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Abstract

The following study aims to investigate spinodal decomposition in Alnico alysodal
decomposition is a phase separation process which occurs in several materials at the nanometer
level. Alnico alloys, made up mostly of aluminum, nichel, cobalt and iron, are a material where in
certain condition spinodal decomposition can arisel &nng some important chang&sproperties

In particular, coercivity development is investigated as a consequence of the process. Furthermore,
the importance of the magnetic properties of Alnico alloys is illustrated thrabhghcontext of
geopoliticalcrisis around rare eartblementsand permanent magnetshese are the premises of

the study.

The work consisti heat treatments dthe samples of two different Alnico alloys. There are three
experiments which have been built up during the investigagioso there are also three
corresponding sets of samples as the experiments are irreversible. After the heat treatments,
several investigation techniques are applied in order to characterize the samples. As it was already
mentioned, the main purpose of thistage is to investigate the spinodal decomposition process.
Thus, hardness tests, magnetic tests, optical microscopy, electronic microscopy and EDS
composition analysis were done. Moreover, some other studies are done on the outputs. Finally, all
the resuts are discussed, and new suggestions are done fur the further studies.

Several difficulties were encountered during the experimental phase of the work. The results of the
magnetic test of the first and the third sets of samples were found to be corlylédifferent from

the expected ones. The results were analyzed, and those experiments were defined failed. Thus,
other investigations had been conducted during the study on the failure. As a consequence, some
important changes had been done on the equiprthand on the experimental conditions. Also, a
theoretical background supports every result and every action.

The experimental part of this work was carried out in Budapest, at the BMEZR I LJSa G A a &£al
Gazdasagtudomanyi Egyetenuniversity of Budagst, in the Department of Materials Science &
Engineering under the supervision of Professor Mészaros Istvan.
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1 CHAPTER

SFINODAL DECOMPOSITION AND ALNICO ALLOYS

Spinodal decompositiorsia process of phase transformation whit¢hkes placewhen certain
parametersand conditionsare satisfiedThis phenomenon can occurseveralklasses of materials
Alnico alloys arene of these classel this chaptethe topicSpinodal Decomposition and the topic
Alnico alloys are introduceals they are the theoretical base of the following project.

1.1 SPINODADECOMPOSITION

1.1.1 Introduction

Spinodal decomposition smechanism by which solution of two or more componenteparates

in two or moredistinct phaseswith different chemical compositions and physical properties
maintainsbasically the same crystal structuiieypically, itransformsa homogeneous solid solution
into an inhomogeneous solid solution the nanoscalelt requires no nucleation, the initiation of
the two new phases occurs by composition fluctuation and the growth of tleeufationsoccurs by
uphill diffusion or diffusion with a negative coefficienfhe reasons of this transformation can be
found analyzinghe phase diagram of miscibility gap and the corresponding free energy.diree
spinodal decomposition occurs uniformiprough the material and it provides a veryfinely
dispersed microstructure that can signifitly enhancehe physical properties of materials.

The process of the spinodal decomposition iprifhary interest aslue to its simplicity it is possible

to describe ithrough quantitative theory and modellin§ince therareno thermodynamic barriers

to the reaction inside the spinodal region on the phase diagram, the composition occurs solely
through diffusionHence, the process can be treated purely as a diffusiobhlem, and many of the
characteristics of the decomposition can be ddsediby an approximate analytical solution to the
general equationOn the other hangdtheories of nucleation and growth need thermodynamics of
fluctuations and the diffusion problemsed to describe the process is more difficult to sa@set is
unrealistic to linearize the diffusion equation.

1.1.2 Phase Diagram and Free Energy Diagram Analysis

A phase diagram is a type of chart used to show condifjpression, temperatureconcentration,
etc.) at which thermodynamically distinct phases occur and coexist at equilibiiine diagram is
usefulto show the phase separatian the spinodal decomposition



Figurel: Aphase diagram with a miscibility gap (lower frame) andiagram of the free energyf mixingchange (upper framej4
At a given temperature (T) the tie line (4) cuts the phase boundary and the spinodaltat(pai) and (b,d), respectively. The
2 F Y A E Agarg shown bylline (3) ifi thelufiperfrant A
LJ2 & A (PA DSE vihife GeyyidRt (HR)SA\Inehtitiefo@eS
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The phase diagramf Figurelis a temperature versus molar fraction diagram of a component
The diagramis symmetrical arouncs=0.5which is the case of regular solution mod8lefore
analyzindhow thediagram i dzA f itngortakt o Sedithe technical terms for thenainregions and

curves

1 Miscibility Gap area within the coexistence curve of an isobadc an isothermalphase
diagram On an isobaric diagram, a miscibility gap is observed at temperatbetsw an
upper critical solution temperature (UCST) or above the lower crgaation temperature
(LCST)ts location depends on the pressure set for the diagram. In the miscibilitylge,
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transition occurs from miscibility of the components to the condition where sippkese
mixturesare metastable or instable.

1 Spinodal Curvécurve 2)it is a curve that segrates the metastable region from the
unstable region in the coexistence region of the mixt@etside from the spinodal region
(m), the region between the spinodal curve and the binodal cutive process of moving
towards equilibrium through phase separation occurs by draptetcleation aml growing
while inside the spinodal regiofu), defined by spinodal curyethere are periodic
modulations of the order parameter which have a snaatiplitude at first (as known as
Spinodal Decomposition). Spinodal curve is not a sharp boundary in reshsyas result
of fluctuations.

1 Spinoas: inflection points on the free energy curve where the second derivativp @fs
zero.

According to the theory oGibbs the condition formetastablestate of a phase is that the second
derivative of the free energy of mixingith respect to molar fractiormust be positivelf the
derivative is negative than the system is unstalleero, the spinodal is define@hefree energy
of mixing has the fédwing general forms:

3 a Qm 3‘_( a Qmw "\é"3d Qw (1)

Asthe regularsolution model states the entropy of mixing is the same as for the ideal mixing
NS=REalnXa+XnXs), where X and X% are the molar fractions of components A and B in the
mixture (%4+X=1). Furthermore,the enthalpy of mixinganbe written aspH™=XaXd , wherei is

an interaction parameter lumping the energy of mixing contributiffar the ideal solution the
enthalpy of mixing is zeroldnder these assumptions, eg. (1) becomes:

3 400 g8 24851 85 818} (2)

The miscibilitygap and spinodalegion boundaries are obtained by calculating the firsd aecond
derivativeof the free energy, respectively, and setting them equal to ZerbBigue 1(upper framé
the first derivative iszero at the two free energy minima corresponding to the twomiscible
phases and the second derivative is zero at the points of inflekionust be noticed that also at
the freeenergy maximum both of derivatives are zeforseveral values of temperatures, the locus
of the free energy minima projected on a temperatwremposition diagram defines the phase
boundary and the locusf the points of inflexion defines the spinodal cuffe.

1.1.3 Spinodal Decompositiorersus Nucleatioand Growth
A qualitative phase diagram faa substance whiclcould undergothe process of spinodal
decompositiorhas beershown. Neverthelessior the occurring of this proceske substance must
follow a certain path on the temperature versus concentration (or molar fraction) diagram.
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Figure2: Phase diagram (upper frame) and free energy diagram (lower framéhe figure two different paths are showed to
distinguishnucleation and growth phase transformation and spinodal decomposition phase transforri§ation.

Not all the substances manifestd spinodal decompositignt dependson the intrinsicnature and
propertiesof the substanceand it can be checkeanalyzingts free energyin different conditions

on the phase diagrantor the alloys whichan manifest the spinodal decomposition enportant
parameter is the compositiollemperature and the pathin terms of timefrom one temperature

to another temperatureare also criticalln general, certain conditions must be satisfied to see the
process ofpinodal decompositionccur.

From theFigure 2 if the substance with the compositioof X is solution heat treated to the
temperature T and then quenched to a lower temperature, The composition will be initially the
same everywhere and the free ergy of the substance in tise conditions &on the G curve in the
following diagram Under these conditions the alloys will be suddenly unstdideause small
fluctuations in composition that producA-rich and Brich regions will cause total free energy
decrease. Thereforayp-hill diffusion takes place until the equilibrium compositionsakd % are
reached.This is the spinodal decomposition process.

In comparison, ifd dzo a G Yy OS R2Say Qi 0 Sdomppstioni(this iditlie SasdiolLJA y 2
the XQcomposition inFigure 2, and it is solution heat treated at a higamperature T and then
qguenched to 7, small fluctuationswill lead to an increase of the free energy of thgstem,so the
substance state iglefined metastable.The phase transformation needs the formation of stable



nuclei with a composition very different from the matrito occur.Hence, in théinodal region but
outside the spinodal regiotie transformation must proceed by a process of nucleation and growth

It has been shown that phase separation occurs if the substance is withmisiogility gap. Ithe
system is in the metastable region than the mechanism is by nucleation and growth whereas if it is
in the unstableregion,then it occurs by spinodal demposition.The two different processes are
shown in the figure below.

density |

O I
i
B e ey o

Figure3 Nucleation and growth iocesgleft) and Spinodal decomposition process (riéht)

¢KS O2fdzvya WwWQf ST Q adjageRt regionblAhf A Kaluf whleSthdNeBluims v (i
density represent the local concentration of the solufithe rowsshow the evolutiorstagesof the
solution in timewhensome smalbr big fluctuations take place.

On the left side of thé-igure 3 nucleaton and growth process is shownitially, the solutionhas
been brought in the metastable region and the local concentrati@oimstant. In the second stage
a small fluctuation occurs but the solutioreedsto overcome a bigger energy barrier farm two
distinct phases,so the diffusion brings the composition locally constant agamad the phase
transformation is suppressedhe third stage basically represents the initial conditistthe fourth
stage darger fluctuation occuwgand it causeshe formation of a nucleusf a critical sizeDownrthill
diffusion takes place now from the right region to the left region. To be noticed that the nusleus
not considered in the calculation of the concentration gradi€nce the solute reaches the naak
through diffusion procesand the equilibrium of the system is established than sleparation of
the phases is terminated. This process is knownuateation and growth.



On the right side of th&igure 3 spinodal decomposition process is showitidity, the solutionis

taken tothe unstable region and the local concentration is constant. In the second stage a small
fluctuation occurs. The system is in the unstable place and small fluctuations decrease the free
energy,sothe up-hill diffusion stats to decreasdurthermore the free energy of the systeniihe
diffusion progresses arttie concentrationincreases until it reaches the equilibrium concentrations

of the system. This how the spinodal decomposition phase separation process occurs.

1.1.4 CahnHilliardModel for theKinetics ofFhaseSeparatian

1.1.4.1 Introduction

Since there is nthermodynamic barrier to the reaction, spinodal decompositiocoistrolled solely
by diffusion. Hence, the process can be treated as a diffyzioblem and many ofdatures of the
decomposition can be provided Bn approximate analytical solution to the general diffusion
equation. In contrast, theories of nucleation and growthust invoke the thermodynamics of
fluctuations and the solving of the diffusiondgquationis unrealistic ashe equationis not linear.
As a result, some quantitative models are available to describe the process.

1.1.4.2 Historical background

The growth of a composition modulation in an initially homogeneous alloy implidsliughffusion

or a negative diffusion coefficient. Becker and Dehlinger had already predicted a negative diffusivity
inside the spinodal region of a binary systé¥everthelesstheir treatments could noaccount for

the growth of a modulation of partical wavelength<), such as was observed in the-Bii-e alloy.

