mg in its totality (the dark area in Figure 5.1 b).
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Figure 5.1. Optical microscopy of investment-cast a) AZ91E-F; and b) AZ91E-T6 (TSFA).

A trial to characterise the precipitates was made in this task. The main encountered problem is
concerning the quantification of second phases. The etchants utilised do not produce a constant
contrast of the second phases in the microstructure. When utilising automatic image analysis software
for the counting of the amount of several phases, the error is big. An error superior to 20% is
estimated in the case of the counting of the pearlitic structure in AZ91E. This counting depends mostly
on the etching. The etching is dependent upon the alloy, the days the etchant is made, the etching
time and the exact etchant composition, amongst others. As the composition inside the grains is also

different, a contrast is also found here, mixing the matrix with the eutectic in the image analysis.

Figure 5.2 shows the SEM images of the AZ91E alloy in as-cast condition (F) and after solution and
precipitation heat treatment (T6). In the as-cast condition the microstructure of AZ91E is based on an
o-Mg matrix with intermetallic precipitates of Al,Mn, inside the grains. There is an eutectic precipitation
of y-Al;,Mg7 in the grain boundaries. y-Al12Mg47 is mostly found in continuous precipitation, which is
sometimes divorced. Small quantities of y-Al;,Mg,; phase also forms a lamellar structure with a-Mg.
After T6 heat-treatment, the continuous or divorced eutectic disappears completely. The y-Al;;Mg47
phase appears uniquely forming a lamellar eutectic structure. A detail of this lamellar structure is

shown in Figure 5.3. However, the lamellar spacing is not constant in the whole microstructure.
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Figure 5.2. SEM micrographs showing microstructure of a) sand-cast AZ91E-F; and b) sand-cast
AZ91E-T6 (TSFA).

Figure 5.3. Lamellar eutectic detail of sand-cast AZ91E-T6 alloy (TSFA).

The reduced ductility of the AZ91E commercial alloy, even after T6 treatment, can be explained by the
coarse grain size and the large amount of pearlitic phase in grain boundaries in the T6 condition. The
even higher brittleness in as-cast condition is due to the large continuous precipitates of y-Al;;Mg47 in
the grain boundaries. It is in accordance with the literature review, where Fox [FOX45] shows the
fracture of the AZ91 alloy from the grain boundary. The y-Al;,Mg47 phase appears in large amounts in

the AZ91 alloy increasing the brittleness.

The MRI207S alloy is based on the Mg-Zn-Zr-Nd-Y (Gd) alloying system. It is, in fact, also a creep
resistant alloy. Avraham et al. [AVRO07] describe the precipitates of this alloy in the frame of the IDEA
project. Precipitation hardening and grain boundary strengthening are major mechanisms contributing
to the strength of this alloy. The microstructure in as-cast condition (Figure 5.4a) consist of an a-Mg
matrix, where the content in the interior of the grains is of a-Mg with some Zr and Gd. Next to the grain
boundaries Y and Nd are also found. Precipitation of an eutectic (Gd,Nd)Mg; intermetallic appears in
the grain boundary. After heat treatment (Figure 5.4b), the grains are mainly composed of a-Mg with
some Zr and Gd content. Fine (Gd,Nd)Mg; also precipitates in the matrix. The grain boundary area is

surrounded with a continuous fine and coarse precipitation of (Gd,Nd)Mgs.

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys



Chapter 5 - Microstructural Evolution 100

a)w b)

Figure 5.4. a) BSE micrograph of alloy MRI207S-F; b) BSE micrograph of MRI207S-F after thermal
exposure at 200°C for 32 days [AVRO7].

Figure 5.5 shows the optical micrographs of MRI207S in as-cast and T6 conditions. Grain growth is
observed after T6 heat treatment in the MRI207S alloy. A globular morphology of the grains prevails in

both conditions, being the grains hexagonal shaped.

Figure 5.5. Optical micrographs of a) MRI207S-F; and b) MRI207S-T6 (TSFM).

After T6 heat treatment, precipitation hardening increases the strength of this alloy in detriment to the
ductility. Gross precipitates are mostly dissolved in the matrix as can be seen in Figure 5.5. Instead,

small precipitation happens inside the grain.

5.1.2  High-pressure die-cast microstructures

Table 5.2 summarises the phases present in the AZ91D, AM50 and AM50+Si+Sn high-pressure die-

cast alloys.

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys



Chapter 5 - Microstructural Evolution

101

Table 5.2. Phases present in the AZ91D, AM50 and AM50+Si+Sn HPDC alloys.

Alloy

Phases

AZ91D

o-Mg
v-Al12Mg47
(n-AlgMn5)

AMS0

o-Mg
y-Al1,Mg17
(n-AlgMns)

AM50+Si+Sn

o-Mg
y-Al1,Mg 17
(n-AlgMns)

MgSi,

The precipitation of y-Al;,Mg4; mainly takes place in the grain boundaries. Furthermore, n-AlgMns is

found inside the grains in small precipitates of about 200-500 nm. AZ91D presents a quite similar

microstructure to AM50, with the difference being a larger quantity of precipitation of y-Al;,Mg,; at the

grain boundaries due to its higher amount of Al. These precipitates are the responsible of higher
strength and the reduced ductility of the AZ91D alloy in comparison to the AM50 alloy. The AM50 and

AM50+Si+Sn alloys on the other hand differs in the precipitates which are present in the

microstructure. In order to show this difference, the microstructures of AM50 and AM50+Si+Sn are

shown in Figure 5.6. In this figure the change in the morphology and distribution can be seen. In the

grain boundary area of the AM50+Si+Sn alloy, precipitates formed by Al-Mn and MgSi, are also found

(Figure 5.7) which are not present in the AM50 alloy.

)

) I

Figure 5.7. Intermetallics in grain boundaries of the alloy AM50+Si+Sn.
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The precipitates present in the AM50+Si+Sn alloy increase the strength of the alloy compared to the
AMS50 alloy and being similar to the strength of the AZ91D alloy. However, the reduction in ductility of
this alloy is not significantly reduced and is kept close to that of AM50.

5.2 Analysis of fracture zones

When observing fracture surfaces in the Scanning Electron Microscope (SEM) the fracture modes can
be defined for each alloy and each heat treatment condition. First, gravity cast alloys are explained in

as-cast and heat treat conditions and then, HPDC fracture modes are discussed.

All the gravity cast alloys analysed show cleavage fracture. Cleavage fracture mode is a transgranular
fracture, propagating the crack from the grain boundary (Figure 5.8). Cleavage is a low-energy
fracture that propagates along well-defined low-index crystallographic planes known as cleavage
planes [ASM87]. AZ91E in as-cast condition shows a brittle fracture. The cleavage planes are small,
but the fracture surface shows no deformation. All of them are flat planes without any deformation.
AZ91E-T6 shows big cleavage planes in the surface. It is a brittle shaped fracture because the crack
is propagated from the pearlitic structure of y-Al;;Mgs; and a-Mg which is located in the grain
boundaries. MRI207 alloy shows a similar fracture mode in as-cast and heat treat conditions. They
show a mixed fracture mode. There are some cleavage planes together with a dimple fracture. The
whole fracture surface shows higher deformation than the AZ91E alloy and some dimples appear

between the cleavage surfaces.

Figure 5.8. Fracture surfaces of a) AZ91E-F; b) AZ91E-T6; c) MRI207S-F and d) MRI207S-T6 (TSFA
and TSFM).

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys



Chapter 5 - Microstructural Evolution 103

With regard to the fracture mechanism of HPDC alloys, all samples show an intergranular dimple
fracture (see Figure 5.9) caused by decohesion inside the matrix. However, even if it is a ductile
fracture, these samples do not show any necking behaviour in the fracture zone. There is ample
evidence of porosity, caused both by entrapped gas and by shrinkage (see Figure 5.10). The micro-
shrinkage in these alloys is characterized by zones without any deformation and appears as rounded

branches.

1. 888

Figure 5.10. Presence of porosity in the fracture surface of high-pressure die-cast alloys: a) gas
porosity; b) microshrinkage (AMS50 alloy).

SEM images were taken of polished and etched samples near the fracture and perpendicular to it. In
the AM50+Si+Sn alloy, MgSi, precipitates were cracked and decohesion occurred with the matrix
(Figure 5.11) which could be a prior step before producing the dimpled fracture. Even though in the

whole deformed area cracked precipitates were found, the percentage next to fracture was higher.

Figure 5.11. MgSi, intermetallics after deformation next to the fracture area.
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5.3 Analysis of grain size distribution in gravity cast alloys

Grain sizes were measured for establishing relationships between solidification and microstructures
and between microstructures and mechanical properties. Grain size measurements were performed in

gravity-cast tensile bars, test parts and components.

