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Abstract

Equiatomic FeCo alloy which has the highest saturation magnetisation of any soft
magnetic material is limited in application due to it being very brittle. The development of
composite carbon narmarticulate filled alloys has achievédle or no overall benefit due

to difficulties with agglomeration in the mixing process.

In this research, improvement in mechanical and magnetic properties has been achieved in
FeCo alloy composite with a very low fraction carbon nanotube (CNT) reerfoent
prepared onlyby low energy ball milling, with notable improvemeat comparedto
composites preparegreviously by premixing in dimethylformamide, followed by low
energy ball milling.

Significant improvement in hardness and magnetic properties linsen obtained in FeCo

alloy by reinforcement with a small addition of graphene nanoplatelet (GNP) alone and
prepared by low energy ball milling. However, significant overlapping between the
nanoplateletsleteriorated the strength and elongation. Insgi@NT amonghanoplatelets

was found to reduce the overlapping and enabled refinement of the microstructure,
however, at the expense of some increase in porosity in the spark plasma sintered
materials.

The spark plasma sintering conditions have been cgetinat relatively lowsintering
pressure by use of high temperature and controthiedneating rate and dwelling time to
enable neafull densification in base FeCo alloy. By careful selection of sintering
parameters, it was found to be possible to ireweaeld strength, elongation and suppress
the intergranular fracture in FeCo alloy, combined with good magnetic properties. This
optimised SPS process was developed following the atleseribed solvent dispersion
studies and applied subsequently to felloy alloy-composite developments.

The ultimate strength, yield strength and elongation were significantly improved by
embedding GNP in flaked FeCo powder, which enabled uniform dispersion up to 6 vol. %
in contrast to very poor dispersion in spherical gemw

The increased coercivity from dispersion in flaked FeCo powder was reduced by
guenching the compitss from the disordered regiowhich led to further improvement in
elongation. However, the highest tensile strength of the heat treated samplesaiveesiob
after quenching fronthe ordered region.

Interface bonding was improved in CNand GNR filled FeCo alloycompositedy high
energy ball millingwhich increased the propertiestbé composites. Howevesignificant
damage to the structureasimparted by ball milling of carbonaceous nanomaterial when
the time of ball milling was extended. By nature of their-tumensional form, dispersion
of GNPs was found to be far more challenging in FeCo alloy comhpaitt the CNTSs.
However, the mechanical properties e GNP composite exceedetthose of their
counterpart CNT  composite  even ata lower volume  fraction.



Chapter 1: Generalintroduction

FeCo alloys havea unique combination of high saturation magnetisation, high Curie
temperature and good strength. There is emerging need for using FeCo aliggingent
operation conditions, the applications in modern power generation system, magnetic
bearing in transpting system, actuator and energy storage system like flywheel
applications are required not only good magnetic propehigsalso high mechanical
properties, such as high yield strength and good thermal stability up to 600 °C [1]. The
equiatomic FeCo allpat a temperature lower than 720i8hermodynamicallgtablein
long-range ordered structure, which causes extreme brittlengbe alloy. Most effors

are made toimprove the mechanical properties of FeCo alloysyrein alloying witha

ternaryelement, heat treatment and deformation [2].

The gap in the knowledge from the literature review is identifiethe® are very
limited to no attempts were used composite strategy to improve the properties of FeCo
alloy by nanomaterialsThis method offes unique advantages over the aforementioned
methods such as improvement in creep resistance, less deteriorate in magnetic properties.
Recently,FeCo alloywas reinforced by micrometre reinforcement silicon carbide particles
SiCp and whisker SiCwand nanometre reinforcementarbon nanotubeCNT. The
improvement in bending strength wast significant and limited to 1 vol. % CNT due to
poor dispersio3]. Therefore, the current work takes the challenge on using carbonaceous
nanareinforcement to improvthe properties of FeCo alloy through different strategaes
achieve aetter dispersioffor reinforcementandthe best combinatioaf mechanical and

magnetic properties.

Spark plasma sintering (SPS) is relatively new sintering technique with advantages
of fast densification combined withsignificantgrain growth and short time for sintering.
This process is used to synthesisigh-performance materials which are extreynel
difficult to obtain byconventional row like hipping sintering process [4]. Durintge SPS
processa uniaxial pressure is used, along with a pulsed high DC current (>1000 A) at a
relatively low voltage (~ 10 V) through graphite die to consolidatetivedered materials
A heating rate as high as 1000 °C/min can be achieved in SPS. This process enables clean
grain boundaries with reduced impurity segregation at grain boundaries, improved bonding
quality and magnetic properties [5, 6lhe SPS processvhich is used for sintering

ceramic, metal, and composite, showdvantagesin sintering nanocomposite and



nanostructureover conventional sintering methoddue to its ability to preserve

nanostructure features anddiotain fully dense material [G].

The aim of the research was to improve the mechanical properties of B4Gp
with less deteriorabn in magnetic properties by spark plasma sintering parameteds
through reinforcing FeCalloy by different carbonaceous nanomateridlse interfacial
bondingcan improve by coating reinforcement [8], high energy ball milling [9] and short
sintering time like spark plasma sinterjighich redu@sthe thickness of interface layer
[10]. Away from the coating, theseapproaches were use@ihe methods andnaterials

preparedn this studyare summarisedelow:

A Spark plasma sintering conditions of equiatomic FeCo alleye optimisedat low
sintering pressure of 50 MP# avoid frequent breakag# the graphite dieduring
high sintering pressure @0 MPa. Near fully densification with improved mechanical
and magnetic propertiesasachieved at sintering pressure of 50 MPa.

A Using solvent for mixing CNTwvith ceramicor polymer matrk enables homogenous
dispersionTherefore theinfluence of pemmixing of CNTswith FeCo alloy powder in
dimethylformamide o dispersion was tested. The improvemenpriopertiesvasvery
limited due to poor dispersion

A A mixture of CNTin ethanol was used to disperse GNPs in FeCo alloy with aim of
reducing the overlapping between GNPgspitethe reduction in GNP®verlapping
and refining the structure, theporosities werdancluded from inserting CNTswhich
decreasethe propertie®f FeCo alloy composites

A Theinfluence of the FeCo alloy powdartorphologyon dispersion GNRvas studie.

The homogemrous dispersion of GNP iflaked powder improveshe mechanical
properties significantlas a compared to spherical powder

A Heat treatmenivas doneon 4 vol. % GNPs composité flaked powderthedisordered
structureshowed an improvement in elongation ardduction in coercivity.

A High energy ball milling was used to dispersion 1.5 vol. % CNT in FeCo alley
different periodsto optimise the best time for improved interface bonding with less
damage to CNT. The best combination between mechanical and magnetic properties
can be obtainedith ashort ball milling time of 1 h.

A High energy ball milling was also used to dispersion 1 vol. % GNPs in FeCo alloy with
thesame aim to CN-tomposites, the best mechanical properties were achieved after 4
h.



Chapter 2: Literature review

2.1. Introduction

New electric driven systems are required for modern aircraft that are used in both civil and
military applications. Many advantages are offered from pushing electric systems in More
Electric Aircraft (MEA) over traditional hydraulic, pneumatic, and mechéariceven
systems. This includes substantial benefits in maintainability, reliability, environment,
performance, survivability, and cost F1B]. In the transport industry, a reduction in
weight is a priority and, therefore, materials with high podensity are needed. FeCo
alloys with high saturation induction can meet this requirement. MEA requires the use of
soft magnetic material in stringent operation conditions because these materials are
exposed to high temperatures and stresses in the ogezatimtonment. Although the high

Curie temperature of FeCo alloy retains good magnetic properties at high temperature [1],
the mechanical properties of equiatomic FeCo alloy means that it is unfit due to extreme
brittleness from favourable ordered struet®2 at room temperature. With the emergence

of MEA applications, efforts are now being made to improve the mechanical rather than
the magnetic properties of FeCo alloy to meet the requirements of these harsh applications
[14]. However, unsurprisingly, thetudy of equiatomic binary FeCo alloy is discontinued

in the literature, with focus given instead to the ternary Pé@doy because its properties

are easier to manipulate. Recently, an alternative to the ternary alloy, FeCo alloy composite
materials hae been developed to improve the mechanical properties with less deterioration
of the magnetic properties, as well as providing more stable mechanical properties at high

temperatures.