In fact, any model based on Fick's law yields a physically unacceptable solution when the diffusion
coefficient is negativerhe first explanation of the periodicity was given by Mats HjleeSwedish
metallurgist,in 1955 Starting with a regular solution model, he derived a flux equation for one
dimensional diffusion on a discrete lattice. This equation differed from the usual one by the inclusion
of a term which allowed for the effect onétdriving force of the interfacial energy between adjacent
inter-atomic planes that differed in composition. Hillert solved the flux equation numerically and
found that inside the spinodal it yielded a periodic variation of composition with distance.
Furthermore, the wavelength of the modulation was of the same order as that observed in the Cu
Ni-Fe alloysA more flexible continuum model was subsequently developed by John W, @ahn
American scientistwho included the effects of coherency strains as &slithe gradient energy
term. The strains are significant in that they dictate the ultimate morphology of the decomposition
in anisotropic materialg

1.1.4.3 From Fick equation to Cahtillard equation

Asit has been discussed above, spinodal decomposition is a diffusion problem and it admits
analytical solution. Diffusion problems are treated with Fick lbuisin thiscaseFick laws are not
able to describe properly the process

There are two Fick lawe Thermodynamics to describeffdision phenomenon, they are showed
below in theeq.3 andeq.4.
6



0 ofd 0 @ (3)
— 20 (4)

For the purpose of describing the spinodal decompositidNR2 O S & &qhatidDsdo hofioduce

the expected resultasthey do not predict any phase separation. As can be seen from the phase
diagramsalreadydiscussed, a thermodynamic systemitially sngle-phase, brought within the
miscibility gap should manifest phase separation. Notably, moreover, if the initial state of the system
is within the spinodal region, the separation process is also spontanéouontrast to these
observations, Fick's lapredicts a final state with uniform composition as the thermodynamic
equilibrium state whetherthe system initially lies within the spinodal regionnot.

Fick's equation predicts diffusion according t@a@centrationgradient of the chemical species
involved. The process also goes on until the concentration of the chemical species present is
uniform. The thermodynamic equilibrium condition, therefore, produces a siphgése system in
which the same atomic structure is repeated throughout the systesith) no interfaces or local
thickening of concentration of one chemical species over another. From the atomic point of view
the structures presenin Figure4 (left) are energetically preferred to those kgure4 (right).
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Figure4 Fick diffusiorequilibrium configuratior(left): both concentration of component A (blue) and component B (red) are

locally uniform, so the average concentration of thgystem is uniformThermodynamic order diffusion (rightlegions rich of
component Alflue) and regions rich of component B (red) are present according to the phase diagram.

What has not been examined in the discussion made by Fick's equation are the interfaces at the
boundaries of the domains that are formedresponse to the generation of two distinct phasés

order to include theinterfaces between the phases and the energy associated with them, it is
necessary to introduce an appropriate term describing the free energy density of the sy&tem.
interfaceformed between regions rich in chemical species A and regions rich in chemical species B
are described byhe excess internal energyf the system, which, expressed per unit area has the
dimensions of a voltage surface area. In other words, the energyciassd with the interface
expresses the work that the system performs to construct the interfdbe new term introduced

is

., Yo quQ (5)



where0 and™Q  are typical characteristics of a material, being related to the engy density

of the systemconsidershow the energy contained in the system is distributed between regions of
constant composition (of one phase or the other) and interfawdsle "Q  considersthe
interactionbetween the chemicatomponents.

Moreover, & inodal decomposition is a diffusive process that belongs to the goiyghase
transformations to describe and analyze the phenomenon correctly, it is necessary to find an
expression for theliffusive potetial responsible of the flux of components of the chemical species
involved. Once this is donthe CahrHilliard equationis derivedto describe the spatidemporal
evolution of the chemical composition of the solution. Considering binahytiens, the order
parameter of the transformation is given by the concentration of components of only one of the
two chemical species present, as the other is determined by the normalization conditiemew

term expressing the diffusive potential is:

w — o cOn Q. (6)

Once thediffusive potentia) that can predict a situation othermodynamic equilibrium in the
presence of a nomniform concentration profileis providedit is possible to obtairthe equation

that describes the spatitemporal evolution of the procesgnown asthe CahnrHilliard equation.

In terms of the thermodynamic mobility of the species involved, for a bioangpound, Fick's first
equation fordiffusion is written as

0 03—J® O0Jn. 7)

To be noticed that this procedureanages to predict an interdiffusivity provided with an algebraic
sign, dependent on the sign of the second derivative of the free energy ddliskgd withthe
concavity present in the graph of free energy as a function of compogitioterms of thanobility

M, it is therefore possible to describe a diffusion process either whenis positive and a diffusion

according to the concentration gradient takes place, or a diffusion process in whidk negative

and instead diffusion takes place against the concentration gradieimé term second gradient
refers to the fact thata chemical species spontaneously tends to diffuse from an area of high
concentration to an area where its concentration is lower. Conversely, the term counter gradient
indicates the tendency of a chemical species to be recalled from a zone of low cotioentivaone

of higher concentration. This second case is what occurs during a spinodal decomposition process:
regions rich irchemical species Become richer iltA and regions rich iB specie®ecome richer in

B. In both cases, mobility is defined as piosi in accordance with the principleindamentalof
irreversible thermodynamics that the rate of production of entropy densityoisnegative

In the condition of no other forces capable of generating component flowsghieenical potential
is responsible for the motion of species in solution. From this observat®rcan identify the
diffusive potential with the chemical potentias follows:
koo, (8)
where w is given by theq. 6 Beinga function of the mobility M and of the chemical potential,
CA O] Q& fdbifotmpid Syeyhss given as:
8
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Finally, placingg.9A y G KS CA Ol Qa a S CxhhRilafd bgaaticifer dtrapicS RA F 7§
systems is obtairCahnrHillard model is @ifferential equation with thepartial derivatives of the
fourth order.

— n)—n — ot . (10)

The first is the diffusive term that also appeaiiad-ick's eqution, while the second term, the one
containing fourth order derivatives of the concentration profile, is a new one and it introduces the
influence of the interfaces as a means of minimizing the internal energy of the sifétem.

1.1.5 Advantages

Spinodal deomposition is a process which changes the microstructure of the material in a
particular way. Thus, several suggestions were proposed to exploit this phenomenon to enhance
some material properties. Many different properties can be improved using spinodal
decomposition, the most common atke mechanical andhe magnetic ones.

Regarding to the mechanical properties, severdilecent methods are used to improve them.
Precipitation hardening, dispersion strengthening or spinodal decomposition are all valid strategies
and they all provide the identical strength values. Nevertheldssre are important advantageous

of using spinodal dexnposition processThese are the followings:

1 the decompositioproduct phases have different chemical composition but mostly
identical crystalline structure. The principal advantageous of this fact is that there are no
local anodes and cathodes to deterdte corrosion resistance.

1 in spinodal decomposition there is no energy barrier to start the reaction. Nucleation and
growing, on the other hand, need to overcome the nucleation energy barrier to proceed.
Hence, if the radius of the nuclei is less thandhécal value, the precipitate phaseannot
be nucleated. As a result, the quenching rate and section size considerably influences
enlarge of hardening in precipitation strengthening.

1 itis homogeneous throughout the section

1 spinodal alloys are not pralble to overage or to recrystallize

On the other handspinodal decomposition has been typically useful in the fabrication of stable
magnet materials, because the morphologies favor high coercivities. The structure can be optimized
by thermomechanical mressing and magnetic aging. Permanent phase separation or spinodal
decomposition appears to be important in the classic Alnicos and camppketiron alloys, as well

as in the recently developed ireshromiumcobalt materials!”]
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1.2 ALNICAMAGNETS

1.2.1 Rare arth crisisandpermanentmagnets

Thebrief geopolitical crisisn 2010 betweerChina and Japan showed the worldtoé trade the
guastmonopoly of Chiaon such aressential industry inpuas the rare earth elements ar&are
earth elements arseventeen elements on the periodic table that aligided into two categories:
the more commornlight earth elements and the less abundaheavyrare earth elements.These
elementsare the linchpin ingredients of many high technokxyfor a wide variety of usesanging
in application from military and medicine to entertainmerdpmmunicationsand petroleum
refining, through to lighting and renewable energi@gsK S dadzyAljdzS YIF Ay SiGAOx
St SOUNRPOKSYAOIf LINPLISNIAS&E 2F NINB SIENIKA Yl
technologies; for example, when used as additives to permanent magnets, they endow resistance
to demagnetization at highperating temperatures?®

At the moment,China controls almost the whole trade of the rare earth elemefts. issue is not
just that most extraction of heavy rare earths occurs in China but, more importantly, China has a
nearmonopoly on processing capity and on the supply chains for converting the raw elements
into end productsWhereas some extraction and processing of light rare earths does occur outside
of China, for heavy rare earths it will take yaars not decades to develop alternative supply
chains Last year, China produced about 97 percent of the rare earths mined on the planet. In recent
years that country has been cutting back on the amount of rare earths it exports, reducing quotas
by almost 40 percent in 2@129 Rising prices and adming potential shortage have now ignited
searches for alternatives to magnet technologies that chew up large amounts of rare earth

There aretwo main strategies to overcome the shortagerafe earth elements: lessening the
dependence on them aensuring new supplies through recycling or new mininghe meanwhile,
severalsectors affected by the crisis have teinvent their producs and supplies in order to
overcome the crisisThe sector of permanent magnets will be discussed.

Rareearth permanent magnets are particularly important for clean energy applicabonsthe
automotive industry The two most common rare earth magnets are Samarium CobalJ&and
Neodymium (NeFeB). SamariumCobalt magnets perform better at higher temgures, but are
brittle, which limits magnet sizand shapeand can cause problems with integration into certain
applications, such as motar®n the other side\leodymiunglron¢Boron magnets are even stronger
than SamariumQobalt magnets and, because thaize is not as restricted, they are more suitable
for large applications, such as wind turbines and other electricity generafer the past few
decades, China has pursued a concerted strategy to develop its refining and fabrication capacities
and thus achieve the world's most integrated supply chain for permanent magnets and other
products. At the moment, China is the only country with the capacity to process heavy rare earths
For this reason, new investigations on magnetic materialssansulatedin order tonot to make
something that can rival todaylsest magnetdut something witha better bottom linefor the
properties usedThe Amed.abteam is dustingoff Alnicomagnets, commercialized in the 1940s.
Made mostly of aluminum, nickel, cobalt éiron, these magnets are reasonably hard but only
about onefifth as strong as the best rare earth magnets. Tweaking the structure of these magnets
to line up the iron cobalt grains might up tlgensity energy. In the figure belorare earth-based
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magnetsand classical magnets are showith a comparison based on the main parameters of the
magnetic materials.
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Figure5 Development of hard magnetic materials in the 20th century: dependence of maximum magnetic enesgifYBH)

The most significant features describing the performance of a permanent magnet are the
remanence, the intrinsic coercivity and the maximum energy prod{Bt).ax This last can be
identified as a key point: magnets with higher (B&)require less volumeo obtain given
performance; magnet circuit designers should employ magnets of high{Bélyeduce the size of
their circuits As it can be noticed from thEigure$ alnico alloysannot compete with rarearth
basedmagnets put they still representhe best alternative

1.2.2 Milestones in the discoverirad Alnico alloys
Alnicoalloys are nanostructuregdermanentmagnets were developedy Mishima irthe 1930sAs
the name implies, Alnico is an alloyatdminum,nickel andcobalt along with iron and coppe@ther
elements such as silicon, titanium, columbium, zirconium, etc. are often added to achieve specific
targetssuch as refinement of grain structure, improvement in coercivity, improvement in curve
shape, inhibition of an-magnetic gammahase, etcThee aredifferent gradedor different Alnico
compositionsand theyare characterized chiefly by their different magnetic properti€able 1
shows some of the milestones in the development of this class of alloys. Diftyped of allog
were developed in the period from 1931 (Alnico 3) to the 1956 (Alnico 8 and Alnico 9).
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' Present Designation and Year | Reference T S | Typical Properties =~ =
o Original Constituents = Fuesto Jociais CaniimT TS SN L R IRy
ek . b mGosy Loy b
Alnico 3 (Al, Ni, Fe) 1931 Mishima [1] 14 490 6800
Alnico 4 (Al, Ni, Co, Fe) 1931 Mishima [2] 14 700 5500 |
Ruder [3]
Alnico 2 (Al, Ni, Co, Fe, Ti) 1934 Horsburgh and Tetley [4] 17 560 7300
New KS (Al Ni, Co, Fe, Ti) 1934 Honda et al. [5] 2.0 790 7200
{Alnico 12) Ruder [6]
Alnico 5 (Al Ni, Cu, Co, Fe) 1938 Oliver and Shedden [7] 55 640 12,500
Jonas (8]
Alcomax 3 (Al, Ni, Co, Fe, Nb) 1947 Hadfield [9] 50 670 12,500
Alnico 5 (Al, Ni, Co, Fe, Cu) 1948 MeCaig {10] 6.5 680 13,000
crystal orientation Bemius [11]
Ebeling [12]
Swift Levick et al [13]
Alnico 8 (Al, Ni, Co, Fe, Cu, 1956 Koch et al. [14] 45 1450 8500
Ti) and Alnico 9 9.2 1500 10600

Tablel Chronology of discovery Alnico permanent magnet#

lfyA02Q4a ™ (K NIdahiastAlnido BilSanigotiopidi add@sLivagdabic properties

are characterized by a knee in the normal demagnetization cufte variations in the unit
properties of the subgradeare a direct result of subtle differences in chemisbyt also ofheat

treat proces techniquesln general, increased coercivity is obtained at the expense of reduced
remanence Alnico 6 are derivatives of Alnico 5. Alnico 6 have a finer grain strustwause of the
titanium additionandthey are mechanically tougher. Titanium addits also increase coercivity but

at the expense of reduced remanerige ! t YA O2 y ¢6SNB AYUNRRdIdzZOSR Ayl
This material exhibits a lower remanent induction but has a coercive force approximately two and
a half timesof the last Alnicpand an energy product equal to Alnico 5 with an equiaxial crystal
structure. In 1964, as a result of further work on changing the alloy composition to improve the
coercive force without further reduction of the remanent induction, AP was introduced into

the American marketlntroducing Alnico 8 and 9 a big improvement in magnetic properties was
done. This can be se@émFigure6 where hysteresis magnetic curvef these materials are shown.