Grain sizes were measured with the linear intercept method. The prepared microstructures are shown
in Figure 5.12. AZ91E-F and AZ91E-T6 alloys were measured after solubilisation. The reason was to
clearly distinguish the grain structure. Otherwise, the problem for grain size measurement in as-cast
conditions is the dendritic morphology, which makes it difficult to distinguish the grains. However, after
complete T6 heat treatment, large areas of eutectic appear in the microstructure, and grain structure
is, again, difficult to recognize. MRI207S-F and MRI207S-T6 did not have any further heat treatment
because grain structure was clearly defined.

Figure 5.12. Microstructures of the alloys for grain size measurement; a) solubilised AZ91E (TSFA);
similar microstructure for as-cast and heat-treat conditions after solubilisation); b) MRI207S-F (TSFM);
¢) MRI207-T6 (TSFM).

Results from the grain size measurements of sand, investment and gravity die-cast tensile bars are

shown in Table 5.3.
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Table 5.3. Grain size distribution for AZ91E and MRI207S alloys in as-cast and T6 condition in tensile
bars.

Heat Grain size
Alloy Technology Nomenclature treatment (um) ASTM
F 121 2.8
AZ91E _ TSFA T6 109 3.1
Sand-casting F 29 6.9
MRI207S TSFM T6 49 5.4
F 187
AZ91E , TIFA T6 234
Investment-casting F 33
MRI207S TIFM T6 59
AZ91E TGFA F 223
o _ T6 180
Gravity die-casting F 26
MRI207S TGFM T6 51

It was not possible to measure the grain sizes in all the control points illustrated in Figure 5.13 on the
test parts. In some test parts, part of the casting was used for other measurements and some of the
points were not available. The most interesting values are the obtained in positions 1, 2 and 3, where
solidification curves and tensile properties were also measured. However, in order to have a complete
distribution of the grain size in the casting, more points were defined. Even if some parts were lost, a
considerable amount of data was obtained. Some of the results are plotted in Figure 5.14 and a

summary of all the measured values is shown in Table 5.4.

Figure 5.13. Positions for grain size measurement in the test part.
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a) . b) .

c) . d) .
Figure 5.14. Grain size (um) distribution in the: a) sand-cast AZ91E-F alloy (PSFA); b) sand-cast
AZ91E-T6 (PSFA); c) sand-cast MRI207-F (PSFM); d) investment-cast MRI207-T6 (PIFM).

Table 5.4. Grain size distribution for the AZ91E and MRI207S alloys in as-cast and T6 condition in the
control points defined in Figure 5.14.

Heat- Position
Alloy Technology | Nomenclature treatment Units
1 2 3 4 5 6 7
. pum 96 99 89 84 85 76
Sand- PSFA ASTM 3.5 3.4 3.7 3.9 3.8 41
casting um 84 | 86 | 77 | 82 | 99 | 82
T6
ASTM 3.9 3.8 4.0 3.9 34 3.9
AZ91E
-~ pum 154
Investtr_'nent PIFA T6
casting ASTM | 2.1
— pum 89
Grawtt}_/ die PGFA T6
casting ASTM | 3.7
um 28 29 23 23 19 22 20
F
Sand- ASTM 7.0 6.9 7.5 7.5 8.1 7.7 8.0
- PSFM
casting
pum
T6 Abnormal grain growth
ASTM
pum 44 45
MRI207S F
Investment- ASTM 57 56
castin PIFM
9 pum 63 56 62 53 57 58 49
T6
ASTM | 4.7 5.1 4.7 5.2 4.9 4.9 54
iy dion pum 58 63 66 53
Gamde | e | o
9 ASTM 50 | 47 | 46 | 52
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The sand-cast MRI207S test parts suffered abnormal grain growth during heat treatment, and an
average grain size was not logical in this case. The grain size varied from around one millimetre to a
few tenths of microns. These values were discarded due to the lack of homogeneity. An example of

the inhomogeneous grain size is given in Figure 5.15.

Figure 5.15. Inhomogeneous grain size distribution in the MRI207S sand-cast test part after T6 heat
treatment.

In order to have a greater amount of microstructures relating to cooling curves, some AZ91E
investment castings were produced in MGEP. In these castings thermocouples were placed in the
bottom and upper sides of the parts as has already been described in chapter 3.

Table 5.5. Grain size for the AZ91E alloy in as-cast condition in the control points for the investment-
cast parts produced in MGEP (TIMA and CIMA).

TIMA and Placement Grain size
CIMA um ASTM
Point 1 132 2.6
TIMA10 Po?nt 2 137 25
Point 3 120 29
Point 4 120 2.8
Point 1 149 2.2
TIMA11 Point 2 135 2.5
Point 3 140 24
Point 4 142 2.3
Point 1 205 1.3
CIMAO1 Po?nt 2 17*1 1.53
Point 3 - -
Point 4 193 15

" high porosity level

A high porosity level was encountered in the D area (CIMAO1) related to the other zones. Due to this
dispersion, it was decided not to use these values for the correlation between grain size and cooling
curves. The shrinkage porosity in this area was up to 40%, compared to less than 5% in all the other

areas.
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5.4  Analysis of porosity distribution

Porosity distribution was measured in the test parts because of the influence it could have on
mechanical properties. The following values (Table 5.6) were obtained using the image analysis
method for HPDC, sand, investment and gravity die-casting technologies. Tensile bars had very small

porosity levels (0.01% or less) and, therefore, the possible influence was neglected.

Table 5.6. Porosity distribution in the test parts.

Position
Technology Alloy 1 > 3 2and G
Sand- AZ91E 0.1 0.1 <0.1 0.1
casting MRI207S 0.3 <0.1 <0.1 <0.1
Investment- AZ91E 1.9 3.9 0.5 0.2
casting MRI207S 0.3 0.7 0.3 0.2
Gravity die- AZ91E 0.4 3.0 3.8 0.1
casting MRI207S 0.2 0.3 0.2 0.1
HPDC AM50A 9.9 6.6 11.7 0.7

High values of porosity were obtained in high-pressure die-cast test parts. The reason is that it is not a
suitable geometry for HPDC due to the thick areas. Low porosity was achieved in sand-cast test parts
instead due to a good design of gating and chilling systems. The low porosity obtained in the MRI207S
investment and gravity die-cast test parts compared to AZ91E is promising because AZ91 is an alloy
with high castability. Therefore, these gravity cast technologies were finely developed in the foundries

to obtain the high performance MRI207S alloy.

5.5 Microstructure and texture evolution in HPDC alloys during tensile testing

For a better understanding of the deformation mechanisms and texture generated during deformation
of cast samples, the texture of HPDC alloys was analysed in a neutron guide. High-pressure die-cast
alloys should not have any texture after the casting operation and texture is developed when forming.
AMS50 and AM50+Si+Sn alloys were the selected alloys for this study.

When comparing the texture developed after testing in AM50 and AM50+Si+Sn, all the general
tendencies are comparable. Thus, it is concluded that the alloying elements do not have any influence
in the generation of the texture in these two alloys. The measurements in both of them show a good

coherence which will support the comparative analysis between the different alloys for a deformation

state. As an example of the results, Figure 5.16 shows the evolution of the peak {1010} before and
after deformation for the two alloys. It can be seen that in as-cast condition none of them has a

preferential orientation of the grains.
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AMS0 AM50+Si+Sn

a)

Max int. 2.682 Max int. 2.461

Figure 5.16. Pole figures for the diffraction peak (1010); a) AM50 before testing, b) AM50+Si+Sn
before testing, c) AM50 after tensile testing; d) AM50+Si+Sn after tensile testing. The loading direction
is perpendicular to the pole figures.

From the figures above, it can be seen that the created texture for both alloys is equivalent in all
conditions. The non-deformed samples show a near random distribution of grains (m.r.d. max. 1.1)
which can be expected from the solidification conditions. The m.r.d. values of both alloys show a
similar texture distribution after fracture. The m.r.d. values are relatively low (about 2.5) and practically
independent of the alloy type. It can be concluded that the alloying elements do not generate a change
in the texture generation. Therefore, the increment of mechanical properties of the new alloy is not due

to a change in the generation of the texture.