2.2. Binary FeCo alloy
2.2.1. Phase equilibrium diagram of FeCo alloy

The phase equilibrium diagram of FeCo alloy is shown in Figure 2.1 a. Near equiatomic
FeCo alloys are favour 3b logphdsdat roanrtenparatute B 2
at cobalt content variation of Z& at-:% Co. The ordered structure is descrilaesdtwo
interpenetrated simple cubic sldttices, in which one of sdlattice is occupied by an Fe

atom and the other is occupied by a Co atom, as seen in Figure 2.1 b. The B2 structure is
di sordering to b.c.c. ( U) phhiacshe tarta nas fteernsp «

phase at a temperature above ~ 983 °C. The Curie temperature corresponds to
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transformati on from (U) t o (92) i n FeCo
temperature of 985 °C in the alleyth 46 at-% Co [1].
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Figure 2.1. (a) The binary diagramof FecCo al | oy exhi biting ordered bcc (
and Curie temperature (Tc)[15], (b) b.c.c and ordered B2 structure [2].

2.2.2. Mechanical properties
2.2.2.1. General introduction

The discontinuity in yielding in (Figure 2.2) is observed in a caibmmalloy, and also in

the ordered intermetallic alloys, which is formed due to: pinninpcAsion motion; the
density of mobile dislocation is low; and the stress has a slight effect on dislocation
velocity [17, 18]. The lower yield point is more reliable for purpose of strength comparison
than the upper yield point because it follows the {®a&tch equation, which is related the
change in yield strength to grain size, and due to affect the sample geometry, alignment,
and strain rate on the upper yield strength value [19].

(ﬂ) Uniform Nonuniform (b)
plastic plastic Upper yield point
Elnlunr.I flow ! flow S

| "~ Lower yield point
Yield point
elongation

Engineering stress

Total elongation
to fracture |

Engineering strain Engineering strain

Figure 2.2. (a) Typical engineering stresstrain curve, (b) abrupt in yielding curve [16].
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2.2.2.2. Mechanical properties of equiatomic FeCo alloy

EquiatomicFeCo alloys are extremely brittle due to their thermodynamical stabilisation in
the ordered structure B2 at room temperature [1]. Therefore, almost all of the available
data that is used to study the deformation behaviour of equiatomic FeCo alloysrisdbta
from compression tests. There have been very few studies on tensile deformation of the
binary FeCo alloy which exhibit that the yield strength and the elongation of alloy depend
on the cobalt content. Both the yield strength and elongation of eqisafe@@o alloys are
increased in ordered structure of-@ch alloys. However, the ductility of the ordered
equiatomic FeCo alloy and Fe rich alloy is virtually zero and these alloys fail before

achieving yield strength, showing only fracture strengthhawas in Figure 2.3 [20].
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Figure 2.3. Effect of cobalt content on (a) yield strength and (b) elongation, * Indicate to facture strength [20].

The dislocation mobility in the ordered structure is very difficult because the dominant
deformation mechanis is the planar slip while all of the disordered FeCo alloys exhibit
wavy slip, as seen in Figure 2.4. The consequence of this is the extreme brittleness in the
ordered FeCo alloys, while the disordered structure shows more ductility in binary FeCo
alloy [21]. Therefore, it is suggested that even partial disordering at grain boundaries

improves the ductility of FeCo alloy through allowing wavy slip in these regions [22].



Figure 2.4. (a) Planar slip in ordered state of the binary FeCo alloy; (byavy slip in disordered state [21].

Brittle fracture mode is observed in both ordered structure with zero elongation and
disordered structure with only 4 % elongation in equiatoR@€o alloy, showing almost
an intergranular fracture that combines with a small amount of transgranular cleavage, as
seen in Figure 2.5. Deviation from the equiatomic composition by increasing cobalt
content improves the ductility in FeCo alloy; therefdveth the ordered and disordered

state fail by ductile fracture with dimples on fracture surface [20].

Figure 2.5. SEM of fracture surface of equiatomic FeCo allay(a) ordered structure, (b) disordered structure [20].

2.3. Adopted procedures tomprove the mechanical properties
of FeCo alloy

2.3.1. Addition vanadium to FeCo alloy

Despite the innovation of high induction combined with higher permeability in equiatomic
FeCo alloys and lower coercivity than the Fe rich alloy by Elmen in 1929, themex

brittleness of the equiatomic alloys and their high cost prevent their industrial applications
7



[2]. In 1932, White and Wahl [23] found that the addition of vanadium to equiatomic FeCo
alloy relieved the poor ductility and enabled hot rolling in tls®dlered state by up to 90

%. Similar to other alloying elements, adding vanadium to FeCo alloy deteriorates its
magnetic properties [246]. The saturation magnetisation of FeCo alloy was decreased
about 4 % when about 2 % vanadium was added and, theredaetain good softness the
added vanadium must be below 3-94. However, the resistivity, which is important to
reduce the | osses in FeCo alloy, was sign
27]. It is suggested that the addition of vaima to FeCo alloy may slow ordering, which
leads to improvement in ductility [28]. Stoloff and Davies [29] studied the influence of an
ordered structure on the yield strength and ductility of F2CoV alloy, the samples were
quenched from a high tempeareg within the range of 50000 °C. A peak in yield
strength is observed at a critical degree of or8e0(2), at a temperature @i, (~710 °C),

which is just below the critical transformation temperature of the @tderder structure,

as shown in Figwr 2.6. This peak was shifted to the disordered region when the vanadium
content increased to 3 wt because of increased precipitation [30]. Thornburg [31]
studied the annealing effect of cold worked Feg26V alloy within the range of 64060

°C on the fnal properties, discontinuous variation in strength and coercivity with annealing
temperature, and the peak value for ductility was achieved in the partially recrystallised
structure. Hai | e 23-G3N4 su@orts the samey behaviour krel Che
mechanism behind it. Sourmail [33] criticised both cases and attributed the discontinuity in
the strength and coercivity property versus annealing temperature to the sharp grain growth
rate around the critical temperatufe 720 °C. However, a partiallyecrystallised
structure with the lowest degree of ordering was recently suggested for a better
combination between mechanical and magnetic properties inPé@boy [34].
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Glezer et al. [35] studied the grain boundary chemistry of FeCo and-Z&¥o
They suggested that the ductility of ordered F@2¢/ was improved because of partial
disordering at the grain boundaries $§gregated impurity. Because of the need to use
FeCo alloy at a temperature greater than 500 °C, the oxidation behaviour e2V¥eloy
was studied by [36]. Two layers were formed during oxidation, the outer layer involved

(Fe, Co)O4 and FgO3 while the inner layer consisted of cobalt oxides.

2.3.2. The effect of other alloying elements beyond vanadium

Although the improvement in the mechanical properties of Fé@toys is significant in
disordered structures, there are very few studies that hasa@@dvances in the ductility

of an ordered structure in FeCo alloy. This structure showed ductile behaviour after
alloying with specific elements such as W, Nb, Ta, & and Ni and intensive cold
working [25, 37]. The precipitates that are formed cdudeviation in the chemical
composition of the matrix, producing local concentration disorder regions (LCD) around
precipitates, which were refined and uniformly distributed after intensive cold working,
leading to a ductile ordered structure [38]. Higlastic deformation has a considerable
potential to deteriorate the magnetic properties if there is no subsequent annealing
treatment. George et al. [39] compared boron and carbon addition teVFae@Gad FeCo
alloys. They found that the ductility was sign#idly enhanced in the ordered structure of
the ternary alloy, in the range of 2215 wt-% vanadium, because of the refining slip by
fine boride or carbide precipitates. Unfortunately, neither boron nor carbon have improved
ductility or suppressed grainobndary fracture of equiatomic FeCo. An intergranular
fracture before yield strength was observed in equiatomic FeCo alloy doped with boron or
carbon. Whether or not the fine precipitates formed by carbon or boron have a significant

influence on the magrietproperties is still not established.

2.3.3. The effect of grain size on mechanical properties

The mechanical properties of equiatomic FeCo alloys are highly correlated with the grain
size, following the HalPetch relationship in both the ordered ahd tlisordered state
[40]:

” , Qq 7 (2-1)

wheredy is the yield strengtlli; andk, are the intrinsic lattice resistance and Hadiich

parameters, respectivedydd is the grain size



Sunder [41] reported that the stress concentration at grain boundaries due to planar
slip of dislocations in ordered state can be reduced by refinimg gz, which improves
ductility in the ordered state. The ductility of FeCo alloy is inversely varied with the square
root of the grain or subgrain size [42]. However, attention must be paid to select the most
suitable temperature of heat treatment beeate kinetic of grain growth at an annealing
temperature higher than the critical temperature of ordering is reasonably faster than at an
annealing temperature below the critical temperature of ordering, see Table 2.1 [43].