In contrast to Alnico 5 and Alnico Alnico 8 and Alnico 9 require an isothermal heat treatment
around840°Cin an external magnetic field to develop the magnegtroperties This plus the fact

that Alnico 8 and Alnico 9 are inherently more brittle compared to Alnico 5 and Alnico 6, in lgenera
limits the geometries of the castings to regular shapes such as blocks, cylinders, rings, etc. with
straight through orientation
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There are minly two methods of producing Alnico alloys: by casting or by sintgravgders

Different manufacturing methods result in different microstructures and thus in different material
properties. Casting is the main method but in order to satisfyain shape or other type of request,
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years and the magnetic prop#es of present day sintered Alnico 2, 6 and 8 are as good as their
respective counter parts in cast Alnico. However, sintered Alnico 5 magnetic properties are still
somewhat inferior to those of cast Alnico 5. Directional grain is a singular properagsbAlnico 5

7 and Alnico 9 alloys and there are no sintered products with equivalent magnetic properties.
Sintered products exhibit superior tensile and rupture strengths so also mechanical properties are
influenced by the different methods of manufactog the alloy.

1.2.3 Improvemens

Alnicoalloys have not changed greatly in their metallurgical conosalr the years Progress in
developing better permanent magnetwith Alnico materials was confined almost entirely to
variations in chemistryThe adventof World War lldelayed the commercial exploitation of this
material and it was not until the late 1940's that significant work was started on further
improvement of magnetic praogrties. It is significant to note that durintis entire periodvery little
emphasis was placed on controlling the crystalline structure of the Alnico cadiirtgsyas known

that pieces cut from casting surfaces that exhibited improved crystalline anisotropy also showed
improved magnetic properties parallel to the crystal axdring the later 1940's, Bernius and
Ebeling demonstrated that the magnetic properties of the Alnico 5 siboyld be considerably
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enhanced for a complete castitfga high degree of crystalline anisotropy was introduced by special
foundrytechniques where a single flat wall of the casting mold contained a cold surface with high
thermal conductivity and capacit@olumnar crystal growth from this chill plane could assure a high
degree of crystalline anisotrogyhe magnetic properties of Alco 5wereimprovedusing the high
degree of crystalline anisotrojpyT he relative improvement in magnetics of Alnico 5 with columnar
grain is shown ifrigure?. CurveArefers to random grain Alnico 5 and cun&sndCrefer to varying
degrees of colummagrain. The prospectof obtaining better propertieswith this strategyled
researchers to concentrate more effort on developing techniques which would assure castings with
such a crystal structure directly from foundry procedurése material produced by this method

has been known in England as "Columax" and in the United States as "Columaiffaicd V
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Figure7 Effect of crystal orientation on magnetic characteristics of Alniéd 5

In the early 1960's, Eberhart Steinort demonstratedt by asecondary recrystallization methoal
monocrystalline mass could be converted from an existing polycrystalline gaggref Alnico 5
However, with the introduction into the American market in the early 1960's of Alniatho§swith

much better magnetic propertiesa new field was openThis material exhibits a lower remanent
induction but has a coercive foregproximately 2 times and an energy product equal to Alnico 5
with an equiaxial crystal structureurthermore, using the square factihreory, researchersoticed

that the improvement of the energy density in Alnico 5 alloys was limiteddmoinposition Since

they have not been able to develop an Alnico alloy that will exhibit a higher remanence, their
attention has now turned in the direction of increasing coercive force, since it had been
demonstrated by the introduction of the isothermally treatedgh-cobalt, hightitanium materials
known as Alnico 8, that the coercive force does not have any such sharp upper limit or indeed, if it
does, it is far beyond the present technolo&y.
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Since Alnico 8 has a high titanium content, which is necessamyhance the coercive force of the
material but, at the same time, introduces a very marked grefiming effect, it was originally quite

difficult to foresee how columnar crystal growth could be achieved by the best possible techniques
developed forthe Alnico 5 family. Early experiments indicated that the Alnico 8 &layRYy Qi & K 2
any great amount of crystal growth becausesome chemical elementthusfor some time there

was considerable doubt in the Alnico industry that any practical resultisl ciiachieved.

In the 1962 it wagliscovered by several independent researchinat the addition of sulfur to
Alnico 8 the columnar crystal growth problem was solvaad, at the same time, did not seem to
produce any deleterious effectgpon the magneic properties. Since that time, further work on
changing the alloy composition slightly to improve the coercive force without further reduction of
the remanent induction, resulted in the introduction into the American market in early 1964 of a
material knavn as Alnico 9Furthermore,the addition of approximately 0.45% niobium further
enhances grain growthnd enlarges the grain cross section. This phenomenon is fully understood
in the steel industry and exhibits the same general characteristics whethins&lnico 5 or other
alloys. It also increases the coercive force and it is recommended for Alnico 9 production.

It has been discussdtfiat with but two major exceptions, all significaimiprovementin magnetic
propertiesof Alnico alloyhave been acleived by special foundry techniques to promote crystal
anisotropy, and not by alloy composition variations. The exceptions are found in the advent of the
family of highcoerciveforce alloys using increased amounts of cobalt and titanium known today as
Alnico 8and 9 and in secondary recrystallizing techniques on special forms of Alnico 5 to produce
a single large crystfrom a polycrystalline aggregate

1.2.4 Advantages

Themag SGAO LINPLISNIASE 2F 1fyAaA02Qa KI@S f2y3 0
permanent magnet materialespitedl KA & FlF OG0z ' fyA02Qa O2y(AydzS |
more of the following criteria are importanthe criteria arehe followings:

1 cost

1 excellent thermal stability and high Curie temperature (up tO%5) Alnico magnets are a
good choice for the application at high temperatyie electric engines, for istanca} the
permanent magnets base on niobium nedidprosium to be aded in order to resista t high
temperatures. This solution is too much expensjveevermind the rare earth element
crisis(®!;

1 ease of magnetization in assembly of both virgin and-wiogin magnets. This last fact is a
direct consequence of the loaoercivity of Alnico permanent magnet materials. However,
low coercivity also implies susceptibility to demagnetization effects either through
mishandling or improper usage of the magnets in the magnetic circuits. Both these aspects
should be considered wle working and designing with these materials

In order to selech proper material, some other consideration the Alnico alloyshust be done.

In a static design, for minimal volume of the magnet the load line of operation of the magnet should
be at pe& enegy product. However, for stability purposes, it is preferable to operate the magnet
above the kneeln a dynamic application, the designer should be aware that there could be a
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significant loss of flux from saturation should the load line of operasibift well below the knee
the second quadrant demagnetization cur¥ie.any caseAlnicomagnetslackin ductility and are
inherently extremely brittle. Theshould not be degned for use as structural componeriés.,

1.2.5 Heat treatmentsandspinodal decomposition

The anisotropy of most permanent magnets is of magnetocrystalline origin, meaning that hysteresis
and coercivity rely on the atomicale interplay between spiorbit coupling and crystédield
interaction. Alnico magnets are ana@ption, because their magnetic anisotropy and hysteresis
originate almost entirely from magnetostatic dipedgpole interactionsso fom a shape
anisotrop/'3. The permanent magnetic properties of Alnico alloys are related to the shape
anisotropy as welas to the M (magnetic saturation) difference between the different phasas.
typical micostructure of the rodliike ferromagnetich 1 phaseembeddedin the nonferromagnetic
matrix ofh > phase is developed during the heat treatmer®hase diagram dhe alloy § extremely
important as it serves as a reference point $everal parameters of the treatment.

A complete heat treatment ignade up of threecharacteristic steps. First, the sample is
homogenizedat a temperature close to 1250°C in orderdbtain a microstructureof a unique
phase as the phase diagrapredicts Thesecondstep isthe thermomagnetic treatment. Usually, a
magnetic field is appliedith the purpose ofdevelopngthe rodsin a preferentialdirection, so to
achieve thecrystalline anisotropyDuring this step spinod@ecomposition occurs and magnetic
properties ariseFinally, the third step ismadeup of different long-time temperingtreatmentsat a
lower temperaturefor the further improvement of thanagnetic properts of the alloy.

During thethree steps of the heat treatment sevemdifferent changesn the microstructureoccur.
Furthermore the shape of the microstructure is closely related with the final magnetic properties.
For these reasaln A G Q& S Eriartdd ¥xStie énairk paraigeters of the heat treatments in
order todevelopa nanostructure with a proper morphology asitethat give to the alloy the best
magnetic properties.

1.2.5.1 Solubilization

Solubilization is the firsttgp of the heat treatment and itonsists in heating the alloy to a
temperature closeo 1250°Cin vacuum for around twenty minutesfollowed by fast cooling in

water or in oil bath.The temperature and time parameters are choseith the purpose to
homogenize the microstructure. This is doable when the materilatasight in the conditioswhere

only one phasés predicted bythe phase diagramConsidering thabnly afew phase diagrams are
1y26y FT2NJ 0SNYIFNEB 2NJ |jdzl G S N chsBa phase dagranibr aA U Q a
guastbinary alloy A quastbinary phase diagram is shownthe Figure 8
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As it can be seen from thgiagram different phases can coexist at different conditionghin the
range ofcompositions corresponding the permanent magnetsThe different phases are:

1 hi-asolid solution rich in Fe and Co. The latticeisdy centered cubic one.
1 ho-asolid solution rich i\l and Ni. The lattice iskeody centered cubic one
T ‘- RA&2NRSNBR a2f Awthface tedmrdd 2upic latticdd SR 2y 1+ CS

The solid solution; appears at temperature between 900°C and 1108dIow these temperatures

1 transforms into @@ 2 Ré@ OSYy 1 SNBR Odzo A OF yLIK Takirg intiR dcdodnBitd B v (i
origin, thisphaseisdenotedh..

Duringthe whole standard heatreatment, i K S &  N3izD i &s8uldzb& prdduced. The
solubilizatiorstep of the heat treatmenthas thémtoK 2 Y2 3Sy AT S G KS O02Y.LI2&aAd
Then, the samples are quenchexlthe room temperature in order to freeze the microstructuas

at the room temperature the kinetics of the press are suppressed fast cooling is important to
avoid the!; phase at high temperaturedf the cooling is carried out from temperatures témw,

thenl y dzy RSAANBR YA ONR silaNdiwd e gridsicedfFigireS). Righid c@ofing, h
applied mainly to avoid 8 F 2 NJY I1fhas? ganndtT this case give theb 2 icrostructure,
because thé 1 will have no time to precipitate in a sufficiently large volutfle
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Alnicoshave the best magnetic properties when their structure is composed of a mixttirgtof, h
LK 23Sa 2F GKS tAYSFENI RAYSyaArzya 2F | FS¢ yI ys
F2NXIGAZ2Y 27T  ( KSrougy RisstichaldgNeveltikléss, Sonsidering that Alnico
Ffft2@a FNB ljdzAGS oNRGGE S otherviseniBroctackswilllppzSaydd K A y 3
the materialcharacterization will be compromised. Thibgsides arappropriatetemperatureand
time, a correctcoding rate must baedentified as well.

