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Abstract
Powder metallurgy (PM) is a cost effective and efficient process for producing net
shaped parts of high tolerances and homogeneous properties in large production
volumes. These are few othe reasons why this technique is preferred in
manufacturing soft magnetic composite (SMC) materials for electromagnetic
applications. The concept of SMC consists of encapsulating pure iron particles with an
electricaly insulating coating which yields cqacts of high bulk resistivity and
isotropic magnetic behaviour. Such materials provide great freedom in design and
exhibit improved magnetic performance compared to more traditional laminated
steels and ferrites for a wide range of frequency applications.

In the present thesis, surface characterization of such type of composite powder in as
received state was performed using surface sensitive analytical techniques.
Information regarding the nature of the surface layer is important in designing the
processand tailoring the properties of a product towards a desired application. The
material under examination was commercially available phosphated iron grade which
was analyzed using-rdy photoelectron spectroscopy (XPS) and high resolution
scanning electron mroscopy (HR SEM) coupled with energy dispersitay analysis
(EDX). Based on these techniques, thickness estimation, morphology, coverage,
chemical state and compositional depth profile analysis of the insulating coating was
conducted.

The aim of thignvestigation was to evaluate the effect of the surface characteristics
and geometry of powder on such type of analyses. For this purpose, gas and water
atomized high purity iron grades, having spherical and irregular shape respectively,
were used. Botlkinds ofpowder were covered with uniform oxides layers of different
thicknesses andthey were both divided into different particle sizdractions.
Furthermore,standards and flat samples of similar composition to the metal powders
were prepared and evaluatl accordingly using additional thermoanalytical anthy
diffraction (XRD) techniques in order to acquire reference values.

The results showed thahe asreceived stateappears to have greater contribution

of oxide thickness than when it is fractioneékhis is supposed to be a resulttbé fact
that the unsieved powder has significantdifference in the particle size and this can
cause more shadng effects during the XPS analyBisreover, the SMC powder
exhibited a complex surface layer structurenstsing of a mixture of iron oxide and
iron phosphate compoundsf the order of few nanometres.

Keywords: Powder Metallurgy, soft magnetic composites (SMC), gas and water
atomized iron powder, surface oxides, phosphate coating, XPS, HR SEM, EDX
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Chapter 1

Introduction

Soft Magnetic Composite (SMQhaterials designed for electromagnetic
applications are being producellased on traditional Powder Metallurgical (PM)
techniques. The latter provide profitable and sustainable production routes that yield
net-shaped parts, minimizing thus the required post treatment steps. The concept of
SMC technology is based on encapsafteach individuakon particle with a thin, in
the order of nanometres, electrically insulating surface layer and subsequently
pressing them together in a three dimensional array form of a finished compact. In this
manner, uniform and isotropic 3D magmneproperties are acquired that offer design
freedom in creating unique and innovative application concepts

TheSMC products exhibit improved magnetic performance for a wide range of
frequency applications as opposed to more traditional laminated steets farrites.
This is due to the fact that they offer higher bulk electrical resistivity by effectively
confining the deleterious effects of eddy currents, especially at high frequency
applications. As opposed to more conventional PM techniques, producficsMC
parts does not require sintering since that would compromise the viability of the
insulating coating. Conversely, a heat treatment at lower temperaigg@erformed in
order to relax any stresses introduced during compaction, improving thus dymatic
induction of the part and promahg curing of the surface layer for mechanical
strengthening. Additionally, it is possible by changing the thickness of the layer and the
particle sizedistribution of the SMC powdeto essentially tailor the magneti
properties of a compact towards a desired application.

From the above it is obvious that the insulating coating is the paramount
feature of the SMC technology and thorough investigatiohisscnature and behaviour
are required to improve and tailor therocess in producing parts of desired properties.
The objective of this thesisork was to implement techniques and methods that
would provide valid information on the surface chemistry and characteristics of the
surface layer. Surface sensitive analftitachniques namely Xray photoelectron
spectroscopy(XPS) and high resolution scanning electron microscopy (HR SEM)
combined with energy dispersiver&y analysis (EDX) are traditionally used in material
science to investigate, characterize and modefaue reactions.

The aim of the current experimental investigations, based on the
aforementioned techniques, was to determine the morphology, lbgeneity,
chemical compositionthickness and cohesion of the insulating layer to then
particles. For thiseason,standards were acquired and analysed in order to accurately
determine the chemical composition and state of the material of interest. Additionally,
thermodynamic considerationgegarding the composition and stability of the
insulating coating wereaddressedand compared with the expemental findings.
Furthermore, the contribution from factorsrelated to particles geometric
characteristicsas size, shape, surface area and morphologythenanalysisof the
surface layer were alsevaluatedbased ona theoretical model. The SMC grade was
divided into different size fractions and compared to metal powders of similar sizes
and various surface characteristics in order to quantify those effects.