For a better understanding of the texture evolution at different strain levels, a single alloy, the AM50A,
was chosen for a more detailed analysis. Figure 5.17 shows the tensile engineering curve of the
AMS50A alloy. The generation of texture during testing was analysed at different deformation levels.
Tensile testing was stopped at 4 different strain levels (1%, 5%, 10% and 15%), and the deformations
of 20% and 26% were obtained at fracture of two different samples. The most deformed part of the
tested samples is considered to be about one centimetre in length including the fracture zone when
samples reached fracture. This part was used for the texture measurements in the Stress-Spec

instrument.
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Figure 5.17. Engineering tensile curve of the alloy AM50A, showing the points of deformation where
texture was measured.

Figure 5.18 shows the (1010) pole figures obtained in the AM50A samples at the strain levels defined
above. The creation of the texture in tensile test can be observed in this figure. The as-cast sample
prior to testing is a non-textured sample, presenting a near random distribution of grains (m.r.d. max.

1.1). A texture generates in the tensile testing, getting more intensity in the (0, 0) degrees in the

(1010) pole figures. Nevertheless, a change in the main orientation is observed in the 26% elongated
sample where the intensity in (0, 0) becomes smaller and the intensity in the hexagonal faces gets
higher (at 60°). This is also the same tendency described for wrought alloy during tensile testing, even
if wrought alloys have higher intensities. In all the pole figures the loading direction (LD) is

perpendicular to the pole figure.
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As-cast AM50 unstrained

Max intensity 1.117

1% AMS0A — Point A

Max intensity 1.386

5% AMS0A — Point B

Max intensity 1.460

10% AMS0A — Point C

Max intensity 1.553

15% AMS0A — Point D

Max intensity 2.365

20.6% AM50A — Point E (fracture)

Max intensity 2.530

26% AM50A — Point F (fracture)

Max intensity 1.578

Figure 5.18. Pole figures for the diffraction peak { 10I 0} (Loading direction perpendicular).

A last analysis for obtaining more information about the deformation mechanisms was done with TEM

images. The new AM50+Si+Sn alloy was used for this purpose. Piles of dislocation and twins were

found after strain rate of 1.510™ s but when strain rate was switched to 0.1 s™ the apparition of some
kind of subcells in the matrix could be observed (Figure 5.19).

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys




Chapter 5 - Microstructural Evolution 112

Figure 5.19. TEM images of the AM50+Si+Sn alloy; a) presence of piles up of dislocations and twins
(strain rate of 1.5*10™ s71); b) subcells in the matrix (strain rate of 0.1s™).
However, further study is needed for making any statement on this issue. The influence of the

precipitates and the nature of dislocations and twins may be identified.

Summarising, the analysed cast samples had a random texture before deformation and in the final

texture the (1010) planes were oriented perpendicular to the loading direction. The (0001) basal
plane was oriented parallel to the loading direction as it has already been described in the literature
review. However, the measured maximal intensities are inferior to the intensities measured in wrought
alloys. As an example, Yi [YI05] measured intensities up to 5 m.r.d. after tensile testing in AZ31B
magnesium sheets. In this thesis, the maximal intensities are up to 2.2 m.r.d in the (0002) pole figure,
even at elongations of 26%. It seems that the texture formation in high-pressure die-cast materials is

less than in materials having a initial texture like rolled sheets.

5.6 Summary and conclusions

The influence of the generated microstructure during casting and subsequent heat treatments is

analysed in this chapter.

Optical microscopy and SEM were used for the identification of precipitates. The microstructure of
each alloy was described and a trial to quantify the eutectic was performed. Image analysis technique
is concluded not to be an accurate system to quantify the precipitates. The influence of the condition
of the etchant and the difficulty to obtain the right contrast between the matrix and the eutectic
increases the error of the measurement of the eutectic quantity up to 20%. This error is higher than

the difference between one sample and another sample, and the values are not significant.

Grain sizes and porosity were also measured to obtain a correlation between grain sizes and the
previously measured solidification curves. The grain size of MRI207S after T6 heat treatment
increases and the final grain size is more than the double. Grain size of AZ91E instead decreases
after heat treatment. The reason of this can be that the high amount of eutectic divides some dendrites
in two, at least apparently. However, the same procedure is used in all the measurements, and
therefore, the results are comparable. AZ91E grain sizes are above 100 um, while the grain sizes in
MRI2078S are around 20-30 um in as-cast condition and around 50-60 um after heat treatment. When

comparing different technologies, it is usually supposed that sand-casting generates the largest grain
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size. Nevertheless, it is not the case in this investigation. Other parameters influences the grain size
including the mould material, the melt and mould temperature, the usage of freezers, the filling time
and the grain refiners. Porosity in the HPDC test parts was around 5-10%. The porosity in the other

technologies was less than 4%, being in most of the cases around 0.1% or even less.

Fractography analysis was performed to characterise the effect of the alloy and heat treatment in the
fracture behaviour. HPDC alloys show a dimple fracture surface, and cleavage fracture was mainly

observed in gravity casting alloys.

Finally, for a better understanding of the deformability of Mg alloys, texture is measured. Texture
generation during tensile testing is in accordance with that observed in wrought magnesium alloys.
The difference is the smaller intensity obtained in HPDC alloys than that in wrought alloys, even at
similar elongations (around 20%). The difference can be due to the effect of a random initial texture of
the cast sample or it can also be caused by the inhomogeneous microstructure. The mechanical
properties of the high-pressure die-castings are determined by the fine-grain skin, which has a small
volume in comparison with the middle zone. However, in this work, the texture is measured in the
whole area for having the global behaviour. Then, the texture in the skin area can have a higher
intensity than in the middle part but it can not be seen using neutron diffraction method. Other
methods should be used in order to measure only the texture of the skin, for example X-rays.
Moreover, it is concluded that the alloying elements do not have any effect in the generation of the
texture in the two analysed alloys. Therefore, if the texture in the two alloys is equal, other parameters
are the responsible of the increase of the mechanical properties of the AM50+Si+Sn alloy, such as the

ability of the precipitates to pin dislocations.
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6 ANALYSIS OF MECHANICAL PROPERTIES

Once the solidification conditions and microstructures are identified, the third step consists of the
measurement of mechanical properties. This is the last step to complete the values required for
establishing correlations to predict mechanical properties. Tensile bars and test parts were tested for

this reason and the obtained mechanical properties are presented in this chapter.

Another objective of this chapter is to validate the mechanical properties of the newly developed
MRI207S and AM50+Si+Sn alloys for aeronautic applications. The intention is to replace components
of commercial aircrafts actually made in aluminium with magnesium elements. Hence, results of
mechanical properties of the newly developed magnesium alloys are compared with the sand-cast
A357 alloy in T6 condition, which is the material actually used in the proposed applications in the IDEA
EC project. The proposed applications in this project are a pedal and a housing, shown in Figure 6.1
[ARRO7]. The pedal has a new design with a lightened geometry. The housing is a component
attached to the pressure bulkhead subjected to cabin pressurization and supporting the flight control

rod crank.

a)

Figure 6.1. Proposed parts for substitution of aluminium components with magnesium in aircraft
applications; a) pedals; b) housing [ARRO7].

Israel Aerospace Industries (lAl) also defined the required mechanical properties to magnesium alloys

for aeronautic applications. These properties are summarised in Table 6.1.

Table 6.1. Required mechanical properties in separately cast specimens for aeronautic applications
defined by IAl [WENO5].

TYS UTS omC
(MPa)? (MPa)" A (%)
Requirement in separate 220 290 3
cast specimens for Mg alloys

2 Tensile yield strength
® Ultimate tensile strength
° Elongation

The results of the new alloys are not only compared to the A357 aluminium alloy. Tensile properties of

the new alloys are also compared to the properties of the commercial AZ91 and AM50 alloys. Then,
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the results obtained in different samples and areas are put together with the values of solidification

time and microstructure in chapter 7.

In addition to the tensile testing, Vickers microhardness tests were performed on the phases present
in the AZ91E alloy. The objective was to analyse and characterise the effect of the precipitates in the

mechanical properties.

6.1 Mechanical characterisation of the tensile bars

Separately cast tensile bars were produced and tested. Tensile bars give the properties of the material
without being affected by the influence that the geometry has on real parts. The results obtained are
given in Table 6.2. Figure 6.2 shows the tensile curves of sand-cast magnesium alloys in as-cast and

heat treated conditions compared to the aluminium alloy A357 in T6 heat treated condition.

Table 6.2. Mechanical properties of the new alloys vs. commercial alloys of separately cast bars.