1.2.5.2 Thermomagnetic annealing

The second step dhe heat treatment on Alnico alloys consigtssothermalannealingn order to

start the spinodal decompositigorocess Duringthis stagea magnetic field is appliedith the aim

to foster the rods development imne crystallographic directionThe temperature of thermeo
magnetic treatment should be high enough to provide the required rate of diffusion in magnetic
field, butalso itshould never take the alloy irthe region of! 1 phase stability The product of the
correctspinodal decomposition s microstructure of F¢ 2 NA OK Y | piaSeiwhich arbl? R &
embedded imon-magnetic NiAl richY | (i Ngphase)iThis morphology is linkealith the magnetic
properties of the alloy through the magnetic anisotropy already mentioddtkr the solubilization
treatment the magnetic properties are poor while after the thermmagnetic annealing the
magnetic properties are developedhus, it is possible torace the spinodal decomposition
measuring the magnetic properties of the alloy.

Theoretical studies on magnetic aging of tginodal decompositioralloy showed thatin the
spinodal decompositioprocess, the compositiowavelengthis determined by the interplay of
chemical free energy, elastic energy, and magnetic enefgg. elasticenergy suppresses the
reaction, while the magnetic energy suppresses the development of composition waves along the
external field direction. The magnetic energy can have a serious effect on the process only when the
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alloy is annealed just below the Cutemperature, where the change of magnetic energy is the
largest!?],

Cahn predicted that in the early stage of the decomposition the composition waves with a certain
specified wavenumber would be selectively amplified, leading to a modulated or periodic
precipitate structure The specified wavenumbeérm is given by

where"Qs the free energy per unit volume oh@mogeneous alloy of compositianthe subscript

0 indicates that the value of the second derivative is taken ab,Cafdl K is a gradient energy
coefficient proposed by Cahn and Hilliard. According to their statistical mechanical derivation of the
K fora regular solution on the assumption of nearest neighbor interaction,

o —, (12)

where0 is the number of atoms per unit volumg,is the Boltzmann constanty is the critical
temperature of the twephase separation and is the interatomic distance. It shibe noted that
the Kis always positive for the spinodal systems.

As te composition fluctuations are usually accompanied by a strain, fleddelastic energy term
should be included iffdneq.11. The problem was theoretically considered bynGavho elucidated

that the elastic term affects to suppress the spinodal decomposition in an interesting way.
Particularly for crystals with cubic symmetryt was shown that an anisotropy in the elastic
properties could be reflected in the decomposition preses. In most cubic alloys including Alnico,
thus, the decomposition waves are found to develop selectively in the crystallographic directions
because the suppression effect is minimum iegbdirections. As the elastic term is taken into
account, eq.11) can be reformed into

r — (13)

where Qis the Helmholtz free energy (or chemical free energyg,the fractional change in lattice
parameter per unit composition change, anghoYs a specialized elastic constant in itheection,
which is expressed as1(G 2G2)(G1 - Ci2)/Ci1 by using the cubic elastic constants.

Moreover, considering the relation betweennand the decomposition temperatureg. 13 can be
written as

[ ————2°Y Y (14)
which shows how the wave numbef the modulated structuredepends on the decomposition
temperature.

In a case where ferromagnetic materials are concerned, another extra taemmagnetic energy
term must be added to the free energy. It has been found that the term plays an important role in
the spinodal decomposition of some alloys such as Aldicdhe case of cubic ferromagnetic
crystal as it was alreadyoticed,the sinusadal composition waves due to spinodal decomposition
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take place exclusively alongn of the three principal directions Furthemore, if during the
decomposition a magnetic field is applied along one of thmeecipal directionsfor instance along
the [100] direction, then, according to Cahtthe [100] wave which is parallel to the fielcs the
wavenumber described by

r (15)
where M is the magnetization, which is assumed a saturation magnetization if the magnetic field
strength is sufficiently high.

It should be remarked, however, that the magnetic term might have a serious effect only when the
alloy is annealed near its Curie temperatutinder the Weiss approximation for ferromagnetism

the value of —  tends to infinity as the Curie tempenate is approachedThe right side of eq.

15, then, might become negative so to fully suppress the decompositidollows that the [100]
wave parallel to the applied field should disappear. On the other hand, with respect to the other
directions perpendiular to the field, such a magnetic term is not involved in the free energy. It
follows that the [010] and [001] waves should develop whose wavenumber is given by3gq. (
Thus, the resultant decomposition structure will be expected as schematically shdvigure 1Q

An observation of the crossection perpendicular to the field would reveal a checkerbeddee
pattern, which may be favorable to determine the wavelength involved. And an observation of the
crosssection parallel to the field would revealstriped pattern.

Mys

(100) o\
‘4@
[(010)
Figurel0 A schematicepresentatiorof the precipitate structure of ferromagnetic alloy resulting from spinodal decomposition in a
magnet field[3.2]

The best magnetic properties are promoted by well aligned rods of thghase in a uniformly
spaced mosaic patteriiror instance, the ideahorphology that brings opthum coercivity in higher
grade alnico 8 an@ selies is anosaic structure consistingf periodically arrayed 46anometers
diameterh 1 phase embedded in a continuofis matrix obtained by thermomagnetic annealing at
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840°G*4. It can be noticed from the last exampteat the morphology must respect certain specific
shapeparametersas! £ YA 02 Q& YI3IYySGAO IyAaz2adNRLRER 2NAIAYI
dipole-dipole interactions.Thus,appropriate heat treatment parameters must be selected in order

to tailor the right morphologyThe annealing temperature and the annealing time must be within a
range that leadsto the requestedconfiguration Therefore spinodal decomposition may occur
without exhibitinga strong improvementhe magnetic propertiesAs it can be noticedneasuring

of the magnetic propertiegzould not be the most appropriate methoaf trackingthe spinodal
decompositionIf a consistent iprovement in themagnetic propertiess not shown after the heat
treatment, aher directinvestigation techniquemust be usedo observe the process.

1.2.5.3 Stepdrawing annealinfow temperature tempering

The last step of the heat treatmentonsists in anothersothermal annealing with lower
temperatures and longer periods of timé&his step aimto improve furthermorethe coercivityof

the materialalreadydeveloped.Duringthe thermo-magnetic annealingtep, the kinetics of the
spinodal decompositioare rapid and the near optimum geometric spacing is quickly reached due
to higher annealing temperaturéThe drawstep is respongble for the finer microstructural and
chemical tuninglt does not introduce damatic microstructural changes bf andh 2 phases but
other changes on the nano scale take place

Severaltransformations occur duringdrawing especially whencoppercontaining alloys are
processed.Copper bridgesformed during the thermomagnetic treatmentundergo elements
redistribution and morphology changes. This phenomenon is importabtridges with very high
copper concentration and sharp boundaries in the final configuration may be one reason for the
better magnetic properties after tempering becaufieey contain less magnetic elements and
increase the difference of saturation between bridges and the other two main ph&ther
transformations may bareason of tle magnetic properties changeswsll. In generalthe drawing
temperatures are too low to provida rapid diffusion, nevertheless the elements are still able to
diffuse in order to reach eore stable and closer to the equilibrium configuratids a result, the
element distribution chages betweer 1 andh > phasesand the interfacebecomessharper Also,

as the two phases arfeirthermore separatedthe distinction of the lattice parameters betweén
and h» phasesis expanded. This phenomenon can be seen on the pdierns as the peaks
corresponding to thalifferent parameters BCC structure of the phases arelSplit so the process
can be tracked.

In any casegonsidering the consistency of improvements and the costs required to develop, them
the step drawing annealing is not always applied in the indudttiie Alnico alloys
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2 CHAPTER

SAMPLE PREPARATION WMESTIGATION TECHNIQUES

Two different Alnico casted alloys astudied bythe following experiments. Thfirst set of the
sampless the Alnico 5 alloyThe othertwo setsdeal with Alnico 2 alloy and Alnico 5 alloy again.
The several investigatiorms the material are illustratedh this and in the following chapters.

2.1 MATERIALS AND METHODS

A set oftwenty-five samplesof Alnico 5 and a set dfventy samples of Alnico ®ere given for the
study. Initially all the samples weadreadymagnetized Thus, one of therfor each setvas selected

to be the sample of reference and has been calfdnple 25for the Alnico 5 set and Sample REF
for the Alnico 2 setComposition testwere done on the specimens to obtain the exact content of
elements in the alloys as the elements strongly influence the parametettsedieat treatments
that will be applied onhe samplesEDSanalyseswvere done for this purposeThe results othe
average compositionare showed byrable2 and theTable 3

Element Weight %  Atomic %  Net Int.

AIK 9.45 18.28 90.78
NbL 0.70 0.40 4.97
FeK 46.01 43.00 345.88
CoK 22.58 19.99 143.25
NiK 13.00 11.56 70.63
CuK 8.25 6.78 36.00

Table2: average compositionf the set number ongAlnico 5 alloyjrom EDS analysis

Element Weight %  Atomic %  Net Int.

AIK 9.27 17.83 150.75
FeK 55.14 51.24 705.83
CoK 10.79 9.5 117.05
NiK 17.6 15.56 161.47
CuK 7.2 5.88 53.74

Table3: average composition ohé set number two (Alnico 2 alloy) frd@DS analysis

The project concerns irthe investigation of spinodal decomposition Alnico alloysy applying
heat treatments onthe specimens andy their later characterizationThe main interest is to
develop magnetic properties in the Alnico alloyghas phenomenon is a direct consequence of the
spinodal decompositionThus the decomposition can be studie@ther investigation techniques
are applied to the samples with the same purposes.

As the spinodal composition takes place at a nanometrid |évie not possible to observe it with
OM and SEM microscopy. For this purpaserattechniques and strategies can be suggested and
used.This is the case of the magnetic and the hardness tés& has already been discussed,
magnetic properties are developed during the heat treatments as a consequence of the spinodal
decomposition. Measuring them it possible to foresee the grade ofdlspinodal decomposition
in the alloy. Nevertheless, magnetic propertied abvaysrepresent in a proper wathe spinodal
decomposition. Therefore, other strategies are requirdhe hardness measurements aim to
investigate the mechanical properties ofetprocessed alloyThe main interest of tis part of the
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experiment igo determine ifconsistent changes occurra@dhardnessnd ifa link between changes
in this propertyand the spinodal decomposition process can be defined.

2.2 HEAT TREATMENTS

Alnico magnets are characterized by high degree of magnetization and high remarence
comparel to other types of magnets, their coercivity is relatively low. Considering this fact, the aim
of the experimentwas also to investigate possible effect of heat treatment on the maximum
increase of coercivity.

Thecompleteheat treatment is made up of tke seps. The firsstepis solubilization andt aims

to homogenizethe composition along the sampl&@he homogenizing temperature and time are
selected taking into account the phase diagram of the glogurell). A heat treatment at 1250°C

for one hourof time inair was performed. Aftavards,the samples were cooled the water and

oil bath. At the beginning, two differergaubstancesvere experimented in order to choose the
better one for the future treatments. Water coolingdensideredbetter as itisfaster,but it risks to
compromise the investigation of the samples as the microcracks can arise because of the brittle
nature of the material. On the other side, oil bath cooling is characterized by a lower cooling speed
so microcracks should not apgebut then some unwanted transformations could take place. After

a quick observation, it was established that water quenching could be considered appropriated for
the experiment.