Chapter2

Theoretical background
2.1 Powder metallurgy

Powder metallurgy (PMjefers to the processing science wianufacturingcomplex
shaped parts of high tolerances in large quantities and having low production cost. In
conventional press and sinter PM process this is done by using metal powder as base
material which is then densified tparts of thedesired shape through custom made
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high temperatures, belowthe melting point of the material in order to promote
bonding betveen the metal mrticles and thus improvethe mechanical properties.
Prealloyed powder allogprocessing below melting temperature and sometimes even
at solid statethus avoiding problems like segregation or shrinkage during solidification
in castings.

The PM technologyhas many advantages ovether manufacturing techniques such
as: material saving (around 95% of the material is used), energy per time saving (i.e.
lowest energy consumption per kilogram of finished part), complex shapes, high
reproducibilty, wide range of properties and uniqueness in certain fields (e.g. it is the
only process that allowsanufactureof cemented carbides, CMCs/MMCs, refractory
metals, structural ceramics, etc). Some of these advantages emerge from thédact t
PM vyields the possibility to manufacture more complex microstructures where
porosity or oxide dispersioand homogeneityrequired are superior as compared to

the results ofother processs Many methodsexistfor producing PM partsuch as hot

or cold isostatic pressg, metal injection molding, powder forging, solid state
sintering, liquid phase sintering, etdhe whole tree of the powder metallurgy

procesing appearsrom the illustration below (Fig 2.1).
RAW MATERIALS

POWDERS ADDITIVES

FORMING
HOT COMPACTION COLD COMPACTION
Isostatic
Die compacting
Sintering
Spraying

Die compacting
Isostatic
Rolling

SINTERING
Vacuum/atmosphere)

OPTIONAL MANUFACTURING STEPS
SIZING,FORGING,COINING

OPTIONAL FINISHING STEPS

HEAT TREATMENT, MACHINING,PLATING

N—

Figure2.1: PM process route (author illustration redrawn from [2]
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Helds of applicationof PM include 1) gpplicatiors with high cost savingsvhere
complex shapes, sall parts or large series are generat@)l applicationswhere
improvedproperties for better performance are neededid 3) applications where PM
Is the unique way as mentioned above.

Powder characterization

All of the above rantioned processes start with a powder therefore it is important to
understand the nature of the material to be able to evaluate the process and the final
product properties. A powder consists of particles, which are defined as theesmall
units of powder that cannot be subdivided further. Typical sizes in metal powder are
between 1um0.1mm (smaller than sand). The main attributes of a powder that need
to be considered and are studied in this report are:

1) particle size/distribution

2) particle shape

3) surface area

4) surface characteristics

5) composition, homogeneity and contamination

Also to fully characterize a powdéris necessary to describe how it is manufactured
and understand the various parameters in every step of the process [1].

Manufacturing of iron powders

The main categoriesf manufacturing techniques are:
1 Mechanical Fabrication
1 Electrolytic fabrication
1 Chemical fabrication
1 Atomization fabrication

Mechanical alloying involves fracturing and sheanogvdering materialin order to
achieve very small particles and then mixing them mechanically by milling using hard
balls in a large jar. In elgolytic fabrication, powder iprecipitated at the cathode of

an electrolytic cell whereas in chemical techniques thermal decomposition o
precipitation from a liquid is mostly used.

Since the metal powdsrstudiedin the present thesis are manufactured by either gas
or water atomization techniques, a more detailed description of their production route
is given below. The main featuoé atomization techniques is that a jet stream of gas
or water of high pressure is directed against the molten metal that is fed as shown in
Fig. 2.2which gives rapid cooling
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gas/water nozzles

collection chamber

Figure 2.2: Simplified schematic of a verti@al atomizer.

The main difference in the two types of powder is the shape of the partictes
atomized powder haspherical particles while water atomized siaregulaty shaped
particles. This affects the surface roughness of the powder and thus the compaction
capabilities later in the process to produce the final parts.

sle®le CG¢Z
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Figure 2.3 Drawing of gas atomizeleft) and water atomizel (right) powder particles

Moreover, water #mization oxidizes the powder significantly more than gas
atomization,affectingin this way its sintering capabilities and mechanical properties.
For this reason, a deoxidation process step is highly necessaryafteier production

by heating in hydrogn [3].