UTS (MPa) | TYS (MPa) A %
SAND CASTING
A357-T6 322+5 271+6 4+15
AZ91E-T6 287+9 138 + 8 63+1.5
AZ91E-F 150 £ 5 111+ 4 22+04
MRI207S-T6 288 + 11 218 + 12 4+1
MRI207S-F 216 + 4 144 £ 5 5.8+ 1
INVESTMENT CASTING
AZ91E-T6 235+ 4 127 £ 4 4+1
AZ91E-F 137 £ 4 94+3 1.25+0.2
MRI207S-T6 285+ 3 215+3 3+0
MRI207S-F 20512 13243 6.31.7
GRAVITY DIE-CASTING
AZ91E-T6 209 + 14 112+ 12 32+0,8
AZ91E-F 155 + 7 94 + 4 1.8+0.4
MRI207S-T6 265+ 15 203 +2 341
MRI207S-F 205+ 13 144 + 5 59+1,7
HIGH PRESSURE DIE-CASTING
AZ91D 268 + 10 165+ 5 7+3
AM50A 252 + 10 135 + 1 18+ 4
AM50+Si+Sn 270 + 2 145 + 1 17 + 1
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Figure 6.2. Tensile curves in sand cast magnesium alloys compared to aluminium A357 alloy.

Sand-cast aluminium A357 alloy was characterised in order to compare the values of aluminium alloys
to magnesium alloys. The mechanical properties of MRI207S alloy are close to the properties of the
aluminium alloy after heat treatment if they are compared to the mechanical properties of other
magnesium cast alloys. Therefore, it was concluded that it is a promising alloy for substituting for
aluminium when strength is an important issue. Moreover, the values of the MRI207S alloy after T6
heat treatment reach the requirements given by IAl (Table 6.1) for aeronautic applications. In
comparison, looking at the values given in Table 6.2, it should be noted that the properties of
investment-cast and gravity die-cast alloys are lower than these of sand-cast alloys. This is due to a
higher presence of defects like oxides, inclusions and porosity. Even if the quality of the investment-
cast tensile bars could be considered acceptable, the quality of the gravity die-cast bars is poor. Thus,
the mechanical properties presented in this document should only be considered as trends of the
behaviour of the alloys. In conclusion, the use of filters and a more adequate metal handling

procedure should be employed for achieving good quality castings in gravity die-casting.

In the graphic representation the improvement of mechanical properties of AZ91E after heat treatment
can be easily noted. This is due to the dissolution of the brittle continuous y-Al;,Mg,; phase into a less
brittle lamellar pearlitic structure. Therefore, the brittleness is reduced giving a higher ductility and the

strength is increased due to solid solution and precipitation hardening.

The MRI207S alloy does not have the brittle behaviour of the AZ91E alloy in as-cast condition. The
heat treatment leads to an increment in strength despite of a decrease in ductility. T6 heat treatment
generates solid solution hardening with a posterior precipitation hardening. Even though, with a lesser
strength, the properties of MRI207S-T6 are approaching the values of the aluminium A357 alloy.
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Values obtained in HPDC tensile bars are also shown in Table 6.2. The addition of Si and Sn to the
AMS50 alloy increased the strength and kept the ductility constant. The high ductility and improved
strength of this alloy can be interesting for aeronautic and automotive applications. At the end of the
IDEA project IAl replaced the pedals made in aluminium for magnesium HPDC pedals. The
requirements that they proposed in the separately cast tensile specimens could not be reached by
HPDC. IAl established the requirements for the magnesium alloys based on the properties of the
actually used aluminium alloys for an easier substitution of the parts from one material to the another.
In any case, the magnesium HPDC pedals were tests in service and they passed all the required
tests. This way, it was shown that the aluminium pedals were oversized and magnesium HPDC pedals

were accepted for the substitution of the ones made in aluminium.

6.2 Mechanical characterisation of the test parts

Samples excised from the areas S1 to S4 of the test parts described in chapter 3 were tested. There is
a high level of porosity and inclusions in the S1 and S2 areas (see chapter 3), causing a premature
fracture of the samples. Therefore, the values obtained in these areas are not reliable and are rejected
and only the areas of S3 and S4 considered. The mechanical properties measured in the test parts
are influenced by the presence of porosity inside the castings, which is also expected in real castings.
For more information about the measured porosity levels see chapter 5. Table 6.3 shows the results
obtained in the test parts for different technologies, alloys, and heat treatment conditions in the S3 and

S4 areas.

Table 6.3. Mechanical properties of the new alloys vs. commercial alloys of test parts.

UTS (MPa) [TYS (MPa)| A%
SAND CASTING
AZ91E-T6 24515 162+6 | 4.4+0.5
AZ91E-F 1685 12245 410,4
MRI207S-T6 2906 21042 5.5+1
MRI207S-F 21618 147+7 4.4+1
INVESTMENT CASTING
AZ91E-T6 9616 - 1.4%0.4
MRI207S-T6 24945 205+10 | 0.8+0.2
MRI207S-F 172412 107+12 | 1.6:0.5
GRAVITY DIE-CASTING
AZ91E-T6 21118 1656 2.7+0.2
MRI207S-T6 292+3 213+2 | 4.7+0.6
HIGH PRESSURE DIE-CASTING
AZ91D 129 + 1 52+05 | 1.6+0.1

The results obtained in the gravity die-cast test parts are promising. The tensile bars produced with
this technology did not reach the expected values because of a non-adequate design of the mould and

melting procedure. However, the high tensile values obtained in the test part mean that this process is
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a promising candidate for magnesium because the test part is a difficult part to cast due to the
differences in thickness. Gravity die-casting has some advantages compared with sand-casting. Some
of these advantages are a better surface quality and a smaller grain size as a result of a higher cooling
rate. By decreasing the grain size in Mg-alloys the mechanical properties are increased following the
Hall-Petch relationship.

The investment casting process is interesting due to the better surface quality compared to sand-
casting. It also allows us to cast geometries which are not possible to obtain with gravity die-casting.
The investment cast MRI207S test parts were on an acceptable level, but the quality of AZ91E

castings was poor. There was a high presence of oxides in the investment-cast AZ91E test-parts.

The mechanical properties of test parts produced by HPDC were unacceptable. The reason was the
high porosity content generated by the turbulent flow and fast solidification. Furthermore, due to the
machining of the samples, the outer surface was removed, which is usually a defect free and small
grain sized surface. Therefore, bad mechanical properties were obtained. The specimens were
machined out from the thick areas, where the porosity level was highest. The test part is a non-
adequate geometry especially for HPDC, with irregular and thick wall thickness, up to 20 mm. The
microstructural analysis also showed large porosity areas (Figure 6.3).
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Figure 6.3. Porosity in the HPDC AM50 test part (Position S3).

6.3 Hardness measurements

In order to compare the difference in hardness between the a-Mg and the y-Al;,Mgs7 phases, Vickers
microhardness measurements were performed in the AZ91E alloy after heat treatment. Four
indentations were made in the sand-cast AZ91E alloy. One was in the a-Mg area. Two indentations
were made in the pearlitic a-Mg with y-Al;,Mgs7. The difference between them was that the lamellar
spacing was different. The third indentation was performed in a mixed area with half the indentation in
a-Mg and half in the pearlitic zone. The indentations are listed in Table 6.4. The indentations are
shown in Figure 6.4, together with the hardness values measured and the dimensions of the

indentations (d is the average value).
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Table 6.4. Description and values of the indentations in the AZ91E alloy.

Description HV value Figure
a | Indentation in a-Mg 27 Figure 6.4a
Indentation in pearlitic a-Mg with y-Al;,Mg47 where the
b | lamellar spacing was small (the two phases were hardly 103 Figure 6.4b
distinguished at a magnification of x1000)
Indentation in pearlitic a-Mg with y-Al;2Mg4; where lamellar
¢ | distance was bigger (the lamellar layers were easily 96 Figure 6.4c
distinguished at a magnification of x1000)
Indentation half in a-Mg and half in pearlitic a-Mg with y- i
d 82 Figure 6.4d

Ali;Mgq7

a) e N oy ~ 2 " £
d=115.4 um; d,=118.1 um; d=116.8 um

HV=27

b

d:=65.1 um; d»=60.5 pm; d=62.4 um
HV=96

d)

Figure 6.4. Vickers indentation in different areas of the AZ91E alloy.

Re

d,=66.5 um; d,=67.9 um; d=

HV=82

As expected, the hardness in the a-Mg matrix is lower than in the pearlitic area. However, one of the

main conclusions taken from this analysis is the influence that the distance between layers has in the

hardness of the pearlitic area. When the distance between the layers is smaller, the hardness

increases. This makes it difficult to establish correlations between the amount of precipitated pearlitic

and mechanical properties. The lamellar distance in the microstructure of AZ91E is not constant.