T[°C] '
1300f 52z znmmn o
1200f 22~ -~ .
1100
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900 "
--__'_‘1‘._;.1__ _:;1: o, ____-ZZZ===
800 o+ ‘,' o 0L
- g Sy I : ‘e
(Fe,Co) magnets (ALTi)(Ni,Cu)

composition
Figurell: Alni@ (phase diagranj2.7]

At the beginning, durteen samplesof the first setwere homogenized following thalready
mentioned heaitreatment program.To keep them all together in the furnace a small box made up
of carbon steel had beeadopted.The followingpicture shows the homogenizing step of the heat
treatment.
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Figurel2: Homogenizing step ohe heat treatment

The second stepthe annealingstep, is usually performed at a lower temperature than the
homogenizing stepl'he annealing temperatumn@ustbe high enough to allow the diffusion process

to perform the spinodal phase separatidsut at the same time, itannotbe too high in order to
avoid the unwanted tranfrmations already discussed in ti@hapter 1 The severalemperature
valuesfor the first set of samplebavebeentaken from a previous work on the samples made by
Veres Janoat the BME Universitin 19843%, These values are summarized in fhable 4 For the
second and the third sets of samples other considerations were done in order to choose the right

parameters.
Al Annealing at 840°C for IBinutes
A2 Annealing at 840°@r 1 hour
A3 Annealing at 65@for 6 hours
A4 Annealing at 650°C for 6 hours anettb50°Cfor 24 hours
A5 Annealing at 730°C for Ifinutes
A6 Annealing at 700°C for If@inutes
A7 Annealing at 670°C for Ifinutes
A8 Annealing at 600°C for Ifinutes

Table4 Temperature and timegrameters for the annealing stdpm theVeres Janos work

The third step of the heat treatment is postponed to the end of the project when all investigations
on the annealed samples are done. Tdrawing tanperatures are chosen from the literature and
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they are 650°C for the first step and 550°C for the second step. Drawing time was chosen in the
same way and it i§ hours for the first step and 24 for the secooie.

A qualitativeprogram of the whole heatreatment for all the sets othe samples is shown in the
following figure:

Heat treatment

1250

Temperature {C]

time

Figurel3 Completequalitative heat-treatment program

2.3 SAMPLE PREPARATION

After the heat treatments the samples are oxidized because of the teigiperaturesand the
oxidant atmosphere Moreover, if the oil bath is used to cool thetown, cleaning is necessary.
Finally, in order to observe the microstructuretordo the hardness tests it is necessary to reduce
the rugosity of the surface to the mor-like surfaceFor thispurpose,grinding and polishing are
done on the samples.

For grinding, SiC abrasive papers with decreasing particle size (220, 320, 500, 800,1000, 1200, 2400
Grit) mesh were used and for polishing clottdiscswith diamond pate (6>m, 3um and 1um).

These operations have to be caa out carefully,it must avoided to harden o to overheat the
material. This is the reason whihe operations are accompanidaly the water flux.After these
operations the sample are ready to beviestigated.

2.4 HARDNESS TESTS
In general hardness is defined as measure of the resistance tocalized plastic deformation
induced by either mechanical indentation or abrasi®his propertyis measured considering how

resistant is a solid material exposed to a compressive force appliedo8iNE 2 GSNE A (G Qa |
property whichis quite simple to obtain.
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Figurel4 Hardness tester

In this study, the hardnegsstswere done using thenicrohardness test machingoduced byKB
Priftechnik it is showed in theFigurel3. There are several different systems of measuring the
hardness and it mostly depends the shape of thendenter:the Vickers scale has been adopted

in this study.The value of the hardness of the material in the Vickers scale is obtained by measuring
the two diagonals of thehomboidal imprint The main parameters for the test are thpplied test

load and thedwell time of the test loadln this study, the load used 8 kgf and the dwell time is

12 seconds. According to ISO 6507 for the Vickers hardessghe value of the measuring is
followed by HV30; thelwell time of the test load is in between 10 and 15 seconds so it is not
reported in the measureln the Figure 13t is possible to see the rhomboid impriah the screen

of the machine.

As it has already been mentioned, the hardness test had been done in order to study the eventual
correlation between spinodal decomposition and the mechanical properties. The éestdone
after the sample preparatim Any correlation will be analyzed in the final chapter.

2.5 MAGNETIC TESTS

2.5.1 Diamagnetism, paramagnetism and ferromagnetism.
A material placed in the magnetic field will undergo magnetic polarization of its moledwes.
different effectscan manifest.

The first effectconsists in the following behavior of the materialh@ magnetic fieldis applied,

each molecule acquires amduced magnetic dipole momentvhich gives rise to amduced

magnetic fieldvhose intensity depends on its nature and arrangement with respect tanihgcing

magnetic fieldBo): the induced magnetic dipole momergtalways antiparallel to the inducing field.

The inducing field and the induced field are sued up vectorially within the material and the effect
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is a decrease in the magnetic field within the materi2). This effect is always presei. this
case the overall phenomenon is calldidmagnetism

The second effect occurs in materials in whith molecules already possess a nonzero magnetic
dipole moment; the inducing fieldoxercises a mechanical moment on the molecules tending to
align the magnetic dipole moment, and thus the induced field associated with it, with the inducing
field. Thiseffect overlaps the previous one and is generally stronger. In this case, the dipole moment
is in concordance withd&nd therefore the magnetic field strength in the material increa®&esB).

In this case two possible phenomenon can ard@.amagnetisntakes place if, once the inducing
field is taken &, the magnetic induced field of the material is zero agesrthe alignment of the
dipoles is destroyedybthe thermal agitation motion. Othwvise, ifthe inducing magnetic field is
removed,there is a residual magnetic field in the material as the interaction between dipoles is too
strong to beremoved by the thermal agitation motion. This phenomenon is cdfedmagnetism

To be noticed theevery materiahas a transition temperature from the ferromagnetic state to the
paramagnetic stateif the thermal agitation motion grows with higher temperature$his
temperature is called Curie Temperature

2.5.2 Magnetization andhe maincorrelations
A material is made upf elementary magnetic dipoles that are normally randomly oriented in the
space providingraaveragezero dipole momen The material becomes magnetized if theerage
dipole moment is no longer zero.

The magnetizationof a material is defined as itsverall dipole moment per unit volumeOnce
definedi b, the magnetic dipole moment foreachf SYSy G NBE RALRZf S> AlQa
magnetization of the materias

a b

(16)

In the magnetizationinduced by orientation, dominating in paramagnetism and ferromaigneg

the number of dipoles oriented in the direction of tlexternal magnetic field B an increasing
fraction with the increasing magnetic field strength. A certain number of dipoles remain randomly
oriented because of collisions between elementary components due to thermal agitation, so the
number of aligned dipoles decreases as the penature T of the material increases. Also, at
constant temperature, the fraction of aligned dipoles can only increase as long as all dipoles are
aligned, so there is a maximum of magnetization beyond which the magnetic field strength increases
without cawsing any effectTheequation 17is the Curiedw and takes into account the correlation
between the magnetization and the temperatures and it fixes a certain limit to the maximum
magnetization.

a 6-. (17)
The total magnetic field is given by tleguation18
® & ' op, (18)
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where‘ @pis the contribution given by magnetization to the electric field within the material, that
is, a magnetization field® .

Definingthe magnetiingfield '®as

b

o —, (19)

other important correlation is derivedetween themagnetic fieldB) magnetizngfield (H)and the
magnetization& :

® ‘006 . (20)
The introduction of®is usefulin order to simplify the equations dsr every materialit is possible
to establish a experimentalrelationship betweeri®and dpexpressed as
® o JO (22)

where® is magnetic susceptibilitpf the substanceThe magnetic susceptibility iscaiterion to
characterize the substances in the following way:

1 ® <0, constant andemperatureindependent br the diamagnetic substances
1 > 0, temperaturedependent in a weak way for paramagnetic substances and strongly
for the ferromagnetic substances.

From these equations it is possible to obtain the final magnetic law used in the magnetic tests of
this study:

® ‘00 @ ' 0O® wIG ‘' Jp w TG * O TJO IO (22
where * Op w is magnetic permeability of the atter and’ —=p w isthe

magnetic permeability of the matter with respect to the vacuurmomthe experimental works
some results are derived

1T p for diamagnetism
1 ° p for paramagnetism
1 * | pforferromagnetism.

To be noticed that for the diamagnetic and paramagnetic mateti@srelationship between the

magnetic field® and the magnetizing field®is almost constant while for the ferromagnetic
materialsit is not constant, and it depends alsa the magneizing history of the samples.

2.5.3 Magnetic hysteresignd magnetic domains

It is observed that the magnetic dipole moment of the material is not due to the contribution of
elementary dipoles diffusely and randomly distributed within it, but of large areatheobrder of
(P ™  p mm?inextension calledWeiss domainshowed in theFigure 14 in which all magnetic
dipoles have the same orientatioA.magnetic domain is sharply separated from adjacent domains
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by very thin zones, of the order 10m thick, calledBloch walls in which the direction of the
magnetic dipole moment varies continuously from one domain to another.

Figurel5Weiss domains

In ferromagnetic materials, thermal agitation fails to destroy dipole alignment in microscopic
domains, but the material may not manifest macroscopic magnetization because the various
domains are randomly orientedy applying an external magnetic field, the domains orient in the
direction of the field, but the process does not occur continuously; rather, domains with magnetic
dipole moment at a small angle with B expand, englobing adjacent domains. Thus, wholeglomai
change direction in a process called Barkhausen effecthe more the magnetic field increases in
intensity, the more domains orient, until saturatiéh

Let now consider gerromagnetic material. If thiaterialis magnetizedby increasing the stngth

of the magnetic field in which it is immersed and bringing it to its maximum magnetization from
zero magnetizatiorand if subsequentlythe magnetic fieldis broughtback to zero by gradually
reducing its intensitythen t is observed thaa residudmagnetization of the materiakmains and

it is cancelled only by applying a magnetic field of opposite sign to that of first magnetization, called
a coercive fieldBy continuing to increase the magnetic field strength, the material can be brought
to maximum inverse magnetization, and again, by canceling the magnetizing field, residual
magnetization remains. By repeating these operations, the material always follows the same
symmetric curve, which is called thgsteresis cycld he hysteresis loop is noally represented as

a graph of the magnetic field (B) as a function of the magnetic intensity field in the material (H).
representation of the hysteresis cycle is showed inFigure 15

oy

Figurel6 Generichesterysicycle
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The hysteresis loop shape is used to classify ferromagnetic materials into soft and hard materials.
Soft materials have a tight hysteresis cycle, low residual field, low coercive field and they are easily
demagnetized. Hard materials have a widethyessis cycle, high residual field and high coercive
field and they are difficult to demagnetize. Soft materials, for instance iron, are used to produce
electromagnets, generators, motors and transformers; hard materials, for instance some steels, are
used to produce permanent magnetdDemagnetization is achieved by rapidly reversing the
magnetic field, for example by reversing the current that generates it, after bringing the material to
maximum magnetization while slowly reducing its intensity. Basidaymaterial is forced to go
through increasingly narrow hysteresis cycles untien apractically zero areaf the last loopis
obtained.

2.5.4 Stéblein Steinitz test

In this work,Stablein Steinitz Dc magnetometer had been used for the measuring of theetiag
properties. It is a close circuit magnetic equipment designed to reach high coercivity and
magnetization field with samples which have small length/transverse dimensions ratio. It consists
of a twoU-shaped soft iron yokes, placed opposite one anotéied with an aigap between each
of the two pairs of transverse limbdfthe measuringair gap does not contain sample the
arrangement is magnetically symmetrical consequently there is no flux thrineghiddle bridge.
If the sample is fixed intthe measuring air gap the symmetry is broken therefore some part of the
magnetic flux closeshtough the middle bridge. The magnetic field which is measured Hgplt
sensor irthe middle bridge is directly proportional to the magnetization of #aenple.
TheStableinrSteinitz DC magnetometer is capableetaite the bulk steel samples into magreti
saturation which makest one of the most precisavays of the measurement. Thenaximum
excitation field strength was abo@700A/cm. This setip is not portableit is only forlaboratory
use because of its extensive sizbe instrument is shown in theggure below.
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Figurel7: Construction of Stableirtednitz DC magnetometé#’
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2.6 OPTICAL MICROSCOPY

2.6.1 Optical microscopes
Optical microscopes anesuallyused for the following microstructural analyses: grain shape and
size, phase distribution, presence of defects. They are generally equipped \aitigjaisition system
(camera) and image analysis softwdteiseshe light reflected by the metal surfaceshich appears
different incolorand intensitybecause othe different corrosion by chemical reagents in the various
areas.