2.2 Soft magnetic compositgwowders

Soft magnetic composite (SMC) powder corsist ferromagnetic particles that are
encapsulated with an electridglinsulating thin surface layerhis type of composite is
used primarily for electromagnetic apgéditions. They are typically manufactured from
normal PM techniques under die compaction of the powder mix to the desired
compact shape followed by heat treatment at low temperatures. No sintering step is



required since the formation of necks betwedhe particles would damage the
function of the insulating coating.

Thus, preparation of an SMC finished compact includes the follguarg

a) High purity iron powder, produced by water atomizatios,preferred as base
material due toits excellent magnetigproperties (e.g. magnetic permeability and
induction) and suitable mechanical properties (e.g. higher green strength due to the
mechanical interlocking between the irregular shaped particlesCdgting of he iron
particles with an electricgl insulatng layer making sure that good adhesion and
coverage between the particles surface and the layer is achieved.

c) Mixng insulated particles with a lubricant in order to reduce interparticle and
particles to die wall friction

d) Compadhgthe powder by onventional die compaction to form the green body

e) Heat treaing the green body to a temperature regime between 4000°C in order

to relax stresses introduced during compaction (i.e. to reduce hysteresis core losses)
and to promote a curing operation & yields mechanical strength to the part.

The schematic below shows how tkeated ironparticles appear in a soft magnetic
composite (Fig 2.4) [5]

Insulating coating

Iron particle

Iron particle

Figure 25: Schematic of SMC particles

2.2.11ron core losses in electromagnetic applications

Magnetic properties of the materiaomprisethe most important part when it comes
to electromagnetic applications. There are two main characteristics of an iron core
component. These are its core loss properties and magnetic permeability.

There are three main contributions to the dissiatiin magnetic materials:
1) Hysteresis loss
2) Eddy current loss
3) Residual loss

Residual losses are only important in low induction and high frequency levels and can
be ignored for power applications.

Eddy current losses within an iron core ocdure to eletrical resistance losses that

the alternating electric field create3wo main effects are observed materialswhen

eddy currents are induced: incomplete magnetization of the material and increase in
core lossesOne way to minimize core losses is byngsthin laminated materials and
confining in this way the circulation of eddy currents within each laminate.



The SMC concept uses compositen powderwhich due to itansulating surface layer
allows eddy currensto travel onlyinsideeachparticle, thus givingelatively highbulk
resistivity The small nommagnetic distances between every parti@déso act as air
gapswhichdecrease the permeability of the bulk material.

As opposed to eddy current losses which are more prominent with increasing
application frequency, hysteresis losses are the main factor in low frequencies and can
be reduced by:

a) Large particle size

b) High purity iron

c) Stress relieve annealing step that follows the compaction. step

2.22 Advantages and Properties of soft magie composites

Soft magnetic composit¢éSMChave many advantages over laminated steels that are
generally used today. The most important one is that they exhitdigmetic and
thermal isotropy that yields three dimensional magnetic flux path capabilities
Furthermore,net shape partsan be producecven in complex configurations using
conventional powder metallurgy compaction procesat a relatively lower cost. The
SMC have isiilar magnetic saturation induction values tbose of wrought steel
laminates and alsolower eddy current losseat higher frequencies for a wider range
due tothe presence of the insulatingoating Because of these advantages lately they
are peferred asalternative to steel laminags for new electric designs such as electric
motors, fast switching actuators and pulse transformgés

As mentioned above, SM@aterial exhibits significant advantages that maki
appealing for electromagnetic applications due to their properties. Some of these are:
1 magnetic and thermal isotropy
1 very low eddy current loss and relatively low total core lvesn low to high
frequencies
high magnetic permeabilitgt high fields
high remanent magnetizatign
high resistivity
reduction in size and weight
large anisotropy constant
low coercivity
high Curie temperature

=4 =4 4 4 4 5 4

Additionally, one of theadvantages of the SMC technique is the fact that it is possible
to tailor the properties of a component to a desired application. These can be achieved
by changing the patrticles size distribution or #t@ating thickness and composition in
order to affect the permeability or corwss characteristics of the part.



2.3The osphating process [22]

Phosphating is a welkinown metal conversion treatmengespecially in automotive
industry. It is used to mvide the material with a thin layer of a phosphate coating that
gives anticorrosiorand wear resistanceroperties to the surface. It is also used as a
pretreatment procedure to parts that are going to be painted afterwards.
Furthermore,it has been showitthat such a coating provides insulation if used on iron
powderthus greatly improving itenagnetic properties [11].