Table 2.1 Effect of annealingemperature for 1 h on the rate of grain growth FeCe2V alloy.

Annealing temperature (°C) 675 688 700 711 725 750 Extrapolate to 775

Grain size (um) 0.6 08 14 30 79 120 171

2.4. Magnetic properties

2.4.1. General introduction

The basic magnetic properties of materials are explained on the hysteresis curve in Figure
2.7. Broadly, magnetic materials can be categorised into two main groups depending on
how easy they are to magnetise, they can be either soft magnetic or hardian&grfiet

magnetic materials can be magnetised easily by a relatively low magnetic field, and they

retain relatively low remanence after the applied field is removed.

Figure 2.7. Magnetic properties of materials as defined on the flux density ®rsus magnetic field H. Coercivity
H., remanence R, hysteresis loss WH, initial permeability i, maximum differential permeability and
saturation flux density [44].
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In general, soft magnetic materials are characterised by a high initial permeability
of 1.1-1,000,000 and low coercivity of 0.1800 A.m" [44]. Soft magnetic materials are
broadly classified into metallic alloys, intermetallics and ceramics, as seen in Figure 2.8 [1,
45]. Soft magnetic materials are needed in different applications, symweer generation
and distribution, actuator, magnetic shielding, data storage, and microwave
communication. Irof(30-50) cobalt alloys exhibit the highest saturation magnetisation
among the soft magnetic material for value (2.45 T) combined with higl @unperature
(920985 °C), making them an attractive material for high temperature and light weight,
power dense applications. The magnetic properties and the current applications of

equiatomic FeCo alloy are summarised in Tables 2.2 and 2.3, respefiijvel

2.5 -
1 50% CoFe
—~ 3% SiFe
':, 2.0 - ‘0:: Fe
i amorphous
c
K]
% 15— nano-
0 crystalline
‘_o“ 40-50% NiFe
o 1.0 FeSiAl (Sendust)
5 amorphous FeNi-base
®
3 70-80% NiFe
3 0.5 - (permalloy)
amorphous MnZn NiZn
Co-base soft ferrites
0.0 I T T l
0.1 1 10 100 1000

Coercivity, H, (A/m)

Figure 2.8. Comparisonof the saturation magnetic polarsations (=5 MS) and coercivities of different soft magneti
materials [45].

Table 2.2 Magnetic properties ofequiatomic FeCoalloy [1].

Magnetic properties Value
Saturatiormagnetisation (T) 2.4
Coercivity (A mi%) 150
Curie temperature (°C) 980
Initial permeability 800
Maximum permeability 50038000

Saturation magnetostriction (ordered condition)
a‘100:150x106 ) a‘111=25x:|-06 ) a‘poly(:rystal:Gox106

Magnetocrystalline anisotropy constant (3)m 0
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Table 2.3 The current applications ofequiatomic FeCo alloy [1].

High performance transformers, Pole tips for high field magnets

Magnetically driven actuators in impact printers, Diaphragm in telephone handse
Solenoidvalves, Magnetostrictive transducers

Flux guiding parts in inductive speed counters, Electromagnetically controlled nc

Internal starter/generator in aircraft

2.4.2. Saturation magnetisation

The saturation magnetisation, in general, is insengitiibe microstructure and strongly
relies on the chemical composition [27]. Pure iron, which is one of the best known soft
magnetic materials, cannot be used directly in industry because of its high softness and low
resistivity. Efforts to improve the stigth and resistivity of iron were made through
alloying. Although saturation magnetisation is only increased when the iron is alloyed with
cobalt, the high cost of cobalt and the extreme brittleness of the binary FeCo alloy are
limiting factors. Adding vaadium or other alloying elements to improve the strength of
FeCo alloy has a detrimental effect on the saturation induction of the alloy, which is also
found to be affected by the degree of ordering [27, 46]. Variation of saturation moment of
FeCo alloy wih the degree of order is shown in Figur@ 2.[28]. Hug et al. studied the
effect of t ensi 36 %sstraineam ghe magnetisatign of the=atderéd
FeCo2V alloy, see Figure 2.b [47]. Plastic deformation decreases magnetisation,
especilly along the rolling direction. The same has also been observed in the soft
magnetic FeSi alloy in nonroriented grain. fis behaviourinks in Fe-Si alloy to the
modification in the magnetoelastic energy during deformation [48]. Nevertheless, the
higher saturation magnetostriction of Fe® a | |s0 BGx107) ascompared to FSi

alloy makes FeC/ alloys more sensitive to mechanical strengthening.
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Figure 2.9 (a) Change of saturation moment with temperature, the disordered alloys below the critical
temperature represents by broken line [28] (b) effect of strain on magnetsation [47].

Fingers and Kozlowski [49] reported a variation in saturation induction as the grain
size changed for thEeCoe2V-0.3Nb alloy at different annealing conditionss(ahown in

Table 2.4); however, this change may be related to experience error (5%).

Table 2.4 Saturation magnetisation of FeC@V-0.3Nb at different annealing temperatures.

Temperature (°C) Time (h)  Grain size (um) Saturation induction (T)
704 1 1.13 2.37
720 1 1.68 2.40
720 2 2.80 2.43
732 1 2.33 2.40

2.4.3. Coercivity

Coercivity H.) is defined as the strength of the applied reverse magnetic field that causes a
reduction in magnetic induction to zero. Coercivity is microstructure sensating

therefore, it is affected by heat treatment or deformation [50, 51].

The effect of grain size on coercivity is shown in Figur&02.Herzer [52]
suggested that in large grains (larger than 150 nm) the domains can form within the grains
because it fabws the easy magnetic direction. Thus, the magnetisation process is
governed by the magnetwystalline anisotrop¥K; of the crystallites, here the coercivity
and grain size (D) are inversely proportion, see Table 2.5. However, for very small grains
(up © 50 nm) the alignment parallel to easy direction is impeded because there is higher
ferromagnetic exchange interaction and more magnetic moments forces are needed for

alignment. Therefore, the effective anisotropy is averaged over several grains irdreduce

13



magnitude and coercivity follows the poweaw D° (Table 2.5). However, in a recent
study, neither Bnor 1/D dependence is observed to correlate the coercivity with grain size
in FeCo nangarticles produced by bathilling [53]. Lee et al. [54] used nohanical
alloying (MA) and mechanochemical alloying (MCA) to produce nanocrystalline structure
FeCo alloy. MA led to a disordered structure, while ordered state and less strained

structure were produced in MCA and this improved the magnetic properties [55]
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Figure 2.10. Coercivity Hc versus grain size D for different soft magnetic alloys [45

The residual stresses cause magnetostriction effective anisotropies, which are
related toHc by Equation 3 in Table 2.5. Magnetic inclusions are generally separated
regions with magnetic properties that are different to the matrix material, which could be:
voids, cracks, insoluble second phase materials and oxide or carbide [50]. The relationship
between the volume fractions of inclusions with coercivity is given by Equation 4 in Table
2.6. However, to apply this equation, the wall thickness must not be greater than the size of
the particle. Dijkstra et al. [56] reported that the volume fractr@hsdate of dispersion of
the inclusion have an effect on the coercivity. The maximum effect occurs when the
diameter of the inclusion is in the order of the thickness of the domain wall (in FeCo ~ 260
nm) [57].
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Table 2.5 The effect of different parameters and their functions on coercivity.

Parameter Coercivity function

1-Micrometre grain size 0 o B 57]
2-Nanometre grain size Vo N [51]
3-Stress effect o -+ __ [53]

4-Inclusion (Kersten model) o g (w T [57]

where A is the exchange stiffness constaRtg is p,] is wall thickness; the permeability of
vacuum,O the average radius of particlés,volume fraction of particles. is the wall thicknessyis the
stress wavelengthyA is the internal stresD the grain sizeM, the magnetisation saturatiok; the
magnetocrystalline anisotropy, the curie temperature amdattice constant.