The working principle of the optical microscope is the followihige surface to be observed is
placed on a small table, adjustalusing two micrometric screws, at treenter of whichthereis a
hole for the transit ofthe light. The light coming from a soursaitably collected by baffles and
condensers, idirected through a mirror to the specimen surface after pastiingugh the lens. The
reflected light is concentratethack into the objective; the light signal is deflected by the prism
towards the ocular lens, which allows a magnified view ofggreparation. The signal can finally be
deflected by a mirror andent toa photographic screen or camer@hisprocess is shown in the
Figurel8.

Sample

Lens

Source of light

-
Semi-transparent

mirror or prism

Ocular
e
y

Figurel8 The working principle bthe optical microscope

The microscopellymps PMG3was used for the microstructure analysis of théeattreated
samplesand itis characterized by Olympus DR&Imera anddlympus DRontroller software The
microscopéas shown in thefigure below.
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Figurel9 Optical microscope OlympuMis3

2.6.2 Metallographic preparation

An appropriate metallographic preparation is essential to observe the microstructure of the sample
with the microscopeSeveral steps of the preparation must éenefor this purpose. In this study,
the samples were initially grinded and polished and thezy were etched with a chemical solution
called etching agent. Grinding operation consistséveral passages on the abrasive papers of
controlled grit sizg80-120-320-600-1200-2400 Grit) Rotating disks of abrasive paper are used to
grind and a liquid (generally water)ofs to remove heat and residued\fterwards, mlishing
operation consists in several passageshe fabric discsprinkled with abrasive aqueosslutions
(based on alumina/diamond/SiC paste baséttrhing agent is the chemical solution which better
evidence the microstructure of the specimen through the selective corrosmotiis studyNital10
andMarbleQ & NBver&cBogein from theASM Handookand have been useid order to obtain
the better-qualityimages from the observations.

Grit number Size of the particleg>m]

80 212-180

120 150125

320 46

600 26

1200 15

2400 12

4000 8

Table5 Grindirg: abrsasivepapers
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Nital 10 etching agerwasl f NEI R& LINBaSyid Ay (KS . a9 rehgéit S NE
had to be preparedThe preparation involves0 grams otopper sulphat€CuS@), 50 milliliters of
hydrochloric acidHCl)and 50 millilters of hydrogen peroxideThe reagents must be put together

and mixed until a homogeneous solution is form&dr this purposea magnetic agitator is used.

Other tools for the chemical solution preparation used gpatula and graduated cylindeiThe
preparation can be seen in the figures below.

Figure20on the left: Magnetic agitator and the mixing step

Figure21on the right: 8veral reagents for the etching agent preparation

After havingprepared thesamples with grinding and polishing, have cleaned the samples with
water and soup and have prepared the etching agents the etching operations can take place.
Etching is adelicate operation that requires careful handlingurthermore, several tools are
involved and thestepsof the processmust be done quicklyThe severalsteps to be followed
Ayo2ft 3Sa (GKS SGOKAY3 A yagent Be imrebifite cRaning i@hddolb A G I f
and the submersion of the sampletime ultrasonic machine. The last step is quite important for the
Alnico cast alloyas they show several microcracks which can act as traps for the etatpmg,so

the water cleaning is not enough to take away thegeat and the reaction goes one even after the
etching step isupposed to be finished\ll the operations are done undére chemical fume hood.

The laboratory rulesmustbe respected as the substances used are dangerous fdreghkh of the
human beingThe tools and thevorktableare shown in the figures below.
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Figure22 on the left: Thesubstances used in the etching step

Figure23 The worktable forlte etching operations

2.6.3 Microscopeobservations

After havingetched the specimens and cleaned them the observatioitis the microscope can be
done. The use of the microscope involves tharious possibilities of magnification and focusing
Every observationa picture from the software hs to be taken and saved on the computer. It is
extremely important to check the scale on the picture. The scalprawvided bythe total
magnification which isusually given bythe objective multiplied for the intermediate optics
multipliedfor eyepieceWith the BME optical microscope it is enough to multthly objective value
for the eyepiece value which is always.10

2.7 BLECTRON MICROSCANDEDS\NALYSIS

2.7.1 Electronmatter interactions

2.7.1.1 Elastic interactions

Elastic interactions between the electron and matter consist of entygyfree collisions of the
incident electron with the electric field of the nuclei of the atoms of which the saropiesists of

The interaction gives rise to changes in path of thenpry electron at angles higher or lower than
90°. In the first case, the bounced electrons are called backscattered electrons. If they are close to
the surface,then they can reemergefrom the sample In the second case, the phenomenon is
known as the miltiple scattering. In this case the electroadthough having deviated from their
original trajectoriesstill move within the material, resulting in the possibility of interacting with
other atomic structures through further elastic imelastic colligins. The cross section of impa@,
guantifiesthe probability that elastic diffusion will occur, and is proportionalZitm, whereZ is
atomic number of the material andh 5 theenergy of the incident electron. For the same incident
energy, materials with high Z offer higher probability of elastic events, efficiently giving rise to
backscattered electrons close to the surface of the sample from which thegnezge. In addition,

as electrons lose energy proceeding along the diffusion path, the probability of elastic events
increases with??/En?, where B is the energy at a generic point of the diffusion path that tends to
zero as the path traveled increases. For higiineZpossiblaiffusion paths results in an inverted cup.
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For small Z, the primary electrons penetrate, on the contrary, deeper as there are fewer surface
collisions, resulting in broad and protracted trajectories toward the interior of the material and the
consequences that the volume of interaction in this case is similar to a pear.

2.7.1.2 Inelastic interactions

Inelastic interactions between the electron and the sample consist of edesgycollisions of the

primary electrons with the nuclei of atoms or the bound eteats of atoms. The loss of energy as

the pathswithin the material increases is described by Bathe's equat®® k R4 T Efsthe ¢ K S N.
average energy of the primary electron at a generic point in the diffusion atis the density of

the material aad Sis the braking power of the materigdis related to the average ionization energy

J which is the average energy lost by the primary electron in a single inelastic interaction, and, since

J is greater the higher the atomic number Z, in materiall Wigh Z the average length of the total
diffusion path is shorter than in materials with low Z. As a result, the size of the interaction volume
depends on the atomic number: the higher Z is, the smaller the volume of interaction at the same
incident enery b of the electron beam. It is important to emphasize the fact that the interaction
volume depends only on the energy of the incident electroyanid the properties of the sample Z

and not on the size of the incident beam, since the interaction volume has dimensions of the order
ANBFGSN GKIFY 2yS >YZ gKAtS GKS RAFYSGSNI 2F (K
of nm.

2.7.1.3 Backscattered electrons

Let' be the backscatteng coefficient defined as the fraction of backscattered electrons relative to
the number of incident electrons. Since the crasgtion Q for elastic interactions is proportional

to ZE2A G GdzNYy & 2dzi GKFG ' INRGA | @entrgyEywdiRB |l 4Sa
decreases asoHncreases for constant Z and manages to penetrate deeper making their re
emergence from the surface (backscattering) more improbable. Backscattered electrons have
energies close to or equal to that of the incidepetectrons, so they have sufficient energies te re
emerge from the deepest layers of the interaction volume, about a few hundred nm deep from the
sample surface. The broadening of the incident electron beam by scattering of the primary electrons
within the material results in the source region being broader than the electron beam's area of
incidence on the surface and, therefore, the spatial resolution associated with that signal is greater
than the size of the incident beam. The backscattered electrons havariable energy with an
energy distribution having the maximum, Eess than the incident beam energy, ESince an
appreciable energy loss occurs as a result of multiple scatterings: this maximum, however, increases
and approaches the energy for higherr Y R KA 3KSNJ %o ¢KS FIF OO0 GKI
energy distribution of the backscattered electrons also depends on Z meanthéhbackscattered
electrons provide information about the average composition of the sample, what is called Z
contrast(compositional contrast).

The backscattered electron detector is a sdltdte proportional detector, whereby an electron
hitting it of energy E produces an electrical output signal that is proportional to the energy E. A
material with a high Z number nonly gives rise to a larger number of backscattered electrons but
these electrons also have a higher average energy, closer to that of the incident Bearsignal

from the proportional backscatter detector is, therefore, more intense from a materid high Z
atomic number.Elastically scattered electrons have a nonuniform scattering angular distribution
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F6: 0 RSTFAYSR Fa GKS Iy3atsS 2F AYyOARSYyOS 2F G4KS
GKIG GKS a0l GGSNXyYy 3 LINEtbeladgle bfintidenca Gf thevprinkaly Yedmyf T 2
Ad dnc d diEtd Backdcditer defe@torsiafefariniiar and coaxial with the primary beam
in conventional SEMs and are placed near and below the objective lens where the distribution of
backscatB NER St SOUNRY& A& YIEAYdzYo C2NJ Fy3fSa 27
and the average EM energy of the emerging electrons that increasingly approximates that of the

incident beam E In addition, the interaction region reduced because scattering in the material is
limited to thin surface layers of the material before reemergence, so that for reduced angles of
incidence, the spatial resolution increases significantly (at the expense of Z resolution) C ambles also
theangd  NJ RAAGNAOGdzGA2Y 2F GKS o6F O1al0lFGdGdSNBR St S¢
so that different detector positioning is required if one you want to use such a signal In this case we
speak of Low Energy loss Electron Microscopy. On a flgtleavhthe type used in metallographic
investigations, such that there is no contrast topograpitys possible to distinguish consecutive
elements in the periodic table with differences of 2 in Z. The resolution of backscattered electron
images is esseidlly related to the emission volume. Because of the greater penetrating power of
high energy electrons, the resolution is much greater than the corresponding for secondary
electrons: true resolution not less than 0.3 microns. @eeth of the analysis i® the range from

noem G2 M >Y® ¢KS RSANIRIGAZ2Y Ay (GKS NBaz2f dzia
relatively high to get a signal of sufficient intensity.

2.7.1.4 Secondary electrons
The primary electrons, diffusing within the material, interact with the more external electrons of
the atoms and supply them sufficient energy to make them free. The kinetic energy of such
electrons, called secondary electrons, is given by a continuotisbdison of values generally
smaller than 50 eV and with peak values of a few eV units, which depend on the nature of the
material.Because of their low energy, only the secondary electrons close to the surface (5 to 50 nm)
are in a condition to emergedm the material by winning the extraction work of the materighe
production of secondary electrons is independent on the atomic number Z of the material: defining
1 as the coefficient of the secondary electrons emission, that is the fraction of segoalgatrons
NBfFGAGS G2 GKS ydzYoSNI 2F AYOARSyld St SOGNRyax
Z and for incident beam energies & LIA O t 2F | O2y @Sy idaAz2yltft {9a
however, ong sinceit increases asdlecreasesind exceeds unity for values of &ose to 1 keV.
{AYyOS + Aa AYRSLISYRSYydG 2F % FyR GKS aSO2yRI NE
of the sample, the secondary electrons can provide exclusively information related to the
morphology of he surface.The backscattered electrons have sufficient energy to generate
secondary electrons, but the ratio between the secondary electrons produced by the primary
electrons and those produced by the backscattered electrons is, however, equal to 1/shsitich
only the surface portion related to the impact zone of the incident beam identifies the source region
of the secondary electrong he spatial resolution relative to the secondary electrons is, therefore,
determined by the size of the incident electrdeam focused on the surface and is certainly better
than the resolution from backscattered electron$he conventional detector for secondary
electrons (EverhafThornley type), consists of a scintillator in front of which is a grating placed at
variablepotential with respect to the grounded sample. The secondary electrons are accelerated by
this potential difference, and those that reach and pass the grid are further accelerated by an
additional 10 kV potential difference between the grid and the star, which gives the
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secondary electrons sufficient energy to penetrate the layer of a few nm of aluminum with which
the entrance to the scintillator is covered. The scintillator transforms the flow of electrons into
photons that through a light guideyltotal reflection are directedo a photocathode placed at the
input of a photomultiplier, at the output of which an electrical signal is produced and modulated
into a television signal. The special positioning of the detector of the secondaries, éeed to

the surface of the sample, gives the images from secondary electrons the-dhmsmsional
appearance that is characteristic of this typeiagging the regions placed in favor of the detector
are bright and well defined, while the unfavorablyapéd regions appear dark and poorly
contrasted.lt is remarkable the analogy with optical microscope image because the variation of the
emission secondary electrons at different locations on the sample is related to its external
morphology and the angle #t the surface forms with the incident beam. They give the maximum
resolution that depends on the wavelength of the radiation used, the minimum beam diameter,
(electron optics), the fact that the secondary electrons come from an extendedad@at 50
angsroms-around the point of impact of the primary electrons. The actual resolution is not less
than 20 nanometers. The magnification (ratio of the size between the image final produced and the
field explored by the electron beam on the sample) is from 12G0'000times. The depth of the
analysis is between 1 and 10 nm.