Stages of general phosphating process

The stages of the phosphating process are as follows:

1 Cleaning. The surface that is to be coatedchexhanically cleaned and degreased
usually in an alkaline solutiofe.g. this step can be avoided as acetone is used as
solvent)

1 Rnsingthe material in ot water.

Qeaningof the surface with an acid (picklingjhe acid dissolves possiblgide
filmsand rust stainghat might be present.

Another step of waterinsing.

Phosphatingeither by immersing the material in a phosphate bath or bgraying.
Water rinsing.

Drying.

]
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Phosphating chemistry
The main components of a conventional phosphating sotuéire:

Water or a&etone as the main solvent

Phosphoric acid @PQ,)

lons (ypicallycations) of bivalent metalsuch aszZrf*, Fé*, Mn?".

Accelerator This substanceis needed to increase the coating process rate and
reduce the grain size of the depted coating.It is usually an oxidizing reagent
such as nitrate, nitriter peroxide

= =4 4

When a metallic materiafor instanceron, is immersed into ghosphate solutiorthe

iron ions arebeing provided by the dissolving substratend a top chemical reaain
takes placeon the surface. Ther¢he iron dissolution is initiated at the micro anodes
present on the substrate by the free phosphoric acid present in the bath. Hydrogen
evolution occurs at the microcathodsites[12] according to the following equians

3Fe + 6Ft 2PQ*= 3Fé*+ 2PQ%+ 3H (1)
Fe-> Fé"+ 2¢ (2)
2H + 26-> H (3)



As these reactions proceed, the pH is locally lowered at the surface. Themadtal
surfacebecomesfirst covered by a thin layer of primary ferrous phosphate which is
water soluble and then a thicker insoluble secondary and tertiary ferrous plasph
given by the reactions below:

Primaryferrous phosphate (solublelre + 25PQ =Fe(HPQ), + B (4)
Secondary ferrous phosphatmgoluble) Fe(HPQ), + Fe = EeHPQ+ H (5)
Tertiary ferrows phosphate (insolubleBF€* + 2PQ* = Fey(PQ), (6)

A simplified schematic of the phosphating processshownin Fgure 5

Phosphating solution
Fe™ P 8 O
Fe(H,(PO) poy H(PO):
H+
= J

Diffusion zone

O

Hoe'—s
L 2H +2e
Fe—Fe +2¢ Fes{POg4H,0O L

_L/"\I‘\/\’" 28 Cathode
Anode \\___)// (Microcathode area)

{Microanode area)

Metal surface(Fe)

Figure 25: Schematic of the phosphatg process

The existing ions are hydrogen anions shaw Figure 5 and the resultant coating is
iron-phosphate as indicated by the chemical reactions. The treatment is carried out by
stirring the iron powder continuously in the solution bath in order to expose each
particle [13].

During the process @ery snall amount of metal is removed from the surface and then
re-deposited in an irregular fashion. However, taishingalso has the side effect of
permanently removing some of the metal, since not all of it isleéposited.The key
parameters that must be curolled to achieve a quality phosphate coating are
concentration, temperature, pH, and dwell tim&@hese parameters also affect the
coating thickness which in turn affects the degree ooystallinity of the coating.
Thinner coatings show an amorphous stiture whereas thicker ones tend to give
more crystal structure [14].

During the formation of ferrous phosphate the solution suffers a depletion of the free
acid concentration and as a result the pH in metal/solution interface r&g#dicated
already alove, suclrise of the pH affects the hydrolytic equilibrium of soluble primary
phosphates and insoluble tertiary phosphates in the solution. Phosphoric acid should
always be added in the solution in order to keep the bath stable and make it effective
for deposition of the phosphate at the microcathodic sites



2.3.1 Kinetics of the phosphating process

Several studies of the phosphating kinetics have shown that the formation of the
coating followdour stages namely

a) Induction stage

b) Initiation of film grovih

c) Exponential main growth stage
d) Linear growth increase

In the induction stagehe surface oxide layer is removetheinitiation happens when

the first nuclei start to form and thus rate of nucleation increases fast. This also
depends on the phosphatealth conditions, the oxidizing agents and the pretreatment
process that the surface has undeken[22]. Most important part of growth is the
exponential stage.

By using accelerators in the phosphating bath reduction of the induction period and
extension ofthe linear stage is achieved. It has been reported that the rate of
phosphating is defined by the diffusion of Fefrom the substrate to the
coating/solution interface[15]. The rate of phosphating reaction is a function of
microanodes on the surface:

- FO =M< )

wheredt is the change in time-Athe surface area of anodes in micro cells &the
reaction rate constant. The latter reflects the influence of other factorgshe process
such as temperature, surface conditions, etc. which can additionally{Va}yThis was
shown elsewere for carbonyl iron powder expressing the variation of the rate constant
according to:

O PTI&®ADGD — i QO (8)

in which E = 4745 cal/mol is tlaetivationenergy of the phosphatizing reaction and k =
143.4 the rate constant coefficieffi22).