2.5. X-ray diffraction of FeCo alloy

Heat treatment and ball milling processes have both been used to change the degree of
ordering in FeCo alloys Bj. Detecting superlattice lines is very difficult byrdy due to

the very small difference between th®mic factors of Fe and Co @u  Kadllation.
However, the intensity ratio (R) of superlattice lines to fundamental lines was found to be
stronger inC o Kadliation, which opens the possibility for observing superlattice peaks
wi t hin (30 U59<Theinfluced stla®<0dur)ng Hall milling for powder can be
classified into uniform strain and namiform strain. The former causes shifting in peaks

of X-ray reflection to lower angles, while the latter leads to a broadening and reduction of
the intersity. Moreover, nanostructures can be formed during the ball milling processes,
which has an influence on the material 6s
to determine the crystallite size, the Scherrer method that reliesray ptofile andysis is

still the dominant averaged method to measure the size of crystallites less than about 0.1
pum [60]. The Scherrer equation for measuring crystallite sizeenometers is:

Ti80_
OAT-O

Where tis crystallite SizeBis the broademiginr adi ans an tengtkhofCe tadikbdonwa v e
(1.78896A).
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2.6. Powder metallurgy and sintering
2.6.1. Introduction to powder metallurgy

Powder metallurgy (PM) is defined as processes which mix the individual powdered
components to the desired forithe blended powders are then charged to the appropriate
die for pressing, and then sintered at suitable pressures and temperdfunde¢tanical

alloying (MA) is a complementary PM process, which is frequently used to obtain uniform
dispersion of nanosied particles i n metal powder . T
differs depending on the processes that are used to prepare the powder, including: one
dimensional (acicular, irregular rod like), two dimensional (dendrite, flake), and three
dimensional (sperical, rounded, irregular, porous, angulai][6®M offers a number of
advantages over other fabrication processes including: absence melting during processes;
precise control of dimensional tolerance with excellent surface finishing; an exceptional
combination of two materials with different features; mass production of components;
control on operation atmosphere enables to reduce oxidation during processes;
environmental friendly process can save time and energy; useful in manufacturing huge
and complg shaped components; homogeneity and high strength; and, toughness and
ductility can be achieved in PM parts. Adopting a PM route enables bulk geometries to be
obtained from brittle raw materials; therefore, it is the most suitable process to develop
inherent brittle equiatomic FeCo alloys. Spark plasma sintering (SPS) enables sintering

materials with minimum defects, which will be described in the next subsection.

2.6.2. Spark plasma sintering (SPS)

SPS is a relatively new sintering technique that uspslsed direct current to heat the
graphite pressure die, allowing very quick heating and cooling rates, short soaking time,
and high pressures to attain completely dense saniptes.SPS technique has been
successfully used to sintenanocomposites witfully dense and conserved nanostructure
features [6, 7]. Nanostructure intermetallic, ceramic, metal, and composite materials have
been successfully fabricated by high energy ball milling with the aid of SPS, which allows

less grain growth and maintainsnoatructures [8i 66].

SPS differs from other sintering routes because of the heating rate, applied pressure
and pulsed current. One of the significant differences that characterises SPS over
conventional sintering process is the high heating rate of 1@enif'. Most
investigations using the SPS route have reported-degisity concomitant with sintered
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materials with a smaller grain size, which are likely to be related to the superior properties
of sintered materials created by the SPS method [6]. Npth@ve a clean grain boundary

and improved microstructure been achieved but also magnetic materials with high
oxidation and corrosion resistance have been produced in SFS|[6-urthermore, SPS

is a binderfree process that does not need aqm@pactprocess because the powder is
directly filled into a graphite die, through which the pressure is applied and the current is
passed, leading to a completely dense material with superior mechanical propertés [7, 7
Typically, a graphite die and puncheg arsed in SPS processes (Figurel&)lallowing

the DC current to pass through them and sample (if the sample is conducting) to be used as
a source of Joule heating during consolidation: the flow of the electric current is shown in
Figure 2.1b.

(@) (b)

@ =10 mm

Particle

Electric Cunrent

Thermal nsulation

i
Conical Protection Plate

Figure 2.11. (a) Scheme of the parts and dimensions of SPS die and punch assembly [64]tH{&)DC
pulse flow through powder particles [7].

The graphite assembly of the die and punch limits the applied pressure during
sintering processes to valuesver than 100 MPa. A connection of the spark plasma
furnace to a chamber of vacuum or inert atmosphere allows sintering in a lower oxidation
atmosphere. To measure the heat generated BOERDC pulse current, a thermocouple
is inserted through a diede for a distance about2 mm away from the powdered sample
to measure the temperature during sintering. The basic sequences of stages during powder
sintering are: particle rearrangement, activation and powder refining, formation and growth
of the sintemg neck, and finally localised plastic deformation and densificatign73).

The exact mechanism during SPS processes is still debated and unclear [6]. During SPS

processes, the highest temperature may be achieved in the contact area between patrticles,
17



which exceeds the melting temperature of the material. Therefore, the local melting that
occurred improves the intgarticles bonding [4]. To avoid further grain growth, the
sintering temperature needs to be selected in the range to obtain almostdificaten

with less grain growth [B] because the grain growth rate is faster than densification at
high sintering temperature g Shen et al. [3] reported that above certain critical
temperatures during SPS, the grain growth can also occur veryittagtsaentially thermal
activated mechanisms. Therefore, to achieve fully densified compact material with less
grain growth, the sintering temperature must not be too high and the sintering time must be

short.

2.6.3. Soft magnetic sintered by SPS

SPS hasbeen employed extensively over the past decade with the aim to improve
mechanical and magnetic properties of materials. Cha etljlinfiproved the strength of

soft magnetic composite (SMC) by using SPS process, an increase in fracture strength
around 1.30 1.7 times with reduction in magnetic loss from 19Z&i\b 21 W/lg were
achieved in iron base composite prepared by SPS in comparison to conventional method.
Zhang et al. [55] used SPS to consolidate bulk nanocrystalline of FeC alloy prepared by
mechanical milling. A high compression yield strength of 1900 MPa and fracture strength
3500 MPa combine with 40 % plastic strain were obtained. FeCo alloy nano powder has
also been produced by ball milling7,778]. However, deterioration in magnetic pespes

can happen after ball milling due to oxidation, contamination, and strains in the structure.
Therefore, a prannealing process for powder was used to obtain full densification in
conventional sintering methodJi 82]. While it is found that using S in sintering is

mo st effective for removi ng oxi de and
densification is crucial to achieving the full potential in nanostructure soft magnetic alloy,
which can be achieved by SPS [53].8Vani et al. [8] examned the influence of Spark
plasma parameters on near equiatomic FeCo alloy. Different parametef35( 00, 40

100 MPa, 210 min) were tested to specify the optimum sintering conditions. It was found
that the best parameters for sintering were 900 °G/BA and Z5min because maximum

density and optimum magnetic properties were achieved at these conditions.
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2.7. Composite material

2.7.1. Introduction

A composite material is a material that is produced from the mixing of two or more
constituent materialthat differ in theirphysicalor chemical propertiesThe properties of

the compsite are superior over the matrix alone. The role of the matrix maienmdt

only to holdthe reinforcement within a composite but also to transferldhd to the
reinforcement, which can be classified as metal, ceramic, or polymer matrix. In general,
the reinforcement phase can be classified as patrticles, fibres, or lamirgteBhBtype

and size of the reinforcement have an influence on the properties. A significant improve in
tensile strength can be achieved by reducing the size of thiorocamet [86, 87].
Typically, carbonaceous reinforcements have advantages over other ceramic
reinforcements, such as low coefficient of thermal expansion, high damping capacity, good
self-lubricant and dimensional stability§&0].

2.7.2. Metal matrix composie

A metal alloy is frequently used as a matrix material in this type of composite rather than
metal alone. This composite is widely used to obtain superior properties, such high creep
resistance with weight saving for aerospace applicatialjs The nanosized carbehased

fillers are introduced into a metallic matrix to improve the very wide propert@sffl is
normally followed by secondary processes such as hot extrusion, rollinfprgmnuy to
improve dispersion, density, alignment of reinforestin composites, and the interface
bonding [&, 93-95].

2.7.3. Carbonaceous reinforcement

2.7.3.1. Carbon nanotube

Since the discovery of carbon nanotubes (CNT) by lijima in 198], @ vast range of
research has been performed to evaluate and exgdoenced applications for CNT. The
types and dimensions of CNT are seen in Figur@.2The structures of CNT can be
classified depending on chiral vector into zigzag, armchair, and chiral, the structure and
bonding types of CNT are shown in Figure 2[D9]. The armchair structure exhibits
metallic behaviour, while the zigzag structure is a semiconductor and the chiral carbon
nanotube is characterised by electrical properties. Carbon nanotubes are very interesting
material and they can be used in manyedént applications, such as reinforcement for

metal, ceramic, polymer matrix composite 11003], an effective hydrogen storage
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material [1@], field emission source [B), chemical sensors [B]) scanning probe

microscopy tips [19] and they also have glications in drug delivery [1§].