2.7.1.5 Xrays

An electron passing in the vicinity of an atomic nucleussults in being deflected by the electric
field shield of the nucleus (inelastic collision) produciAgyé with wavelengths which variability
depends on the magnitude of the deflection and the loss of energy by the primary electron, thus
producing a cotinuous Xray spectrum ranging frompEhe energy of the incident electron, to zero.
The intensity of Xays shoulde expressed as a function of wavelength. The intensityral/X goes
FNRB Y no(WageNhgth Eorresponding ta)Ro increasing valti a  ¥<@ Nde rapidiecrease

in intensity for low energies is due to the absorptiohlow energy photondy the interaction
volume. The continuous spectruhasno particular interest, since it does not contain significant
information related to theandyzedspecimen

The primary electron can also interact with the atomic structure by ionizing it, if it has sufficient
energy if an electron of the inner orbitals (K, L, M . . .) of energn&generating a vacant orbital.
The excited structure relaxebrbugh the transition of an electron from an orbital more external (of
energy E< B), which generates the emission of aspioton of characteristic energy, the value of
which is given by the relationpision = B- B The remaining unoccupied orbitalfised by successive
transitions electrons that produce photons with wavelengths close to the visible and of no analytical
interest. The characteristic photons produced by such electronic transitions give rise teran X
spectrum or lines characteristid each element and can be used for analytical purposes.-fay X
spectrum is presented as the sum of the continuous spectrum and characteristic lines.

Chemical analysis (microanalysis) in the scanning electron microscope (SEM) is accomplished by
measurirg the energy and intensity distribution of therXys generated by the electron beam on

the sample using aenergy dispersive spectrometry (EDS) detecidre analysis relative to an area

or point of interest on the surface of the samp@icroanalysis). Given that the portion of space
excited by the electron beam, which produces thepéctrum, is a few microns around the spot,

the SEMEDS is a powerful mean of investigating chemically inhomogeneous solids at the
microscopic scaleThe m& A YdzY NB &2t didyAR yRALEAI R T2 Tv I>yYH f 84 A & O
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2.7.2 Scanning Electron Microscope

The Scanning Electron Microscqi@E=Mexploits the generation of a higénergy electron beam in
the vacuum. The beam is focused by a lens system amelcted to scan an area of the sample. The
beamsample interaction generates various signals that are acquired by appropriate detectors and
then processed to form a-B graylevel image.Thescheme of the function of scanning electron
microscope is shown iRigure 23
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|~ Magnetic lens
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T~a

Scanning coilss, |
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Backscatered
electrons
detector
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&
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Figure24 Scheme o$canning Ectron Microscope
By wingits detectorsseveral ifiormation can be obtained

- Morphology of the sample surface,
- Chemical and physical composition,
- Electrical defects,

- Surfacecontamination,

- Measurement of surface potentials.

The function of a SEM is the followirgybeam of electrons with kinetic energies between 1 and
30keV, called primary electrons, is generated by an electron gun (cathode) located at the top of the
column.The beam is attracted in the direction of the anode, it is condensed by collimating lens and
it is focused through objective lenses onto the massive sample, one of the sufficient thickness to
not to be crossed completely by the incident electrons. Thetelacbeam strikes the sample,
producing, xrays, auger electrons, absorbed electrons, secondary and backscattered electrons. The
set of possible paths of electrons in the medium goes to definevtheme ofinteractionwhich at

the same energy is inverseproportional to Z and goes to define the spatial resolution. These
electrons are collected by a detector for secondary electrons and one for electrons backscattered,
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converted into electrical signals and amplified. These are converted into pixels arespedcby a
system equipped with a computer. Thaa§s are collected by a Si(Li) detector.

Information about morphologys obtained by analyzinthe secondary while informations about
composition of the sample are obtained by analyzing the Xaagshebackscattered electrons

The combination of high magnificatigap to 100000 times)high resolutior(up to 2 nanometers)
wide depth of focus, and easy preparation and observation of the sample makes SEM one of the
most reliable and eastp-use instruments for the study and analysis of the specimens.

2.7.3 EDS analysis

EDS analysis is used to obtain twmposition of the sampleThe working principle of the EDS
technique is based on the ability of the sefithte Si(Li) detector to discriminate the incident X
photons of different energies. The Si(Li) salidte detecta consists of a monocrystal Si with a
surface area oiround30 mn? and thickness of 3 mm in which Li has been diffused to enhance its
resistivity and restore Si to the condition of an intrinsic semiconductor. A potential difference is
applied to the detetor which, given the intrinsic semiconductor properties, induces no current. In
case the Si(Li) is hit by arpKoton, electronlacuna pairs are generated in itgerior wherethese
signals are collected at the electrodes resulting in an electrical pllsedetector is proportional:
each X photon energy corresponds to a number Na ofedagiron pairs equal to Ex/e, where e is
the energy for the formation of a single electrtacuna pair equal to 3.8 eV in Si. The system has
no internal gain, and a fielefffect transistor (FET), also called a preamplifier, provides the necessary
gain for the FET signal, which will later be modulated by the electronics. The entire Si(Li) and FET
preamplifier system, is kept at liquid nitrogen temperature to reduce thetsdeec background
noise. Since the surface of the detector at liquid nitrogen temperature would act as a trap for
residual particles in the SEM chamber, the system is separated from the chamber by thin polymer
windows supported by Al gratings that allow athcteristic photons to pass through. The
miniaturized detector can be placed extremely close to the sample surface from which the X
photons originate so the solid angle of collectiomxremelyhigh, ~162 rad, compared with the
WDS system. The sign@tlensity of the detected Xays is linearly proportional to the solid collecting
angle, and in addition, there are no reflection systems or other interposed between the X generation
region and the detector, so that the efficiency of the EDS system ificagutily higher than the WDS
system: this results in a lower need than the WDS technique to resort to high electron beam
currents. In addition, this efficiency results in spectra with characteristic peaks with high peak P
values (but low values of P/B ra$). The acquisition of the-fdys in the EDS system occurs
simultaneously, and a multichannel analyzer system is used to count the X photons detected in each
SYySNHe OKFIyySt n9 Sldzrtf G2 wn S+ 2Nl mn S+3 Ay
and 20 keV or 0 and 10 keV
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Figure25: Comparison between EDSestrum and WDS spectrum
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(S) and Z = 27 (Co). Furthermore, lines L and M of elements with high Z numbers affect energies
close to K lines of elements with Z lower, so that peak overlap in the EDS tgelsigormal and

not an exception as in the WDS technique. As shown in the figure, the poor resolution of the EDS
technique causes lines for close features come to overlap forming a single appearing peak. Recently
also available solidtate Ge detectors (igh Purity Ge detectors HPGe), which having a lower of
electronY2 2y 02YRAY3I f26SNI GKIYy {A o0T odn Sx03 I
S+ F2NJ GKS ayyYh OKINIOGSNARAGAO tAYySd . SOI dza S
characteries the spectrum acquired in EDS the system has a rather low limit of detectability such
that it is not suitable for the detection of trace elements (< 1 wt. %). Furthermore, these
characteristics make the EDS system capable of acquire elements up towdttamduch lower
accuracies than for heavy elements. The EDS system has, however, the advantage of being rapid in
acquisition on the order of a few minutes for the entire spectrum versus hours for the WDS system,
since the acquisition of photons at varioaeergies occurs simultaneously. In addition, the Si(Li)
detector is extremely sensitive that incident beam currents lower than those needed for the WDS
technique are necessary. In the case of dealing with elements with high Zs (> 10) present in weight
percentages greater than a few units, the EDS technique provides accuracies comparable to WDS
because of the high peak P values, as long as one does not have an excessive number of overlapping
peaks. For the acquisition of trace elements and light elemensWDS technique is significantly
superior to the EDS technique. The joint and complementary use of the EDS and WDS systems can
ensure accuracy and rapid response, using the EDS system for elements major aneleigients

and using the WDS system for teaand light elements.

2.7.4 Sample preparation

The electron beam is a current of electrons that procures, on an electricallgamtuctive sample,
the accumulation of a negative static charge with inevitable difficulties in image formation.
Insulating mateials, therefore, are covered with a conductive film that can generally be gold or
carbon of such a small thickness (20 Angstroms) that the surface is not morphologically altered. The
choice of material depends on the type of investigation to which the sampl be subjected: gold
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for investigations of morphological features only, carbon for those concerning chemical
constitution. The dimensions of the samplepiler tobe easily "manageable,” should be inscribed
(maximum dimensions recommended) in a @élepiped measuring 2.5cm x 2.5cm x 1.0 cm, with
explorable faces the two largedn the figuresbelow, pictures of the SEM and itsamples holder
arereported in order to show the reason to have small samples. Furthernasoeind 20 minutes

of time arerequired to create the vacuum atmosphere in the chamber so in ordeletvease the
investigation time, several samples are obseraethe same moment.

Figure26 on the Eft: Sample holder of the SEM
Figure27 on the right: SEM machine
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3 CHAPTER

HRST SET OF SAMPLES

The following chapter deals with tHest setof samplesandit has already been mentiongtiat it
is made up of Alnico 5 allolirst the heat treatmenswith different parametersaredone and then
all the samples are investigated with several techniqué®e results of the study are discussed
the last chapter.

3.1 HEAT TREATMENTS

It has alreadyeen mentioned that the heat treatments for the spinodal decomposition are made
up of three steps: solubilization, annealing and step drawing annealing.

The first step of the heat treatment was donan the suggestion of the professait, 1250°C for 1
hour of time in the furnace with air. Afterwardg was necessary to establish the different times
and temperatures to develop theghest coercivitgluring the annealing heat treatment stephese
temperatures were taken frorthe previous workof Veres Jarg*® and they are summarized in the
following table

Al | Annealing at 840°C for IBinutes

A2 | Annealing at 840°€r 1 hour

A3 | Annealing at 650°r 6 hours

A4 | Annealing at 650°C for 6 hours ane@trb50°Cfor 24 hours
A5 | Annealing at 730°C for Ifinutes

A6 | Annealing at 700°C for Tinutes

A7 Annealing at 670°C for I0inutes

A8 | Annealing at 600°C for Tinutes

Table6 Temperature and timegrameters for the annealing step

The last step dfieat treatments, known as stegirawing annealing, isostponed to the enaf the
experiment after the investigations are done.

3.2 HARDNESEESRESULTS
Hardness tests were done on the samples and the results are summarizedfatidkeng table

25 REF Al A2 A3 A4 AS A6 A7 A8

[HV30]| [HV30] | [HV30]| [HV30]| [HV30]| [HV30]| [HV30]| [HV30]| [HV30]| [HV30]

624 523 487 442 558 605 520 554 550 561

580 532 472 455 562 612 537 558 561 547

584 493 419 436 568 602 554 583 568 568

575 547 456 465 577 599 547 550 565 540

544 489 459 455 553 609 550 580 550 540

mean | 583,5| 516,8 | 458,6 | 454,67| 564,3 | 6054 | 541,6 | 565 | 558,8 | 551,2

Stad”edvard 26,06 | 251 | 253 | 14,35| 85 | 522 | 13,61 | 1536 | 841 | 12,72

Table7 Hardness test resultsxdhe first set of samples
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The main function of the results of the hardness test igrémk the changes in the mechanical
properties during the heat treatment and the spinodal decomposition, andheck 1 there isa
correlation between the spinodal decomposition and the mechanic properties.