2.4 X-Ray photoelectron spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XBSa versatile, well established and widely
applicable spectroscopic technique for studying surfaces [7]. It can be used to acquire
chemical composition and state of tlredements present in a materiaurface, as well

as the surface layer thickness whemuuined with sputtering operations through ion

gun techniquelts basic principle involves the ejection of a photoelectron from a core
level inside an atom by anrdy photon of specific energ¥ig 2.6)[8].
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1s C

Figure 2.6: Schematic of the XPS photoemission of a 1s electron

The instrument is measuring the kineticesgy &) of these photoelectrons which
depends on the energy of the-rdy photon fv). The property that identifies the
parent element and the atomic energy level is the binding enefgy 6f the
photoelectron which is calculated from the above energisig the formula below:

0O W O (9)

where ¢ is the work function of the spectrometer and is characteristic of its
experimental configuration [9].The main components of an XPSrayate the Xray
source, the stage, the lens system, the analyzer and the detector. These components
are enclosed in an ultraigh vacuum chamber. A schematic of the instrument is shown

in Figure 6.

Detector

Monochromator

Sample

X-ray source

Figure 2.7: Schematic of the XPS instrument

The requirement for the vacuum arises for two reasonstlfi electrons that travel
towards the analyzer should encounter as fgasmolecules as possible otherwise
they will be scattered anavill not reach the detector, while secondly the technique
itself is sensitive to surface contamination. The electrons focused through a
hemispherical analyzer of a constant voltage by an electrostatic lens. The energy
discrimination of the electrons doneby controlling the pass energy and sweeping the
potential in the lens10].
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In the above configuration an argdon guncan also be used if depth profilingis
needed This involves the bombardment of the sample with heavy ions. The most
common gas that is used is argoXfter ion etchingthe samplewith the Ar ions in
specific intervals a small eroded arsacreated. By analyzing the surface after every
interval and plotting the intensity versus the etching depiie thickness of oxides or
coatings can be determined.

A typical XPS spectrum consists of a set of sharp peaks and a background, both
emerging from theelements present on the surface of the sample. The axes depict
binding energies versus number of electron counts which represents the intensity of a
given element in the sample. The peaks originate from core or Auger electrons that
escape the material whiout energy loss whereas the background comes from
electrons that have suffered inelastic scattering and thus energy loss. A typical
spectrum appears ifHgure 2.8. The notation that is used in XPS uses the electron
orbitals nj, i.e. 15, 2si2, 2p12, 2pPss2, €tc. Different electron spin is depicted with a
different peak in the spectrum.

Au

8 T T T T T T T T

-Fe2p3

Intensity(c\s)
Foy
1

T
iﬂﬂﬁ

0 | 1 1 1 1 1 1 | 1 1

1100 1000 900 500 700 600 500 400 300 200 100 0
Binding Energy (eV)

Figure 2.8: XPS survey spectrum ofgevder in the as received state

2.5Scanning electron microsco(§yEM) an@nergy dispersive-Kay
spectroscopy (EDX)

Scannig electron microscopYSEM)is one of the most commoly used microscopc
techniqueswhen it comes tanaterialscharacterization. The main advantage is its high
resolution and depth of focus that provide very detailed topographic contrast. The
basic princife of this method is bombarding the sample with a beam of accelerated
electrons and detecting the various signals that are emitted from the sample area that
is irradiated.The source of electrons is usually a bent tungsten filament which has to
be heated m order to emit electrondJsing high voltage of up to 30 keV electrons are
accelerated and directed towards the sample. Magnetic lenses and apertures are also
usedfor controling the diameter of the beam antb focus it over the sample. The

12



beam scans theurface under examination in a raster scan manner. The instrument
operates under high vacuum conditions so interactions between electronsgasd
molecules are avoided. A schematic o6&M instrument is shown FHgure 2.9.

Electron Gun

9,

Electron Beam

Condenser Lens

I I Scan coils

Objective Lens

|~
Detectors

BSE I vV
— Sample

Figure 2.9: Schematic of SENstrument.