1-2 nm 225 nm ) >100 nm

Figure 2.12. Dimensions and number of layers of single walled carbon nanotube SWCNT, double walled
carbon nanotube DWCNT, and multiwalled carbon nanotube MWCNT [, 98].

(b)

0 n-bond (out-of-plane vander Waals bond connect the shells)

= o-bond (in-plane Covalent bond connect C nuclei)

Figure 2.13. (a) Schematic diagram shows different chiralities of a CNT (A: archair; B:zigzag;
C:chiral), (b) basic hexagonal bonding structure for graphene shee99, 10Q.
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2.7.3.2. Graphene

Until 2004, it was believed that the exfoliation of graphite would leadato
thermodynamically unstable graphite atomic laye¥9[1However, in 2004, Geim et al.

used adhesive tape to exfoliate graphite crystal§][XGraphene is a very thin material

with a thickness of around one atom and it is composed®afaspon atoms arranged in a
two-dimensional honeycomb structure. The carbon allotropic structural changes are shown
in Figure 2.8 [111]. Graphene can be divided depending on the thickness to single layer
graphene, graphene nanosheet (GNS) for thicknesseasange 230 nm and graphene
nanoplatelets (GNP) for thicknesses withini @@ nm or even up to 100 nm in some
reports [12]. Due to its unique electrical, thermal, and mechanical properti&s 114],

which are compared with the properties of CNT irbl€a2.6, graphene has attracted
considerable interest in a wide range of potential applications, such as a second phase for
reinforcing metal, ceramic, polymer matrix composite 5117], energy
storage/generation applications §],1bio-applications [19], cellular imaging and the drug
delivery [12Q film s of transparent electrodes [121,]122

Figure 2.14. Graphene can be wrapped to form the D buckyballs, rolled to form the 1-D
nanotubes, and stackd to form the 3D graphite [111].
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Table 2.6 Dimensions and properties ofarbon nanotube and graphene [100111, 123 12§].

Fibres Density Average dimension  Young's  Tensile Electrical Thermal
(g cm®) (nm) modulus  strength conductivity  conductivity
(GPa) (GPa) (Scni) (W mK?)
Graphene 2.2 (Depending on 1000 130 Up to 6000 48405300
production process)
w = 100Nj s
t =single layemmulti
layers
MWCNT 1418 OD=5.624.8 270950 11-63  10%-10° >3000
ID =1-6.6
| = 0.665.81x10°

Where t is thethickness, ws thelateral, lis thelength, ODis the outer diameter and is theinner diameter.

2.7.3.3. Modification treatment of carbon nanostructures

The van der Waals attraction between CNTs promotes the agglomeration of nanotubes,
making the synthesis of compomgnfrom CNTs extremely challenging. Therefore,
significant efforts have been directed to modify the surface properties of carbon
nanostructures, which can be chemical or physical based method. The physical method is
characterised by less damage to the aarlmanostructure, less opportunity for- re

agglomeration of carbon nanostructure in therixaind it is easier to use [1P0

Chemical functionalisation depends on linking the functional entities onto the
carbon nanostructure by covalent bonding. Tddsurs by chemical reaction of fluorine,
amino, alkyl or hydroxyl with carbon nanostructure, leading to sidewall functionalisation.
Defects such as open ends and/or holes in the sidewalls, pentagon or heptagon
irregularities and oxide can be used as amothethod for chemical functionalisation.
Defects can be made by using strong acids or oxidant such ag, HpED, and KMnQ,

[129, 130] or by plasma treatment [131

The physical functionalisation process relies on-oovalent bond for alterinthe
interfacial properties [1JOT h e fete@rens are responsible for electrical conductivity
in carbon nanotubes and graphene. These electrons could also be used to improve
adsorption of pol ymer or surfactant -"on tF
stacking interaction durg functionalisation [132, 133In the physical functionalisation
process, the surface is enriched by a polymer such as ghehyleevinylene) or by
surfactants such as sodium dodecyliede (SDS) which are bonded by van der Waals and
"-" stacking proesses [134.3€]. This leads to enrichment of the surface with a hydroxyl

group and overcome on van der Waals forces between carbon nanostructures.
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An alternative to surface modification bmprove the dispersion of carbonaceous
materials can be found in the mechanical dispersion methods, which include ultrasonic,
shear mixing and ball milling. However, fragmentation and a decrease in aspect ratio can

occur in carbonaceous materials ceeldty mechanical dispersion [137,138

2.7.3.4. Interface bonding

Interface bonding between reinforcement and matrix has a significant influence on the
properties of composite materials. Interface bonding is more influential on the properties of
nanosized ifier composite because of the considerable increase in surface area. An
appropriate interface design must be guaranteed to achieve good mechanical bonding with
low thermal contact between reinforcement and matrix, which is of great interest in carbo
nanamaterial reinforcement [92Bonding at the interface can be strombich increases

the strength of the composite but reduces the ductitityeak which causes pulbut of

fibre at low load, leading to lower strength [10]. It is essential for the intaelfa@nding to

be strong enough for the load to transfer from the matrix to the reinforcement. Therefore,
control of the interface chemical reactions is necessary to obtain the desired interfacial
bonding. This can be performed by SPS, which minimisesntlefacial reaction during
sintering because it allows densification at short time, which works together with the
functionalisation groups on the surface of carbonaceous to improve the intenfaegbo

in composite materials [85, 1B9he excessive retions at the interface produce a large
amount of intermetallic compound, which deteriosatbe mechanical properties [240
143.

2.7.3.5. Dispersion methods for the preparation of nanocomposite materials

Novel composite materials with superior properties @eveloped from embedding nano
reinforcement in metal mat [144]. Ma et al. compared the tensile strength and creep
resistance of All vol. % SiN4 (15 nm) nanocomposite and-Ab vol. % SiCp (3.5 um).

The tensile strength was comparable and creep strength was nearly double in the
nanocomposite, despite the lewfraction of reinforcement [87, 1i5Metal matrix

nanocomposites are synthesised by hdfferent methods, as shown in Figurex2.1
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[ Metal matrix-Carbon nanostructure composite process ]

Challenges in processing

* Homogeneous dispersion of carbon nanostructure throughout the metal
matrix.

* Interfacial bond strength between carbon nanostructure and metal matrix.

*  Chemical and structural stability of carbon nanostructure.

v

[ Powder metallurgy I Melting and solidification I Thermal spray ][ Electrochemical deposition ][ Other novel techniques ]

Casting. [ *  Electro-deposition. ]
Metal infiltration. *  Electroless-deposition.
Melt spinning.
Laser deposition

A 4 v
¢+ Plasma spraying and HVOF.
+ Cold spraying.

Molecular level mixing.
Sputtering techniques.
Sandwich processing.
Torsion/ friction

A 4

Mechanical alloying and sintering.

+ Mixing /Mechanical alloying and hot pressing. welding. .
* Spark plasma sintering. Va.plour deposition.
+ Deformation processing of powder compacts. Mixing as paste.

Nano-scale dispersion.

Figure 2.15. Synthesis processes of carbonaceous metal matrix nano composite [10].

2.7.3.6. Strengthening efficiency of dispersion method

Bakshi and Agarwal [g5have compam the efficiency of different dispersion methods
used in AICNTs compositeas shown in Figure 28. Three regions were suggested for
strengthening, which are: (i) low fraction-2lvol. % CNT) the strength is increased as the
content of reinforcement increased,; (ii) intermediate fractieh ¥Bl. % CNT), where the
strength is decreased in comparisonldw fraction composites; and, (iii) high fraction
(above 5 vol. % CNT), where the strength is more decreased with increased fraction of
reinforcement. The ball milling process is still a competitive procedure of dispersion
carbonaceous material in comigan to the novel processes of dispersion. However, the
broad variation in balinilling parameters has a significant influence on the final properties

of composite materials.