Therefore, it is difficult to count the amount of the pearlitic phase with a concrete lamellar thickness in

Relationship between Solidification, Microstructure and Mechanical Properties of Magnesium Cast Alloys




Chapter 6 - Analysis of Mechanical Properties 123

a casting. In this work, it is suggested that other solutions may be taken for the establishment of
correlations between precipitates and mechanical properties, because the amount and morphology of

the phases is not constant in one zone.

6.4 Summary and conclusions

Tensile characterisation of tensile bars and test parts is presented and discussed in this chapter.

MRI207S alloy after T6 heat treatment approaches the values of the A357-T6 aluminium alloy. This
alloy also fulfils the requirements proposed by IAl to magnesium castings for aeronautic applications.
Therefore, this is a promising candidate to be integrated in aeronautic applications. The new
AM50+Si+Sn alloy has improved mechanical properties compared to its predecessor AM50 alloy. The
strength is higher and the ductility is kept constant. Even if the mechanical properties do not fulfil 1Al's
requirements in separately cast test parts, Israel Aerospace Industries tested successfully HPDC
magnesium pedals in the frame of the IDEA project. They replaced aluminium pedals for magnesium

HPDC pedals in business aircrafts as a result.

Looking in more detail, all the castings produced with sand-casting have better values compared to
the other technologies. The main reason is the large experience of magnesium sand-casting by the
foundry. The magnesium sand-castings analysed in this project are high quality parts, with
homogeneous microstructure and mostly free of defects, presenting superior mechanical properties.

Values taken from this chapter are used for the establishment of Hall-Petch relationship.

Finally, hardness measurements were performed in order to obtain further information about the
material. Microhardness measurements give an idea of the properties of the principal phases. The
hardness of the pearlite changes with the lamellar spacing, increasing the hardness when the lamellar
spacing decreases. In the pearlitic a-Mg/y-Ali,Mg.7, the lamellar spacing affects the mechanical
properties and the lamellar spacing is not constant in the same area of the sample. This makes it
difficult to establish any relationship between the solidification rate and the precipitated eutectic. It was
then decided that counting the amounts of the precipitates is not a feasible way for integrating the
effect of the precipitates in the mechanical properties for the AZ91E alloy. Other alternatives may be
considered for the integration of second phases in the correlations between microstructures and
mechanical properties. For future works it is proposed to correlate the microhardness of the matrix
instead. The microhardness of the matrix is dependent of the precipitation of intermetalics, which is
dependent of the solidification rate and posterior heat treatments. The microhardness of the matrix is a
single variable to take into account, which gives an accurate idea of the properties of the material. If
this property could be predicted from the solidification curves and posterior heat treatments and
integrated in the equations for the prediction of mechanical properties, the effect of the precipitates in

the mechanical properties would also be integrated.
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7 CORRELATIONS BETWEEN SOLIDIFICATION TIME, MICROSTRUCTURE AND
MECHANICAL PROPERTIES

In this chapter the results obtained previously are contrasted and correlations between them are
discussed and analysed. Solidification times, microstructures and mechanical properties for

magnesium alloys are related as shown in Figure 7.1. The relationships are represented by arrows.

Casting of components
Acquisition of cooling curves
Obtaining of microstructures dependent on solidification rate

. 1

Analysis of microstructures
Precipitates, Grain Size, Texture

.

Analysis of mechanical properties
Tensile tests, hardness measurements

Figure 7.1. Diagram highlighting the steps of the overall work plan.

Correlations proposed by Flemings [Eq. 7.1, FLE74] are employed for the prediction of grain size from
local solidification times. In addition, Hall-Petch relationships [Eq. 7.2, HAL51, PET53] are used for the
prediction of mechanical properties from grain sizes. The generation of the precipitates and their
influence on mechanical properties is not taken into account in these correlations. In previous
chapters, it is explained that an accurate measurement of precipitates and their morphology is not
obtained in this work. The difficulty resides in the variability of the morphology and the influence of the
etchant. The difficulty comparing to binary alloys increases in multicomponents alloys, such as the
ones analysed in this work. Nevertheless, the selected equations give accurate values when the
solidification and heat treatment conditions are similar. These equations can also be easily integrated
in numerical simulation methods for the prediction of mechanical properties in castings, which is the
main objective of the equations in this work. These equations are summarised in Table 7.1. The

results obtained in AZ91E alloy are compared to the constants taken from literature for the validation
of the employed procedure. Furthermore, the constants a, b, n, o, and k are defined for the new

MRI207S alloy so they can be integrated in simulation softwares.
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Table 7.1. Equations employed for the prediction of grain size and tensile yield strength.

Prediction of grain size

d

t

S

n AT
=a-t, :b[ :

;

Eq.7.1

Prediction of tensile yield strength

%

o, =0, +kd

Eq. 7.2

7.1 Correlation between solidification curves and microstructures

Once the solidification times and the grain sizes were measured, correlations between them were

established. The cooling rate was also compared to the grain size. However, the solidification time and

the cooling rate are related and the results are equivalent. The definition of the cooling rate is given in

the literature review (Eqg. 2.5). Table 7.2, Table 7.3 and Table 7.4 summarise the data taken from the

cooling curves. The data is put together with the measured grain sizes for the AZ91E and MRI207S

tensile bars, test parts and prototypes. As it was explained in chapter 6, grain sizes in some point were

not measured. In some test parts, part of the casting was used for other measurements and some of

the points were not available. Therefore, some of the grain sizes are missing in the tables below.

Table 7.2. Solidification time, cooling rate and grain size of the sand, investment and gravity die-cast
AZ91E test-parts produced in the foundries (average values).

AZ91E alloy Cooling rate Grain size (um)
. Solidification .
Casting of the test . o As-
part in the timets (s) T Ccrs) cast 6
foundries
sand-casting Point 1 86.9 1.82 -2 -2
PSFA Point 2 77.9 217 96 84
Point 3 45.0 3.6 99 86
| ¢ ¢ " Point 1 45.7 3.74 -2 154
nvestment-casting Point 2 47.5 3.62 -2 -2
PIFA
Point 3 41.7 4.07 -2 -2
Gravity die-casting Point 1 45.7 3.65 -2 89
PGFA Point 2 47.5 3.66 - -

% not available
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Table 7.3. Solidification temperatures and times of the investment-cast AZ91E tensile bars and
components produced in MGEP.

AZ91E alloy .
Cooling rate
. . Solidification . Grain size (um)
Investment-casting of tensile | Placement . o
specimens and components time t; (s) | (Cls) As-cast
in MGEP
Investment casting of tensile Point 1 437.5 0.41 118
specimens Point 2 375.5 0.46 127
TIMA10 Point 3 316.5 0.54 112
Investment casting of tensile Point 1 364 0.47 133
specimens Point 2 345 0.51 120
TIMA11 Point 4 369.5 0.31 127
Investment casting of Point 1 555 0.31 166
components .
CIMAOL Point 2 421.5 0.40 154

Table 7.4. Solidification temperatures and times of the sand, investment and gravity die-cast MRI207S
test-parts produced in the foundries (average values).

MRI207S alloy Cooling rate Grain Size
. Solidification .

Castng of e et et | [T com) | as |

foundries cast
Sand-casting Po?nt 1 19.8 5.2 28 -2
PSEM Point 2 14.8 7.2 29 -2
Point 3 12.8 8.3 23 -8
Investment-casting Point 1 34.5 3.1 44 63
PIEM Point 2 36.4 2.9 45 56
Point 3 23.4 4.5 -2 -8
Gravity die-casting Point 1 24.0 4.4 -2 -2
PGFM Point 2 24.3 4.5 -2 -2

% not available

From the data above, graphs relating grain size to solidification time or cooling rate were established.
Next, potential tendency curves were constructed for each group of values. Potential curves are
required because the equation proposed by Flemings (Eq. 7.1) defines a potential relationship

between the cooling rate or solidification time and grain size or arm spacing.