There are many different ways that the sample can interact with the electron beam
depending on the penetrating depth (fig 2.10). Different kinds of detectors help collect
the various sample responses and through computer software the resjgeictiage on

the screen is provided. Advanced microscopes are also equipped with a Field Emission
Gun (FEG) that yields high quality imagad¢pw acceleration voltagesombined with
higher resolution and brightness

For normal imaging purposes second&B¥] or backscattered electrons (BSE) are most
commonly used. Secondary electrons offer a) higher resolution b) higher -signal
noise ratio which gives better quality images with good topographic contrast, while the
backscatter electrons provide enhancedemental contrast. ANSEM can also be
equipped with speciainlens detector for improved topographical contrast at close
working distances by collecting secondary electron from small angles close to the
beam column [16].
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Electron Beam
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Backscattered Electrons
Characteristic X-Rays
Continuum X-Rays

Figure 2.10: Interaction volumef sample for various types of signals

Another possibility within the SEM is to us@ay spectroscopy. High energy electrons
from the beam have the ability to knock oatcore electron from the sample atoms
thus leaving avacancyto be filled by highe energy electrons. The transition from a
higher energy state to a core level happens with the simultaneous emission efegn X
which is characteristic of the atomand the atomic transition Using the >ay
spectroscope that is attached to the SEM one datect suchX-rays and the result is
an Xray spectrum of the area investigateldg 11) [16].

Spectrum 3
Fe
C
0
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L L L L L
0 1 2
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Full Scale 4343 cts Cursor: (.000 ke
Figure 2.11: EDX spectrum of Somaloy 500

2.6 X-ray diffraction (XRD)

The X-ray diffractionis an analytical techniquthat helpsusto understand howthe
atoms or molecules are structured within a crystal.this technique an-Xay beam is
targeted towards the sample and is diffracted by the atoms into various specific
directions A detector is measuring the angles and intensities of these beams &nd th
output is a 3D representation of the crystal electron density. this manner,
information such as unit cell dimensions, crystalline order, phase identification,

14



residual stresses in the material, among other types of analyses can be performed. In
an xray diffraction measurement, the material investigated is mountedtoa stage

of the instrumentand gradually rotated whilehe Xray source is also moving at
specified angle intervals{rays are scattere@lastically inside the materiand while

most of them cancel one asther as they add destructively some add constructively
following Braggs law:

HREAAY Ty< (10)

wheredis the spacing between diffracting planés,is the incident anglenis any
integer and<is the wavelength of the beaif23].

The diffracted xays produce a pattern and since most materials have unique
structure, compounds can be identified using already known patterns from available

databases. A typical XRD patterssihown below
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Figure 2.12: XRD pattern with the database fitting lines present

A powder Xray diffractometer consists of an-rdy source (usually an-rdy tube), a
sample stage, a detector and a way to vary the incident angle. ¥hgiXfocused on
the sample at some angle while the detector opposite the soce reads the intensity
of the Xray it receives aR' away from the source path. The incident angle ienth
increased over timat a desired stepnterval while the detector angle always remains
2 above the source path (Figugel3).
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Figure 2.13: Schematic of a difractometer.

2.7 Thermogravimetry (TG)

Thermayravimetric analysis is the technique that measures the change in mass of a
sample as a function of temperature in a predefined temperature program.
Temperatureis thenfirst slowly increase then followed by an isothernmalateau for a
specified time and then a faster cooling down of the sample is performed. The weight
of the sample is measured before the procedure and compared to the weight change
that is happened during the temperature increase. From this data a wéghktcurve

is generated. The instrument consists of a sample holder, a high resolution balance and
the furnace all inside a vacuum chambwith possibility to also have a gas
atmosphere [26]
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Chapter 3

Materials and Experimental procedures

Materials under examination

In this thesis three types of powder were studied attty were all provided by
Hbéganas AB, Sweden:
1 Commercially available ABC100.30 powder, produced by water atomization
1 High purity Fe powder, produced by a pilot gas atomizer
1 Gommercially available Somaloy 500® soft magnetic composite powder

Additionally, an iron foil, Imm in thickness, of 99,5% purity and chemical composition
shown in Table 1 produced by Goodfellow Cambridgd. was used for standard
calibration measurementafter fine polishing to >m. The samples prepared from the
foil were Q85mm x 085mm in dimensions anthey weresubsequently annealed at a
maximum temperature of 508C for 15 min with a rate of £G/min in argon 50% /
nitrogen 50% atmospherd-urthermore, additional samples wegdso treated under

the same coating process as the soft magnetic composite powder grade.

Table 1: Fe foil composition

Element Fe Mn Si C P S

Content Wt%) | 995 0.3 0.1 <0.08 <04 <0.05

To accurately perform curve fitting operations on the sampledeunnvestigation and
assess the effect of the sputtering operations on the compounds present on the
surfaces, measurements were conducted for chemical standards. These included iron
oxides FgO; and FgO, (SigmaAldrich along with iron (lll) phosphate lydrate
(FeP@2H,0) and in dehydrated (FeRtate after heat treatment, all in powder form.