From the different models that can be used to predict theoretical strengi in th
nanocomposite, a close matching between the experimental data and the predicted value by
Halpin-Tsai was observed up to 2 vol. % CNT. However, deviation occurs at higher
volume fractionsdue to poor dispersion [10, 85, 146
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Figure 2.16. Effect of processing route and volume fraction of CNT on tensilstrength
in AI/CNT composite [85.

2.8. Carbon nanotubemetal matrix composite

Almost all of the published papers on using CNTs or GNPs in metal matrix composite for
structural applications employ Al, Cu and Mg as a matrix alloy. There are very few studies
on using iron base alloy as a matrix. Because of the complication of achievingn
dispersion in CNT or GNP composites, the true strengthening effect of CNT or GNP has
never been realised. Therefore, several different dispersion methods have been adopted to
tackle the challenge of achieving uniform dispersion, as presentedeirollowing

sections.

2.8.1. Methods for dispersion CNT in metal matrix

Tremendous improvement in polymer properties has been achieved bysidisSpENT

[103] because of the ease of dissolving polymer and the dispersion of functionalised CNT
in the solvents, which enable uniform dispersion of CNT in the polymer matrix. However,
the situation is more complicated in a metal matrix and, therefore, different methods have
been investigated to improve the dispersion of CNT in the metal matrix. The filsiowo

CNT reinforced metal matrixomposite was performed by [I0There the CNTs and
aluminium powder were mixed by stirring in ethanol. The tensile strength of the
unreinforced and composgenaterial with 5 vol. % and 10 vol. Yerenearly identical.

This happened because of poor dispersion and théechg of CNTs. Laha et al. [147
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used plasma spray to sintering GIAT powder after blending in ball mihg machine
without a milling medium. The CNT was stable without oxide formation with the base
alloy, even though an extremely high temperature of (101000 K) can be generated
during plasma spray. This was attributed to CNT agglomeration and uneven flow through
the plasma. Noguchi et al. [I48eveloped a nanoscale dispersion method (NSD) that
initially depends on the homogenous dispersion of CNTs in an elastomer matrix. The
elastomer matrix was then displaced by Al by putting plates of Al on a slab of elastomer
composite in a furnace at a temperature of 800 °C for one hour. The influence afyapill
action caused the replacement process to take plibeugh the compressive mechanical
properties of the composites were widely enhanced, it is believedathi@mination might
occur during elastomer decomposition. Nanoscale dispersiorBRithwasised by Kwon

et al. [7Q and a nearly threefold increase in the strength of the metal matrix was attributed
to the uniform dispersion of CNT and to the strong interfacial bonding by carbide phase.
This is the main advantage of the SPS process, which ahayis interface bonding
through formation limited thin layersf carbide at the interface [85]. Jiang et al. [[L49
claim that enriching flaky metal powder with a hydrophilic can trigger the uniform
dispersion of carbon nanostructures. In their work, a Wahme fraction was uniformly
dispersed relying on this approach. However, anisotropy in properties might result from
changing powder morphology from spherical to flake shape. Paying particular attention to
in situ synthesis of composites, He et al.JJ1&uggest an approach in which Ni particles (1
wt. %) were precipitated on Al by calcination and reduced to provide active nanoparticles
for subsequent growth of CNT by chemical vapour deposition (CVD). Their results
showed a high quality dispersion. Chaakt[151] used the molecular mixing method to
disperse carbon nanotubes in copper. The dispersion procedure involves suspending the
functionalised CNT in ethanol and mixing the suspension with copper ions. The solution
was then vaporised, dried, calcimitand reduced. The composite powder was next
consolidated by spark plasma. Uniform dispersion of CNTs within tApaBuler enables

a compressive yield strength of 10 vol. % CMNBsnposite that is three times higher than
that of the alone Cu. However, theygen content was increased by increasing the volume
fraction of reinforcement during molecular mixing; therefore, the ductility was decreased
accordingly [12]. Furthermore, the oxides deteriorate the magnetic properties by forming
obstacles to domain walmovement. Normally, the increase in strength of the
carbonaceous composite leads to a decrease in ductiitylf8] thanks to the smaller

ductility of the fibre [&]. To the best ofauthor knowledge, only one study shows an
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improvement in strengtbombined with increased ductility [4h which might be due to

formation the precipitate from reaction with carbon.

2.8.2. Using ball milling for dispersion

2.8.2.1. General introduction to ball milling

Mechanical alloying (MA) is a powder metallurgy beque that involves a repeated
welding, fracturing and revelding of powder particles duringplid-stateprocesses in a
high-energy ball mill [15]. This process was firstly employed in the 1960s by Benjamin
as an alternative method to the reinforcemesttiog processes, which could not produce
uniform dispersion for reinforcement in the metal matrix. MA was originally used to
develop the properties oickel andiron-based superalloys by fine oxigarticles[156,

157]. The energy of ball miling can behanged by varying the time, temperature,
atmosphere, ball to powder ratio, speed and design of the ball milling machine. Lubricants
are used during ball milling processes to reduce the intensiveweblihg between
powders, which is known as a processtool agent (PCA). Stearic acid is commonly used

as a solid organic PCA. However, organic solvents (methanol, ethanol, isopropanol
alcohol, etc.) as a PCA are useful to reduce the agglomeration of carbonaceous
nanomaterials, which positively affects dispen. This process is commonly known as a
wet powder mixing process, in which after mechanical alloying the composite mixture is
dried in an oven [8]. A schematic for the deformation in powder and dispersion during

high energy ball milling is shown indure 2.7.

Starting Milling Final Cu-CNT
Powders (Cold welding & composite Powder
(Cu & CNT) Fracturing) (Cu & CNT)

)

Figure 2.17. Schematic explains the morphological changes occurred during milling of copp&@NT powders [159].

Depending on the ball milling conditions, there are four possibilities for reinforcement
distribution (see Figure 28). The reinforcement phase can be distributed along the grain
boundaries of the matrix phase or inside the matrix grains, as shown in Fig8rés) 2:1id

(b), respectively. The reinforcement phase is embedded inside the grains and along the
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grain boundags Figure 2.8 (c), while in Figure 2.8 (d) the homogenous distribution for

both the matrix and reinforcement grains is show].15

ey ey
Senen | e

(d)

Figure 2.18. The possibility for distribution of the matrix and reinforcement phases in
nanocomposite. Theopen hexagons represent the matrix grains, while the open and filled circ
representthe reinforcement phase(s) [15]7

2.8.2.2. Ball milling of a CNT composite

It is found that acidic purificatn of CNTs from the synthesimpurities like catalyst
paticles, and amorphous carbon and using wet ball milling can significantly improve the
dispersion of CNT, espaly at high rotation speed [1pOHowever, using harsh ball
milling conditions for the dispersion of CNTs could cause serious damage touitterrstr

of CNTSs, depending on the quality of the CNTSs that are used. The length of the tube is also
affected by ball millinga reduction in length can occur during ball milling. However, for
aspect ratio 30, the short tubes have the same reinforcing fuastithe long tubes [83

160, 161]. Esawi and Morsi [18] used high energy ball milling to disperse CNTs. Their
results showed thahe CNTs were uniformly dispersed in metal powder and the structure
was intact even after intensive ball milling. Singleslal. [16] functionalised carbon
nanotube with ammonium bicarbonate during ball milling process and reported superior
mechanical properties as compared to-fhuttionalised or acid functionalised carbon
nanotubes, due to uniform dispersion and strotgyfercial bondingLiao and Tan [18]
compared high emgy and low energy ball millingvith novel polyester bindeassisted

(PBA) mixing method. In the PBA process, CNTs were mixed with polyethylene glycol
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(PEG). The mixture was then heated to the visteogperature, where the Al powder was

fed and blended. The mixture was then cooled cured and the PEG was decomposed by
heating to 40C. The highest value for tensile strength and hardness was achieved by
high energy ball milling process due to better dispn. Dispersion of CNTs in soft
magnetic alloy NiFe alloys has been studied by $l.6However, ahigh pressure of 300
MPawas used in cold compaction process and long dwelling for one hour at 1040 °C was
used during the sintering processes, consequéml fraction of porosity in consolidated
materials was considerably high. In a-pn&xing method, ultrasonic agitation was used to
mix a FeAIl powder with 5 vol. % CNTs in methanol, the subsequent slurries were then
ball milled for 12 h, dried andintered by spark plasma. An enhancement in compressive
yield strength and micrbardness were achieved Bl6Recently, CNTs were agitated by
ultrasonic in Dimethylformamide (DMF) with FeCalloy powder for different volume
fraction up to 4 %, then drieand dry ball milling. For comparison, other samples were
prepared by only dry ball milling. Then, spark plasma was used to densify the samples.
Only minor improvements in mechanical and magnetic properties were achieved due to
poor dispersion [1H. To improve dispersion of CNTs in FeCo alloy, electroless plating
was used to coat CNTs with {Ri layer. Unfortunately, intensive agglomeration for CNTs
was observed not only after plating process but also even after 1 h ball mill in the
consolidated FeCo alloy omposite [18]. Therefore, CNTFeCo alloy composites
prepared by reinforcement coating and ball milling were found to exhibit lower strength
than the coated micrometre SiC whisker reinforcing FeCo alloy, which was only dispersed
by ultrasonic agitation [B9]. In spite of the advantages in improving the interfacial
bonding by coating the reinforcement, chemical impurities and oxides can be included in
the final compact during processing2[9Furthermore, the influence of the coating metal

on the propertieaeeds to be considered during the comparison because FeCo alloy is very

sensitive to the alloying element.