Once the tendency curves were constructed, the data obtained was validated with values from
literature [CACO02a, DUB98, SEQ97 and LAB97]. Figure 7.2 shows the relationship obtained between
the cooling rate and the grain size or secondary arm spacing. The data from literature refers to
secondary arm spacing and the measured data in this work to grain size. Most authors use the
equation given by Flemings (Eq. 7.1) with secondary arm spacing. The reason is the dendritic
structure they obtain. In a dendritic microstructure, the secondary arm spacing is what can easily be
measured. However, in this thesis, it was decided to use it with grain sizes because of two reasons.
The first reason is that the Hall-Petch equation (Eq. 7.2) relates grain size to the yield strength. Then,

it is more adequate to only use one variable in the whole procedure when establishing correlations.
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The second and most important reason is that the MRI207S alloy does not show a dendritic structure
because its microstructure is globular. Since the equation of Flemings is also valid when grain size is
used instead of secondary arm spacing, it was decided to use it with grain sizes for this work. The
literature values are only used to validate the tendencies of the two curves. As expected, the SDAS
curves from literature go under the values from grain size in this work. More importantly, the
tendencies of all the curves are similar, which makes the measured values coherent. The problem
found when constructing the potential curves with the measured data was the high dispersion in the
values of the AZ91E alloy (R2=0.6). This is due to the fact that all the parts were not cast in the same
installations. Some castings were performed in industrial furnaces with high capacity. In contrast,
some of them were cast in MGEP, where a laboratory small crucible was used for the melting of the
alloy. In small crucibles the mixing of the grain refiner is never as good in big crucibles, where a better
homogeneity is obtained. This may lead to a different treatment of the alloy, and to some differences
in the generation of grain size for a specific cooling rate. The formula proposed for AZ91E can be
discussed because the accuracy of the calculated grain size depends on the employed crucible and
the efficiency of the grain refiners. Several grain refiner methods are used for the AZ91E alloy
commercially, and therefore, the equation formulated by Flemings should be applied carefully. This
equation is valid when the quantity and kind of grain refiners and the procedure are kept constant. The
dispersion found in the data taken from literature can also be justified by the same reason. The four
cited works [CAC02a, DUB98, SEQ97 and LAB97] differ in the prediction of the secondary arm
spacing as can be seen in Figure 7.2. The dispersion of values in the correlations proposed by
[DUB98] and [SEQ97] is of about 60%. A considerable dispersion is also found in this study when
establishing the correlation between the solidification time and grain size for the AZ91E alloy. The
alloys cast in the foundries and the ones cast in the laboratory installations at MGEP show a similar
tendency, being the dispersion when plotting a potential curve with the values considerable. The
procedure and grain refiners for MRI207S alloy are however well established, and the predictions
calculated in this work for the MRI207S alloy are accurate (R®=0.93). Therefore, the equation
proposed by Flemings is considered acceptable for the MRI207S alloy. The equation proposed for
AZ91E, despite, should be employed with precaution, being the results sensitive to the melting

procedure.
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Figure 7.2. Correlation between cooling and grain size or secondary arm spacing for AZ91E. Values
taken from literature and from this work show the same tendency. This study refers to grain size and

literature [CAC02a, DUB98, SEQ97 and LAB97] refers to secondary arm spacing.

Figure 7.3 and Figure 7.4 show only the curves obtained in this work, which are for the AZ91E and

MRI207 alloys. The relationship established for the correlation between solidification time or cooling

rate and grain size are also given in those figures. In those equations y equals to grain size (d) and x

is the solidification time (t;) or the cooling rate (T ) in absolute values. The dispersion for the MRI207S

is small. All the MRI207S castings were produced in industrial furnaces and consequently, in similar

conditions. Therefore, a good coherency of the results is obtained contrary to the case of the AZ91E

alloy where the dispersion in bigger.
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Figure 7.4. Relationship between solidification rate and grain size for AZ91E and MRI207S alloys.
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The relationships between solidification time or cooling rate and grain size shown in the above figures

are summarised in Eq. 7.3, Eq. 7.4, Eq. 7.5 and Eq. 7.6.

d, g =46.2t.°%° Eq.7.3

dMRI 2078 5.4,[50.59 Eq.7.4
.|0.18

dpee =1149T Eq.7.5
. |-0.59

dMRI207S = 84T Eq.7.6

In these equations, the exponent value for AZ91E alloy is lower than the one proposed by Flemings
[FLE74]. Flemings proposed a value of about % for primary arm spacing without further explanation or
demonstration. He only refers to a study with ferrous alloys. This value is generic and it is not specific
for magnesium alloys, even if the value of MRI207S alloy is close to it. Furthermore, the simplicity of
this equation should be considered when analysing these differences. In order to have a more
accurate relationship, parameters like the thermal gradient, the diffusion coefficient in liquid, the
Gibbs-Thomson coefficient, the concentration of the solute, the liquidus slope, the segregation
coefficient and the interface velocity for example should be integrated. More information about these
relationships can be found in the literature review. The complexity in obtaining all the above mentioned
data makes the use of detailed relationship difficult. However, the results obtained by equation such
as the one proposed by Flemings and used in this work are good enough to predict the material

behaviour.

7.2 Correlation between microstructures and mechanical properties

In this section Hall-Petch parameters are defined for the AZ91E and MRI207S alloys in as-cast and

heat-treated conditions.

First of all, the data obtained in chapters 5 and 6 is correlated. This data is shown in Table 7.5.
Mechanical properties of tensile bars and test parts are shown together with measured grain sizes (d)
and porosity levels for each area. In addition, the value of d™ is given for establishing Hall-Petch
parameters. Some values from the test part are not considered because these had high impurity

and/or porosity content which lead to a premature failure.
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Table 7.5. Mechanical properties and measured microstructural parameters.

Grain . 12
Alloy and heat | UTS TYS A . Porosity | d
Technology Geometry Nom. treatment (MPa) | (MPa) | (%) ds(ljr?']) (%) (m.l/z)
Sa?.d' TSFA | AZ91E-F 150 | 111 | 22| 121 91
G cas_tlné;_ Tensile bar
ravity die- TGFA | AZ91E-F 155 94 | 18| 223 67
casting
Sand Test part PSFA | AZ91E-F 193 | 147 | 4 26 0.1 102
Casting
Sand TsEA | Azo1E—-T6 | 287 | 138 | 63| 109 96
Casting
Investment- | rengilebar | TIFA | Azo1E-Te | 235 | 127 | 4 | 234 65
casting
Gravity die-
casting TGFA | AZ91E-T6 209 | 112 | 32| 180 75
Sand
Castin PSFA | AZ91E-T6 245 | 162 | 44| 84 0.1 109
Gravit dgie- Test part
Y PGFA | AZ91E-T6 211 165 | 2.7 89 0.4-3 106
casting
Sand-
casting TSFM | MRI207S—F | 216 144 | 58| 29 184
Investment- | rengilebar | TIFM | MRI207s—F | 205 | 132 | 63| 33 174
casting
Gravity die- TGFM | MRI207s-F | 205 144 | 5.9 26 196
casting
Sand
: PSFM | MRI207S—F | 216 147 | 44| 28 0.3 188
Casting
Investment Test part
. PIFM | MRI207S—F | 172 107 | 16| 44 0.3 151
Casting
Sand-
casting TSFM | MRI207S—-T6 | 288 | 218 | 4 49 143
Investment- .
casting Tensile bar TIFM MRI 207S - T6 285 215 3 59 130
Gravity die- TGFM | MRI207s-T6 | 265 | 203 | 3 51 140
casting
'néestmem Test part PIFM | MRI207S-T6 | 249 | 205 | 08| 63 0.3 126
asting

Prior to establishing relationships for the MRI207S alloy, the values obtained for the AZ91E are
verified. The measured tensile yield strength (TYS) of AZ91E is compared to the data from the
literature presented in chapter 2. Hall-Petch parameters from literature [COU66 and SAS96 in
CACO02a] for sand and gravity die-cast AZ91E are taken for this comparison. Sand-cast values are
applied for investment-cast AZ91E alloy due to the lack of information in literature. Next, the yield
strength is calculated using the measured grain size at each sample in this work and applying the Hall-
Petch equation to obtain a calculated TYS. These values are compared to the experimentally
measured yield strength in tensile tests in Table 7.6. This table shows the calculated tensile yield
strength using the Hall-Petch equation with the constants from the literature and the measured values

in tensile tests. A good correlation is found between the measured and calculated values.
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Table 7.6. Comparison of calculated TYS using Hall-Petch relationships and data collected in the
literature with the measured TYS.

k Grain | Calculated | Measured
Technology | Geometry | Nom. Alloy % (MPa size TYS TYS
(MPa) -1/2ya b c
m™°) (um) (MPa) (MPa)
Sand
Casting Tensile TSFA | AZ91E-F 66 0.42 121 104 111
Gravity die- bar TGFA | Azo1EF | 53 | 032 | 223 74 94
casting
Sand Testpart | PSFA | AZ91E-F | 66 | 042 | 957 109 122
Casting
Sand TsFA | AZ2E | 84 | 06 | 109 141 138
Casting T6
Investment- | Tensile AZ91E-
casting bar TIFA T6 84 0.6 234 123 127
Gravity die- TeFA | A221E 1 77 | 048 | 180 113 112
casting T6
Sand AZ91E-
Casting Test part | PSFA T6 84 0.6 84 149 162