Sieving

To investigate the effect of particle morphology and geometry,ttaiée types of
powder were sieved using the same sieve sizhigh werechosen accaling to thear
particle sizedistributionsspecificationsas received from the manufacturefhe sample
size for every sieving process was 26yl was conducted with the octagon 2000
Digital Sievehaker from Endecotts usinthe 106um and 53umaperture sie sieve
grids also from Endecott8ecause of the powder fine natureach sieve operation
lasted 15min under the alternate mode where the apparatus first shakes and then
stops the sieve to leave the particles some time to settle through the megkfes.
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sieving every powdegrade, the samples wereategorizedin three particle size
fractions
1 2106umand higher

1 Betweenl06umand53 um
1 53 pmand below

Equipmentand powder preparation

Measurements werelone for each of the threkinds of powdeA y (168 QIS MO S R £
state as well for each of the powdsizefractionsafter sieving.

Surfaceanalysis of powdewas done at Chalmers University Tdchnology with Xay
photoelectron spectroscopy (XPS) using the PHI 5500 instrument.

The XPSamples were prepad by using duble sided adhesiveconductive carbon
tapeas this method allows the particles to stick on the tape without deformation and
alterations d the microstructure.

Along with the XPS measurements, ion etching was also performed on every sample to
get the composition depth profile of each powder. Based on this method it was
possible to estimate the oxide and phosphate thickmssaccording to a theoretical
model described earlier by Nyborg et al. [18].. FeIMULTIPACK software (PERKIN
ELMER, EdePrairie, Minnesota, USA) was used for the XPS curve fitting analysis.

To characterize the morphology of theetal particles a FEG SEM LEO Gemini 1550
(CARL ZEISS.EO electron microscopy, GmbH, Germangys used while chemical
micro analysis on thegwder surface was conducted usingDX spectroscopy (INCA
Energy) (Oxford Instruments, High Wycombe, England)

For the SEM analyses the samples were prepared by plasiag amount of powder
between two soft aluminum plates and prasg at low pressurs of 1-2 MPa to

G YSOK I yirte®dcK thegparticleson the plate surface The samplewere then
mechanically mounted on a specific holder providing good conductivity for the sample
and then analyzed

C2NJ 0KS w5 |ylfeasSa (KS YNNG RNUSYSYEMS FNR Y
6! - {0¢ 6l a dzaASR® ¢KS a2dz2NOS gl a /NI Yl i
from 20° to 120 with 0.05’ step and 5 sec/step

The TG instrument used in the present work is a simultaneous TG/DTA/DSC thermal
analyzer STA 449 F1 Jupieguipped witha high resolution system both in weight and
temperature measurement.

Iron oxidest iron phosphate

The oxides (€3, FeO,) that were used as standards were also mounted on carbon
tape for the XPS analysis whereas the iron phosphate atan@eP¢) was compacted
and placed in the XPS as a compaihga specific holder. For two of these materials
(FeOs; and FePg) electon neutralizer had to be usedue to their insulating nature
charging effects.

Samples were also prepared from all ttigemical standards for XRD measurements in
order to define their crystalline state and purity.
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Chapter 4

Results

4.1 Analysis of theron oxide standards

T Iron(lll) oxide (F£s)

The XPS spectrum of the iron (lIl) oxide gives a clear oxidic peak aRe tisatellite

peak is also visibleseeFgure 4.1

T ) T Y T T T ! T Y T ! T

2000 c/s ——Fpa- )

Intensity [arb. units]

| ! I 1 I ! ] ! | . | ! I
730 725 720 715 710 705 700
Binding Energy [eV]
Figure 41: XPS high resolution spectrum of the iron Fe2p3 pefiks-e,0;at Onm.

By using curve fitting the iron signal is analyzed to its three main contributions. As

shown in Figure 4.2 the p& at 7128 eV corresponds to the hydroxide compounds on

the surface, the peak at 71®eV is assigned to iron iR state while the peak at

7095 eV is for iron in P state. The background removal, method used in this thesis

G2N] o6la aAé SN KIRNBLKANISSEF SO0 a

electron flood gun for charge neutralization was us@&tie adventitious hydrocarbon

g SNB

with binding energy at 285 eV was also used as reference value for additional software
peak position correction. The ggen signal shows a clear oxide pe&ls29.7eV and

OH also presentRigure 4.2)27].
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Figure 42: XPS malysis of chemical state of iroand oxygen peaksith the help of curve fitting inasreceived
state of the FeQO..