2.9. Graphene nanoplateletgnetal matrix composite

The dispersion of graphene nanoplatelets (GNPSs) in the base matrix is rather complicated
when compred to carbon nanotube (CNTs) because the exfoliated sheets are gathered to
form sheets close in dimension to graphite structure during dispersion and drying, leading
to the advantages of the nanostructure being easily missed. Furthermore, due te the two
dimensional form of GNPs, the interfacial contact area is increased. This makes the

dispersion of graphene more complicated when compared to nanoparticles or nanotubes
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[170]. Therefore, depending on the quality of dispersion, both a considerable decrease a

a remarkable increase in mechanical properties have been reported in GNP metal matrix
composite [17, 172]. However, the improvement in properties is superior by embedding
GNP in material when compared to CNT. Rafiee et al3][1@ported higher mecharal
properties in GNPs composite over CNTs composite, which was attributed to the higher
specific surface area and twamensional geometry of GNPs, as well as to the wrinkled
surface which enhanced the interface bonding of GNPs.

2.9.1. Different methoddor the dispersion of GNP in a metal matrix

Several dispersion methods have been used to obtain the homogeneous dispersion of
carbon nanostructures in a matrix material. These methods are mainly classified as
mechanical mixing, chemical mixing and elediadeposition [13, 174]. Kim et al. [15]

used graphene oxide as a dispersion agent for both multiwall and-walglearbon
nanotubes in water. The graphene oxide strongly interacted with the surface of CNTs
throughout -~ at t r act i on s nousldsperdionnGyapherme whsa@lsocuged as a
dispersion tool to decrease the agglomeration in SiC nanopartidg YWimnalasiri et al.

[177] used singlevalled carbon nanotubes (SWCNTS) to prevenstaeking between
graphene sheets for fabrication eled&s from carbon nanotube and graphene composite.
The increased space between graphene sheets caused by CNTs improved the transport of
electrolyte ions within the electrode. The dispersibility of graphene was enhanced by
increasing the functionalisation ayp on MWCNTs by acidic treatment 78]. This
strategy has been previously tested to improve dispersion of GNP in matrix from polymer
[179], ceramic [18, 181], and light weight metal alloy [I8. The mechanical properties

were enhanced due to the improwsTin the dispersion.

Graphene oxide (GO) has attracted researchers to use it as a starting material for
graphene. The main difference between graphene and GO is the many groups of hydroxyl,
carbonyl, carboxylic and epoxy on the surface of GO, makingligpersion of GO much
easier in solution and more stable than graphen8].[V8ang et al. [1%] modified the
surface of flaked powder through coating by polyvinyl alcohol (PVA), and Al powder was
then mixed with GO. The slurry was then mechanicsatigred, filtered and rinsed with
deionised water. A reduction process and decomposition of PVA was performed in Ar at
550 °C for 2 h, which was followed by consolidation and extrusion. Around 62 %
improvement in tensile strength was achieved when companaareinforced matrix. GO
was also mixed with unmodified flaked powder of metal matrix in ethanol 8] @&l
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uniform dispersion for reduced GO was obtained. However, it is reported that GNs are
better for reinforcement than the reduced GO4[18his mght be due to less damage on
GNs. Hwang et al. [1 used moleculatevel mixing to synthesise grapheoepper
composite by a reduction of graphene and copper oxides. SPS process was used for
consolidation. The yield strength was increased by about 8@r%rfly 2.5 vol. %;
however, the elongation was significantly decreased to about 60 %, which might toe due
oxide contamination. The stability of GNPs at high SPS condition of 1850 °C and a
pressure of 80 MPa was studied by@[L8 he results indicated &t the structure of GNPs

is feasible to maintain at high sintering temperature with very slight damage in the
structure. The SPS process helps to maintain the structure integrity of GNPs, even at
sintering temperature higher than the other sintering mstfiotl, 185]. This provides an

opportunity for sintering composite materials at a relatively high sintering temperature.

2.9.2. Ball milling of GNP composite

In situ exfoliation of graphite during processing of the composite has been used to disperse
graphene nanosheets (GNs) in alumina by ball milling, which was then sintered by spark
plasma. Although the dispersion of GNs in the composite was considerably improved, the
size of dispersed GNs was inhomogeneous and defects were introduced to GNs during ball
milling [187]. A liquid lubricant can be used during graphite exfoliation to reduce the
violent shocks during ball milling and the agglomeration of the nanoparticl8 Hgh

energy ball milling enabled a dispersion of very high voluraetfon of GNPChu and Jia

[172] dispersed 12 vol. % GNP in a copper matrix. A Spex mixer was used for ball milling
and a very high speed of 1200 rpm was used for 3 h under argon atmosphere for a ball to
powder ratio 10:1. It was noticed that the addition of GNPs raduedding between
powder and aids grinding during ball milling. A uniform dispersion up to 8 vol. % GNP led

to about 114 % increase ineld strength. Rashad et al. [18®mpared the effect of
dispersion GNP and CNTs by ball milling on tensile and comspyesproperties of
magnesium alloy. Improvement in tension and compression strength was observed in CNT
composite when compare to GNPs composite thanks to the difficulty in achieving uniform
dispersed in GNPs composite. However, it is interesting to nttiaea high tensile
extension was obtained in GNPs composite. Increasing elongation by introducing a greater
volume fraction of graphene nafflakes was also observed by [19(h a study by Shin et

al. [19]], the mixture of Al and fewayer graphene (FLGwas ball milled in argon and

stearic acid was used as a process control agent. Then, the composite powder was charged
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and compacted in 1.5 mm copper tube. The compact was hot rolled at 500 °C for 12 %
reduction per pass to achieve a sample with 1 mnkribgs. The tensile strength was
doubled. From a comparison with the tensile strength of MWCNT composite in the
literature, the authors reported that the FLG is about 3.5 times more effective in

strengthening.

2.10. Raman spectroscopy

Raman spectroscopy & powerful tool that can be used to determine the degree of
structural ordering or the presence of contaminants in carbonaceous materials. The
characteristic bands in all the graphite based materials can be classified inbodérst
(11001700 cnt) andsecondorder (above 2300 ch Raman spectra [192Figure 2.19

shows the Raman spectrum of MWCNT and single layer graphene. The main peaks are
seen at 1583 cficommonly referred to as G), the D peak is at 1350 @anul the shoulder

DNj i s at cmfhoumd aHél2@i on to the overtlone p
the D+G peak appears at around 2950'cm t he 2 DNj peak™ angfinglpr s a
the 2D+G peak occurs at 4290°Cf93]. A split in the G band was observed in CNT, the
mainreason for this is due to the stronger tube morphology of the CNTSs in contrast to the
flat morphology of graphene sheets [19Zhe relative intensities between thebBnd,

relating to structural defects, andb@nd, relating to the order of the graphiteusture
(R=Ip/lg), is widely used to evaluate the defect dgnsif carbonaceous materials [70,

195. The strain in graphite can be detected from the shifting plidirggy of the Raman

modes [196, 197 The Gband peak position is very sensitive to strai the graphene
structure; hence, the shift in wave number will change according to alteration in the

vibration frequency of the G band due to the included strains.