3.3 MAGNETIC PROPERTESRESULTS

Magnetic properties were tested on the samples to keep track of the spinodal decomposition. The
first test was done on the original sample akatl beenused as a reference for the other samples.
The results of these tests are summarized in @eart 1 The chartrepresentsmagnetic properties

of the original sample, the homogenized sample and ofagheealed samples using different time
and temperatures parameter€rigin Pro 9.0 software had beedoptedto analyze the data
receivedfrom the StebleinrStiner tester

Magnetic properties of SET_1

;_E w 25
"-:;:_'ID{JEI = Al

Chartl Hysteresis loops ofé several samples from the set number one.

It is clear from the chart, observing the coercivity of the different specinoenthe xaxis that no
specimen demonstratethe expectedresult. Thenit is legitimate tostate that the experiment did
not work as the main purpose of it was not achievélthe possible reasons of the failure of the
experimentmustbe discussed.

3.4 DISCUSSIONNOHE MAGNETKREST RESULTS

As the magnetic test results showethe coercivity, which is strictly related to the spinodal
decomposition, had not been dewgled It is now necessarp analyze the possible reasoaswhy
the experiment may not have workedhis work is necessary order to adjust previous heat
treatment conditions ando be able to obtain satisfactory results in the futueeperiments

There are already some suspects about the oxidant atmosphere of the furnace (as in many articles
on this work vacuum furnace or agqtective gasreused during the first stepf the heat treatmeny},
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but alsq the contact with carbon steel could represent a problem as carbon is a damaging element
for the Alnico alloys. Another reason of the failure could be found in the phases diagrtmare is

a range of temperature where a new phase, which bddbk development of magnetic properties,

is formed. These suggestions will be discussed in the next paragraphs.

Oxidant atmosphere

The first suspect about the failure of the experinhas the presence of air in the furnace
atmosphere Knowingthe tendency of metals to oxidize at high temperatures, the concern here is
that the main elements of the Alnico allogo aluminum, nickel and cobalt, mayave oxidize,
changing the chemical composition of the alloy and compromising its potential todgmetized
during heat treatment procesdvioreover,analyzingthe other works where heat treatments are
done on Alnico alloysthere is nowork where explicitlyoxygen atmosphere was adopted.
Conversely,n many works it is specified that vacuum furnagas usedin order to process the
material in an inert atmosphef&-14.11,

The assumption involving the oxidizing atmosphere needs to be validated with a preodotUita

be the identification of new phases in the microstructure of the material not joted by the phase
diagram and composition of the materidkror this purpose, optical and electron microscopy
accompanied by EDS probe composition analysis is us@gw phasegelated to the oxidant
atmosphereare identified the assumption can be acceptedaapossiblereasonof why the heat
treatments did not work on the samples.

Carbon contact

As it has been illustrated beforéhe furnace was equipped with a carbon steel bikold together
all the sampes during the homogenizing step of the heat treatment. Neverthekbdssinfluence of
the severaklements on the allopavenot beendiscussedindeed, it was found in thevestigation
of Veres Jand¥! that carbon is a deleterious element for the magic properties of the Alnico
alloysas it improwesthe precipitation of the 1 phase.Nothing more is written about it so the gravity
of the presence of carbon in the carbon steel material of the sample holdestiknown. Thus,
some investigations wille done

To study the impact of carbon optical and electronic observatiorese done as wellln fact, the
same strategy of the previous case is used in this caseF@on the micrographigst should be
seenthe occurrence of new phases to confirm the suppositbthe influence of the sample holder
because of the carborOtherwise, it is possible as well that the content of carbon in the carbon
steel is too low to influence the composition of Alnico samples.

Anotherfundamentaltechnique for this investigation is-Pdy diffraction Considering that th- 1

phase lattice parameters are different from thel y” Rphase lattice parametersising XRD would
be possible to underline the appearance of a consigtenlj dzi y iphadedandahe reason could
be the contact with carbon steel. Unfortunately, XRD technique is not available for this project.
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Process parameters

The lasproposedsupposition to explain the failure of tHeeat treatment is the choice adlfie wrong
processparameters.lt had already been discusséu the paragraph on solubilization of the first
chapter thatthere is a possibility of formation éie undesired 1 phasewhich cancompromise the
development of the magnetic propertie$he phaseappears ifthe alloy is taken under particular
temperature and time condition oif the alloy is taken to these conditions following a particular
path during thecooling procesgror these reasonsg fast coolingand appropriateéemperature and
time parameters aremportant.

Regarding to the time and temperature parameteitswasdecided thatthe temperatureset at

1250°Qs correct as from several phase diagrams this vadeems tdbe high enougho avoid the

11region The temperaturevalue has to be high asttie cooling is carried out from temperatures

22 263 GKSYy Iy dzy RSai NS Wl lepRdaced\Hs@addiNEe Y I R
h1b > Wondered combinationThe time of the treatment, on the other sides considered tde

too long asfurther unwanted phaseould appearwhen the spinodal decomposition has already
started.

For what concernsthe coolingstep, some further considerations were dond is possible to
measure the cooling rate using the thermocouples with the metallic wires attached to the samples
in the furnacebut unfortunately this tool is not available for this work. Therefore, the cooling rate
isunknown. Nevertheless, if that should have been the problem it is still possible to manipulate the
cooling rate working on the cooling process. So, for instaifitiee cooling rate was too slow then
cold waterwould be used. Vicgersa, if the cooling rate was too fast then the cooling process could
be done in the air using the natural convection.
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4 INVESTIGATION ON THE FAILURE OF THE FIRST SET

The results of further investigations on the first set of samplespaesented and discussed this
chapter. To be noticed that not all the samples are analyzed, only the characteristicTdmeseare
sample25, samples REF_1, RER_2, REF_3 and samfleeAthermal history okachsampleis
shown in thetable below:

Samples Thermal history
25 original sampldefore heattreatments
REF_1, REF_2, REF_3 homogenized samples
Al homogenized and annealed sample

Table8 Thermal history othe investigated samples

Theinvestigations are done in order to identiind to discusshe reasors of the failure of the
experiments. As it has already been statdtere are three main suggestionBhebeststrategy to
confirm or to deny thédnypotheses of the failures the XRPbut this technique is not availabl&hus,

other techniques are exploited with the same purpose. These are the investigations with optical
microscopy and electronic microscopgyloreover, the results of the electronic microscopy are
accompanied with the EDS analysis. The main goal is to idehéifacteristidifferences between

the original sample and thieeat-treated samples and to check if these differensean represent a
proof for theassumptions about the failure of the experiment made in the last chapter.

4.1 INVESTIGATION WIDM

Several samples had been investigaded it was decidedo analyze onlyhe representativeones.

The representative agsare the samples whictertify the condition of the materiaht the keypoints

2T GKS KSI0O ONBFrGYSyGo ¢Kdzax | alyYLXtS ylI YSR
samples. Samp$REF1, REF_2, and RERvé&echosen to represent the homogenized state of the
material and sample Atvas chosen to represent the annealed stalénen, observations with
several magnification were denand the most representative micrographies asported and
discussed below.

4.1.1 Sampé 25

The micrographie®f the original sample are shown in thegure28 and Figure29. It can be
deducedfrom the observatiorthat the grains are quite big and that some precipitation particles are
present along the grain boundary but alaahin the gran. These micrographies will be kept as a
reference for thefuture investigationin order to have more information about the original sample,
beside the already known average composition, other composition analyses can be deaeldit
be interesting tomeasure the composition of two different grain and to measure the composition
of the precipitated particles. Thesanalygs will be done with ESD technique the future
paragraphs
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Figure28 Micrography of the dginal samplewith magnificationx50

Figure29 Micrography of the dginal sample with magnification1%00

After having analyzed the original sample and have takbe necessary micrographies to have a
point of referencefor the further investigations, the other samples were studiktdvas decided to
observe more samples after the homogenizing heat treatnterttave more consistent dat#lso,

all the faces of a sapte were observed. The reason of this procedure is that only one face of the
samples was in contact witihe carbon steel material of the box and after the heat treatment the
face in contact was nanarked In this way, analyzing all the faces of three releéeristic sample

the results of the study can be considenatdiable

The observations with the optical microscope were done and some important results came out.
Regarding to thehe original samle, other notable features of the microstructure appeatelhe

new observed elements are not known so they will be called in the following chapterswiitie
characteristic names or codes. In generfdur different new elementsappeared on the
microstructures. These will be shown and discussed below.

4.1.2 SamplesBF 1, REF 2, REF_3
First part

The firstnew element observed with OMa small and completelylack areson the sampleREF_1
and REF .ZThese elements are ramen the faces of the samples and were not found all the
samplesThis appearance must be discussed

First of all, the samples wecleaned multiple times witlethanol sounlikely these black elements
are some kind of pollution. Alsdhey representan evident difference between homogenized
samples andhe original samples sihey shouldbe analyzedUsing EDS composition analysis, the
composition of the black area can be measured and the new element can be idenfiisdstudy
will be done in the SEM and EDS paragraph.
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Figure30 Micrography of thehomogenized samplREF_With magnification x100 where a completely black area can be seen

Second part

Another new and interestingglementwhich had beerobservedwith the optical microscopys a
black and white regianThese elements were not found on all facdsthe samplesas well but
multiple of them were presenvn the same facevhen they were detectedThey are shown in the

below.

Figure31 Micrography of thehomogenized sample REF_3hwhnagnification x100

Some other important features can be observedath of the previousmicrographiesthe small,
black dotsThese elements must also bevestigated with the EDS analysis.

4.1.3 Sample Al
Sample Al was analyzed wellwith the aimof having as mchinformation as possible about the

new elements after theannealing stepin the Figure 32 an anomalous regiorwith a particular
texture, very similar to thealready seerblack and white regionwas detected As in the previas

case, othing more can be said about it.
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Figure32 Micrography ofannealed sample Al with magnification x100

Figure33 Micrography of theannealed sample Al with magnification x1000

Another interesting analysis that gldl be done on théheattreated samples is the&eomparison
between the small, precipitated particles.is not taken for granted thathe composition of the
precipitated particles of the original sample is the samehaf precipitated particles of the heat
treated samples. This analysis will be done with the EDS technique as well.

4.2 INVESTIGATION WSEMANDEDS
P FGSNI 2LIGAOFE YAONRAaAO2LE AdQa Of SIFNJGKI G

optica microscopy can only provide micrographies with limited magnification and no information

aboutthe composition Theseare the reasonsvhy other techniques as SEM and Bix$e adopted
The first one, SEM, is used to obtain biggegnificationsvhile the second one is used for the spot
and averagecomposition analyses. The results of ébe tests on the samples chosen for the
investigationare illustrated below

As it had been done witoptical microscopypnly characteristic samples weanalyzed in order to
verify the conditions of the material after the main steps of the heat treatm&fdreover, only a
few of the chosensamplesfor the optical microscopyere analyzedvith SEM and BS the ones
that presentednew featuredn relation with the originasamples. The maipurpose at this point of
the investigation is to identify the new elements that appeared on the treated sampless,the
assumptions made previousipout the failue of the experimentan be confirmed or jected.

4.2.1 Sample 25

The original sample was analyzed in order to obtain further information quaitiscularfeatures.
After the average compositioon a big areaf a face of the samplpresented at the beginningf
Chapter2, other compositionanaly®s were done. The attention at this points focused on the
composition ofdifferent grains and on the precipitated particles already detected witM. The
resultsare reported in the figures below.
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Figure32 SEM micrographgf the aiginal sample25

As it can be seen from the SEM micrography inRigeire 2, a spot EDS analysis was done on the
precipitate particle andn average analysis was done on the grain next to the precipitated particle.
The composition analysis results are the followings.
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Figure33EDS average composition analyithe original sample
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