The birding energy values for the oxidized states of iron are used for the curve fitting
operations on all the samples analyzed in the presgatly. After excessive sputtering
the metallic state of iron appear&ig 4.3).

Intensity[arb. units]

715 ?;U 7[‘]5 715 7;[] 765 718 7‘10 FtIJS 715 7;0 765
Binding Energy (eV)
Figure 43: Appearance of the metlic state of ironin XPS analysiafter excesive ion sputteringat F&,0O;

standard

To accurately determine the chemical standard purity and composition, XRD technique
was implemented. The findings are shownHgure 4.4.1t is clear that the oxide is
crystalline andthe semiquantitative analysis with DIFFRAC.EVA v.3.0 from BRUKER showed
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that for the case of Fe203 there is approximately 92.5¥hambohedralhematite and 7.5%
of orthorhombicmagnetite.

140007
| lIron oxide Fe203 evaluated raw

| PDF 04-003-2900 (Tune Cell) Fe2 O3 Hematite, syn

130003 | PDF 04-007-1061 Fe3 O4 magnetite orthorhombic, syn. iron diiron(lll) oxide | Iron Oxide
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Figure 44: XRD spectrum of K©; with database eferences of the known phases

T tron(lL,I) oxide (F¢Dy)

The second type of iron oxidstandarqFe304)was also examined with XPS. This
oxide can also be formulated as ® ,@ &nd it contains both Féand Fé*ionsin
proportions 1:2 The XPS high resolution spectrum show a lower contribution of the
Fe** satellite peak since Fés also preserfor this oxide Fig 4.5).
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Figure 45: XPS high resolution spectrum di¢ iron Fe2p3 peaks fasreceivedFe0O;,.
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By curve fittinghe binding energies of these cations are confirnassghown inFigure
4.6 below.
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Figue 4.6 Analysis of chemical state of irceind oxygenwith the help of curve fitting h asreceived state of the
F&0O,.

The binding energy dte* is 7109 eV andthat of F&*is 7098 eV with theexpected
ratio 1:2 betweenpeak areas fothese two contributionsThe xygen peak is @30
eV. No charging was observed in this oxide and #iaes are very close in accordance
to the previous examined oxide, verifying that the charge correction gi©Feas
correct [28].

XRD was also performed on this sample for phase determinéfiign4.?. This oxide
has also crystalline structure as shofvam the distinct nature of the R®, peaks on
the spectrum with only this phase present.

22000+ 1 lron oxide Fe304.raw
4 | PDF 87-0245 Fe2.93 O4 Magnetite, syn
21000 | PDF 65-3107 Fe3 O4 Iron Oxide
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Figue 4.7: XRD spectrum of E&; with database references of the known phases
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9 Iron foil standard

XPS analysis was performed on the iron foil in order to otdastear ironmetal peak

and use its characteristics for curve fitting sifjnals from the iron powderA low
resolution survey spectrum of this sample showing an overview of the elements
present on its surface is depictedkgure 4.8.
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Figure 48: XPS surveypectra for the iron foil in asreceived and 20nm etched state

As the foil was first polished and then annealed the oxide formed on top was expected
to be very thin in thickness. Some impurity elements already known from the initial
compositon were also present on the surface. The etching staps$ correspondent
apparent surface composition ane Table 2.

Table 2: Element conten(at%)in the surface and ioretched state of the agolishediron foil

Contenfat%]Element Fe 0] C Ca Si Mn
Asreceived 233 538 18.4 0.6 1.6 1.1
Etched 1nm 442 54.1 - 0.43 0.6 1

2nm 63.2 35.7 - 0.2 0.2 0.8
3nm 85 14.4 - - 0.3 0.4
5nm 919 7.6 - - 0.3 0.2
10nm 93.4 6.3 - - - 0.3
20nm 93.5 6.3 - - - 0.2

The carbon immediately disappears after thestfietching step clearly indicating that

its signal originates from contamination on the top layer, while silicon disappears after
1nm of sputtering. The manganese is present in oxide form within the material and
exhibits a slower decrease with etch depifhe apparent concentration of iron almost
reaches 94% while oxygen drops to 6.3% at 20nm etch depth. Figure 4.9 shows the
progress of the elements relevant concentration.
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Figure4.9: The element content over etching depth for the iron foil in the-pslished state

The metallic peak starts to appear after the removal of the surface contamination layer
which eliminates the carbon content and is very clear at 20nm etch depth. Figure 4.10
shows the high resolution XPS spectra for the iron sigireglectad etch depths.

20nm
2nm \

Aspolished

Figure4.10. XPS spectra in thas-polished state and etching depths of 2nm and 20nm
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