? Data taken from [COU66 and SAS96 in CAC02a]

® Calculated value with the Hall-Petch equation. o, and k are taken from [COU66 and SAS96 in CAC02a] and the
grain size value is the measured value in this work

® Measured TYS in tensile tests

Once the measurements were validated, the values were plotted in a chart. Figure 7.5 shows the
tensile yield strength (TYS) as a function of d""? for AZ91E and MRI207S. The tendencies shown in
literature [COUG6 and SAS96 in CAC02a] are marked for AZ91E in order to validate the results in this
work. For each condition (as-cast and T6), the area is marked by an upper line with the values for
sand-cast AZ91 [COUGB6 in CACO02a] and a lower line with the values for gravity die-cast AZ91 [SAS96
in CACO02a]. The tendency lines obtained for MRI207S are also illustrated. The tendency lines are
constructed using different weights for values obtained from tensile bars and values obtained from test
parts. The mechanical properties of test parts are influenced by typical defects in components, such
as porosity and inclusions. Tensile bars are cast in optimised dies in order to create a defect free
tested area. The applied difference of weight was 1/6. This means that the values of tensile bars count

6 times more than the values of the test part when approaching the tendency line.
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Figure 7.5. The 0.2% proof stress (TYS) as a function of d "% for AZ91E and MRI207S alloys in as-cast
and T6 conditions. Tendencies taken from literature [COU66 and SAS96 in CAC02a] are marked for
AZ91E and tendency lines for MRI207S are illustrated.

A good correlation of the measured values of AZ91E and the literature is found and the dispersion of
values is acceptable. This dispersion relates to the fact that the process parameters used in the
literature and the ones employed in this work may differ. Moreover, the grain size measurement using
linear intercept method always entails a measuring error. With regard to the MRI207S alloy, the lack of
points for the new alloy makes it difficult to assure the right values of the tendencies. More markedly in
the T6 condition, there is a lack of enough different grain sizes, because all the values obtained are
close to each other. The abnormal grain growth which occurred in sand-cast test parts and is
discussed in chapter 5, decreases the amount of available data. Even these values should be used
with precaution, the estimated correlations are summarised in Table 7.7. In order to obtain better
correlations, MRI207S should not only be analysed changing the solidification times, but also applying

different amounts of grain refiners.

Table 7.7. Hall-Petch parameters for the 0.2% proof stress for the MRI207S alloy.

Alloy o, (MPa) k (MPa m™?)
MRI207S-F 5 0.73
MRI207S-T6 175 0.29

7.3 Correlation between solidification times and mechanical properties

In order to directly relate the mechanical properties with solidification curves, the relationships
obtained between the grain size and the solidification times are integrated in the Hall-Petch equation.

Therefore, the equations summarised in Table 7.8 for the prediction of mechanical properties from the
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solidification times are proposed for the AZ91E and MRI207S alloys in as-cast and T6 heat-treated

conditions.

Table 7.8. Equations relating the solidification time with the tensile yield strength.

Sand-cast AZ91E-F O ynzote-rsang = 06+ 0.42(46.2t ") 2
Gravity die-cast AZ91E-F O yazore-roras. = 53+ 0.32(46.2t,°%%) 2
Sand-cast AZ91E-T6 O ynzste-osang = 84 +0.6(46.2t,""° )72
Gravity die-cast AZ91E-T6 O ynzote-togy, = 17 +0.48(46.2t,°* )2
MRI207S-F O prizorss = 5+0.73(5.4t,°% )72
MRI207S-T6 O rizors s = 175+0.29(5.4t,"% )72

The constants of the above equations (Table 7.8) are coherent. When the solidification time is

increased, the tensile yield strength decreases, which is logical due to an increase in grain size.

These equations serve to predict directly the tensile yield strength from the solidification times. The
solidification times can be predicted using commercial simulation tools and with the application of the
above equations.

7.4 Conclusions

The establishment of correlations between solidification times and tensile yield strength was achieved.

Firstly, correlations between solidification time and microstructure are defined in this chapter. A good
coherency of results is obtained for the MRI207S alloy. AZ91E alloy shows a high dispersion of the
results, which can be due to the differences in the utilised casting procedure. Nevertheless, the

tendency of the curve is in accordance with the literature.

Hall-Petch parameters for the prediction of the tensile yield strength are also proposed. A good
correlation is found between the measured values for the AZ91E alloy and the data from literature.
Conversely, the values obtained for MRI207 are lacking in statistics. However, the presented values
give coherent tendencies. To obtain more accurate values, it is advised to vary the amount of grain

refiner in order to obtain values with enough different grain sizes.

Finally, solidification times and tensile yield strength are related. The equations relating them are easy
to use and the obtained correlations can be integrated in simulation tools for the prediction of TYS.

This kind of equation describes correctly the behaviour of the material.

For future trends, as explained in the conclusions of chapter 6, it is suggested to integrate the
microhardness of the matrix to the solidification rate, grain size and mechanical properties. The
microhardness of the matrix gives an idea of the formed precipitates and it can be the method to
quantify and characterise the precipitation in a material. It is a variable easy to measure and it gives
information about the kind of precipitates inside the matrix, and consequently, along the

microstructure.
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8 SUMMARY AND CONCLUSIONS

The present work leads to a better understanding of the relationship between solidification conditions,
microstructures and mechanical properties of magnesium cast alloys. The relationships established in
this work can be integrated into the numerical simulation of the casting process. The relationships for
a new magnesium alloy in as-cast and T6 heat-treat condition were established. This alloy is a newly
developed magnesium alloy by MRI, named MRI207S. This will allow for an optimum design of the
filling and gating systems in order to obtain the desired mechanical properties. It will also make
possible to optimise the geometry of a part avoiding oversized areas, which can only be achieved if
the prediction of local mechanical properties is accurate. The results obtained in this thesis will allow

this optimisation of the design of the components.

The solidification of four magnesium alloys in four casting technologies is analysed in this work.
Furthermore, the microstructure of the castings is characterised and tensile properties determined.

Finally, correlations between them are established for the prediction of tensile yield strength.

The texture generation in HPDC is also analysed, for the first time, in order to identify the effect of the
alloying elements on deformation mechanisms. It is shown that the alloying elements did not influence
the texture creation under uniaxial deformation in the analysed HPDC alloys.

Newly developed alloys with improved strength are compared to commercially used magnesium alloys
and to the A357 aluminium alloy. The objective of the new alloys is to have mechanical properties
approximate to the values of aluminium alloys. This is achieved with the new MRI207S alloy, which is

a promising candidate for the substitution of aluminium in aircrafts.

This work is divided into four principal tasks, and the main results obtained in each of them are

summarised below:
1. Casting of tensile samples and test parts. Acquisition of cooling curves.

Several parts were cast in this research work and casting parameters were optimised in order
to obtain acceptable castings. The influence of the filling time has proved to be essential for
avoiding misruns. When the filling time is reduced, filling problems disappear. The importance
of grain refiners in the AZ91E alloy is essential to obtain a fine grained microstructure and a
continuous precipitation of y-Al;;Mg4; phase. Finally, the influence of temperature to avoid

surface and internal oxidation in investment casting is confirmed.

The parts cast in this task have a variety of microstructures depending on the local
solidification rate. Cooling curves are acquired for the calculation of the solidification rate. The
result is a variety of castings with different microstructures and mechanical properties with

registered cooling curves.
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2. Microstructural characterisation and texture evolution in Mg-alloys.

In order to determine the effect of the precipitates and grain size, microstructures in as-cast
and heat treated conditions are characterised by optical microscopy and Scanning Electron
Microscopy (SEM). y-Al;;Mg47 phase is found to be the most important precipitate in Mg-Al
alloys. Mg-Al alloys have a two-phase eutectic, consisting of a-Mg and y-Al;;Mg47. The
eutectic can appear in several morphologies. In as-cast condition, it usually appears as
divorced or semi-divorced eutectic, while after T6 heat treatment it transforms into a pearlitic
structure. MRI207S alloy presents an a-Mg matrix with an eutectic (Gd,Nd)Mgs intermetallic.
These precipitates form a fine precipitation in the matrix after T6 heat-treatment and are

responsible for the precipitation strengthening.

Grain size and porosity are measured to obtain a correlation between grain size and the
previously measured solidification curves. The porosity level in HPDC test parts is high
(around 5-10%) and thus, the mechanical properties are low. Other technologies obtain

acceptable porosity levels.

Fractography analysis is performed to characterise the effect of the alloy and heat treatment
on the fracture. HPDC alloys show a dimple fracture surface, and a cleavage fracture is

mainly observed in gravity casting alloys.

The texture formation during uniaxial deformation in two HPDC magnesium alloys is analysed
during this work in order to determine the influence of the initial texture and the effect of the
alloying elements on the final texture. Samples are deformed uniaxially by tensile testing.
Texture generation, during tensile testing, is in accordance with that observed in wrought
magnesium alloys. The (0001) basal plane is oriented parallel to the loading direction, as has
already been described for wrought alloys. The difference is that the intensity obtained is
lower in HPDC alloys than in wrought alloys. Contrary to wrought alloys, there is not a
preferred orientation before testing in HPDC. The inhomogeneous microstructure of HPDC
samples can also cause this lower intensity. With regard to the influence of alloying elements,
the two alloys analysed have a similar texture after deformation. Hence, it is concluded that

alloying elements do not influence the generation of the texture.
3. Mechanical characterisation.

The tensile properties are related to the microstructure. Samples cast by different

technologies and geometries are characterised in this subject.

Newly developed alloys (MRI207S and AMS50+Si+Sn alloys) show higher mechanical
properties compared to AZ91 and AM50 commercial alloys. These higher properties can be
attributed to the presence of precipitates containing Si and Sn in the AM50+Si+Sn alloy. In the
case of MRI207S, aluminium is completely removed and more stable precipitates are formed.
These precipitates increase precipitation strengthening after T6 heat treatment. Yield strength

is considerably improved in this alloy compared to AZ91E.
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Hardness measurements, on the other hand, lead to the establishment of correlations
between hardness and microstructures. In this study the hardness of the precipitates is
analysed, specifically the influence of the lamellar spacing of a-Mg/y-Ali,Mgs7. When the
distance between the layers decreases, the hardness of the structure increases. The increase
of hardness in this alloy can lead to a premature fracture of the eutectic structure. The reason
for this is the brittle behaviour of the y-Al;,Mg47; phase, which in closer lamellar spacing of the

pearlitic structure decreases the ductility.
4. Correlation between solidification curves, microstructures and mechanical properties

Finally, correlations between solidification times, microstructures and mechanical properties
are established. On one hand, constants correlating solidification time with grain size are
established. On the other hand, Hall-Petch parameters are established in order to relate the
grain size to the tensile yield strength. The values obtained in AZ91E are compared to the
relations established in literature. Correlations are found for MRI207S alloy in as-cast and T6
heat treated conditions. The influence of second phases is not explicitly integrated in those

correlations, leaving this task for future works.

In summary, correlations between solidification time, grain size and tensile yield strength are
established for a newly developed magnesium alloy in as-cast and T6 (solution heat treated and
artificially aged) conditions. The values of the commercial AZ91E alloy are verified with literature and

they are acceptable. Therefore, the procedure is validated and the values of the new alloy established.

The correlations that are currently used do not take into account the existence of several phases, and
they are based on the grain size, i.e. Hall-Petch relationship. The effect of the precipitates is not
integrated into the defined correlations, but the problems have been identified, and future directions
have been defined and explained. It is suggested that the correlation of the microhardness of the
matrix with solidification time, grain size and tensile properties be performed in future works. However,
the equations defined in this work are easy to apply in numerical casting models. Furthermore, the
approximation obtained with such equations is usually enough for a good prediction of the properties

obtained in reality.
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9  SCIENTIFIC CONTRIBUTION

In this chapter the scientific contribution in conferences and journals is presented.

9.1 Publications in journals

Arruebarrena G., Hurtado 1., Vaindla J., Cingi C., Dévényi S., Townsend J., Mahmood S., Wendt A,
Weiss K., Ben-Dov A., "Development of Investment-Casting Process of Mg-Alloys for Aerospace
Applications", Advanced Engineering Materials, 2007, v 9, No. 9, p. 751-756. Impact factor (2007):
1.463.

Sandor L., Arruebarrena G., Sandor B., “Magnéziuméntészeti kutatasok - motivacié és elsd
tapasztalatok a Fémalk Rt.-ben”, Banyaszati és Kohaszati Lapok, Kohaszat, 2006, v 139, issue 3, p.
19-23.

9.2 Publications and presentations in conferences

Wendt J., Kainer K.U., Arruebarrena G., Hantzsche K., Bohlen J., Letzig D., “On the Microstructure
and Texture Development of Magnesium Alloy ZEK100 During Rolling”, Magnesium Technology, TMS
2009 Annual Meeting & Exhibition, San Francisco, California, USA, February 2009. Paper and

presentation.

Ulacia I., Arruebarrena G., Hurtado I., Spalthoff P., Randau C., “Neutron Diffraction Measurements of
AZ31B Magnesium Alloy Sheet Biaxially Deformed at Warm Temperature”, 8th German Neutron

Scattering Conference, Garching, Germany, September 2008. Poster.

Arruebarrena G., Hurtado |., Sarriegi H., Herrero-Dorca N., Gorosarri A., Weiss K., Rodriguez P.P.,
Oyarbide M., “Analisis de Microestructuras y Propiedades Mecanicas en Aleaciones de Mg Coladas a
la Cera Perdida”, X Congreso Nacional de Materiales, Donostia-San Sebastian, Spain, June 2008, p.

121-124. Paper and presentation.

Herrero Dorca N., Gorosarri A., Arruebarrena G., Rodriguez P.P., Oiarbide M., Hurtado I., “Simulacién
y Experimentacion del Proceso de Microfusion para la Aleacion de Magnesio AZ91E”, X Congreso

Nacional de Materiales, Donostia-San Sebastian, Spain, June 2008, p. 215-218. Paper and poster.
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Arruebarrena G., Hurtado |, Vaindla J., Dévényi S., Townsend J., Mahmood S., Wendt A., Weiss K.,
Ben-Dov A., Schrdoder A., Pinkernelle A., “Development of an Investment-Casting Process of Mg-
Alloys for Aerospace Applications”, 7th International Conference on Magnesium Alloys and their
Applications, Dresden, Germany, November 2006, p. 228-233. Paper and presentation (Highlight

mention).

Weiss K., Wendt A., Honsel Ch., Arruebarrena G., Hurtado I., Vainéla J., Mahmood S., Townsend J.,
Ben-Dov A., Schréder A., Pinkernelle A., “Modelling Microstructure and Mechanical Properties of thin-
walled Magnesium castings”, 7th International Conference on Magnesium Alloys and their

Applications, Dresden, Germany, November 2006, p. 165-172. Paper and presentation.

Abraham S., Bronfin B., Bamberger M., Arruebarrena G., “Microstructural Stability of Magnesium
Alloys for Aerospace Applications”, 7th International Conference on Magnesium Alloys and their

Applications, Dresden, Germany, November 2006, p. 473-479. Paper and presentation.

Ramati S., Wendt A., Weiss K., Townsend J., Bamberger M. Lukacs S., Bronfin B., Arruebarrena G.,
Vainoéla J., Juers C., “Magnesium Castings for Aeroplanes”, Aeronautics Days 2006, Vienna, Austria,

June 2006. Abstract of a Parallel Session.

Arruebarrena G., Hurtado |., Arrieta X, Wendt A., Schréder A., Pinkernelle A., “Efecto de la
Microestructura en las Propiedades Mecanicas de las Aleaciones de Magnesio”, IX. Congreso

Nacional de Materiales, Vigo, Spain, June 2006, p. 20-22. Paper and presentation.

Wendt A., Honsel Ch., Weiss K., Arruebarrena G., Schrdder A., Townsend J., Devenyi S., “Modelling
Mechanical Properties of Magnesium Castings for Aircrafts”, Modelling of Casting, Welding, and
Advanced Solidification Processes - XI, MCWASP, Opio, France, May 2006, p. 717-724. Paper and

poster.

Arruebarrena G., Hurtado I., Wendt A., Bronfin B., “Weight Reduction in Aircrafts by means of New
Magnesium Castings”, Materials Lightweights or Ultralightweights, Materials Science & Technology
MS&T’05, Pittsburgh, USA, September 2005, p. 13-20. Paper and presentation.

Arruebarrena G., Hurtado I., “Influencia del Proceso de Fundicién de Aleaciones de Mg aeronauticas
sobre sus Propiedades Mecanicas”, XVI Congreso Nacional de Ingenieria Mecanica, Ledn, Spain,

December 2004. Paper and presentation.
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Arruebarrena G., Hurtado |., “Desarrollo y Caracterizacion de Nuevas Aleaciones de Mg para su
Aplicaciéon en Aeronautica”, VIl Congreso Nacional de Materiales, Valencia, Spain, June 2004, p.

455-462. Paper and presentation.
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