Up shifting is also observed in the 2D peak. Although it has been reported that the
Raman spectra could also be utilised to determine the number of layers in graphene by the
shape, width, and position of the 2D peak, this can only be used for limitegem
graphene (for n up to 5The intensity of a sharp 2D peak in a single graphenaighip 4
times more intense than the G peak. Meanwhile, in graphite the 2D involves two
components, 2Pand 20, which are roughly about 1=4 and 1=2 the height of the G peak,
respectively. The increase in the layer number causes a broadeningsmtt upthe 2D
band as compared to between one and two I1g#&&. The structure of carbonaceous

materials is very sensitive to dispersiomtaering and matrix material [199Therefore,
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monitoring the structural change in carbonaceous materials during tbesprs very

crucial to achieve high quality dispersion with less damage.
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Figure 2.19. (a) Typical Raman spectrum of MWCNT and singkéayer graphene, (b) comparison of Raman specti
between bulk graphite and graphene at 514 nm, evolutioof spectra with the number of layers at 514m and 633
nm respectively [193, 198, 240

33



Chapter 3: Experimental work

3.1 Introduction

This chapter outlines the methodologieshich were followed to prepare FeCalloys
without reinforcement and with different typesnainoereinforcementMulti-walled carbon
nanotubes (CNTs), Graphene nanoplatelets (GNPs) and hybrid reinforcement (CNTs +
GNPs) werdlispersedat different volumdractionsthroughdifferent dispersion metus.
The sinteed materials by spark ggma sintering were structyrahechanically,and

magnetically evaluated, in addition ter&y diffraction and Raman spectra anatys

3.2 Starting materials

Gas atomised FB0% Cc0.2% Si powder (as analysed by the supplier) swasplied by
Sandvik Osprey Powder Groupulti-walled carbon nanotubes (CNTs) and Graphene
nanoplatelets (GNPs) were provided by Haydale Wwiiich were functionalized by plasma
treatrmrent to incorporate covalently bondegide group on their surfacet® improve the

dispersibility of the carbonaceous nanomatggal, 202).

3.3. Particle size of FeCo Powder

The distribution of particle size of the FeCo alloy powder was analysed iidialgern
Mastersizer 300®with laser scattering. Hydro EV dispersion unit was used to disperse
FeCo alloypowder,the unit is a semautomated wet dispersion of size 600 ml, having
immersed centrifugal pump argdirrer. The fundamental of workindpe Masersizer is
illustrated inFigure 3.1. The programme of Mastersizer analyser was supplied with the
particle reflective index and absorption index of FeCo powder for values 1.740 and 1.000
respectively. The scattering pattemsult fromthe laser beam that passed through the
dispersed powder was used to calculate the particle size by Mastersizer 3000 software.

B . Small angle scattering

Incident light

L — . Large angle scattering

Figure 3.1. Operational principle of Malvern Mastersizer analyser (Schematic).
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3.4. Spark plasma sintering (SPS)

Spark plasma sintering is a relatively new sintering method with main advaotage
maintaining thenanostructure after sinterind(]. The materials were densified using the
spark plasma sintering facility (HPD 25/1 FCT, Germany) at Queen Mary, Univefsity
London as seen irigure3.2. TheFeCo alloypowdes or FeCo alloycomposite powder
werelocated in a 30 mm graphite die, which was fitted with the punches and was lined
with graphite paper. Specac manual hydraulic pressing systeich allows variabn of

the load within a range of -A5 tonneswas usedor initial pressing of powder before
handling the die set to SPS furnace. A protection layer of geaploivl plate was wrapped
arounddie assemblyor thermal insulation. The sintering temperature was measured by an
optical pyrometerwhich was inserted in the upper half of the die set through a 10 mm
diameter hole. The sintering temperature was generated by DC pulse cyodlerdf 15

ms on and 5ns off. A hydraulic press was used to apphiaxial pressure by steel ram,

which was maintaied at a constant value or changed dutimgprocess.

Figure 3.2. SPS furnace (image) in Nanoforce Technology, Queen Mary University, London.

3.5. CNT-FeCo alloy composite
3.5.1 Powder Mixing

Two different methods were used to n#eCoalloy powder withfunctionalisedmulti-
walled carbon nanotubes. The first method (A) involved dry mixing of the reinforcement
with 20 g of FeCalloy powder for volme fractions of 0.5 to 4.5 vdlb, followed byball

milling the mixturein anair atmosphere for 1 h &all to powder ratioBPR) ~ (1:1) bya
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Spectromill ball pestle impact grindé€hemplex Industries Inc., Model 1100), which is

shown inFigure3.3.

The second method (B) involved wet mixing of mutlled carbon nanotubes
with FeCoalloy powder indimethylformamidg DMF) for volume fractions of 0.5 to 3 vol.
%. DMF has commonly usedas asolvent for dispersing carbon nanotub@83]. The
suspension of carbon nanotubes in DMF was stirred under ultrasonic agitation for 60 min
followed by the addition 20 g of tha@loy to each suspension. The resulting slurry was
sonicated for 30 min. The composite slurry wWandried on a hot platat the evaporation
temperature for DMF (150 °C) overnigfthen, he dried mixture was milled in the ball

pestle impact grinder at BPR ~ (1:1) for 1 h.

Figure 3.3. Spectro Mill ball pestle impact grinder used for ball milling.

3.5.2 Spark plasma sintering of materials

The FeCo alloy and composite powder mixtures were consolidated in a graphite die using a
spark plasma sintering furnace (HPD 25/1 FCT, Germakilythe samples were heated to

the sintering temperature at a constam¢ @& 50 °Omin™ under a vacuum of BPa. An

initial ram pressure of MPawas applied from room temperature to 400 °C; followed by

an increase to 8MPa pressure and simultaneous heating to 900 °C ®manute dwell

[84]. Samples were left to cool in the furnace and extracted from the die using a manual

hydraulic press.
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3.6. (CNT/GNP)-FeCo alloy composite
3.6.1 Powder Mixing

GNP was dispersed in Fe@tloy powder by using Spectromill ball pestle impact grinder
(Chemplex Industries Inc., Model 110@)anair atmosphere with steel ball pestE8PR

of ~ (1:1) for 1h. Three different volume fractions (0.5, 1 & 2 vol. %) of GNP were
dispersed in 20 g of FeGiloy powders. The mixture of CNT and GNwhichis referred

as GNT, was also used as reinforcement for soft magnetic FeCo alloy at same volume
fraction. The aim of inserting CNT among GNPs is to reduestaking between GNP
sheetsTherefore, he mixing ratio of CNT: GNP wasw for avalue of(1:10). In oder to

reduce the effect of ultrasonic dhe quality of nanomaterialGNT was magnetically
stirred in 100 ml of ethanol for 0.5 hglfowed by ultrasonication for 0.5 BNT was then

mixed with20 g of FeCalloy powder to forma composite slurry. The comosite mixture

was sonicated for 1 h in 150 ml ethanol, and then the samples were dried on a hot plate at
80 °C overnight. After drying, the powder wé#senball milled using the same conditions

described for the GNP dispersions.

3.6.2 SPSprocess

Twenty gramof FeCo alloy powders and composite powder mixtures were consolidated in
a graphite die lined with graphite foil using a spark plasma sintering furnace (HPD 25/1
FCT, Germany)AIl the samples were heated to the sintering temperature at ardaiase

of 50 °C min* under avacuum of 5 hPaThe initial 7MPapressure was applidtbm room
temperature upo 400 °C; followed by an increase to [8Pa, and simultaneous heating to

900 °Cwhere the samples sinterfmt a3 mindwelling time After rapid cooling in contact

with the water cooled pistons of the spark plasma sintering furnace, the samples were

manually extracted from the die using a hydraulic press.

3.7. Effect SPS parameters on properties of FeCo alloy

In this part the effecs of spark plasma sintering on structuragchanicaland magnetic
properties were studiedfor each sampjea 30 mm graphite die, lined with graphite foil,

was charged with 20 g of pedloyed equiatomic FeCo powder. After grempacting the

powder in the die using a Specac manual cold press, the prepared die was then transferred
to the SPS furnace and subjecte a preprogrammed sintering procedurgll sintering

was performed under vacuum (5 hPa), under a constant 50 MPa uniaxial pressure. The SPS
logs allkey processing data, includinigmperature, pressure, current and voltage outputs;
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and also monitors gaple shrinkage rate via the relative movement of the upper piston
(measured by inbuilt LVDT). A total of three different heating rates (50, 100 and 300
°C/min) were investigated. For each heating,jatb e 6éopt i mumé sinter i
chosen basedn the point at which maximum shrinkage occurre®@£C to ensure good
densification). Following thishe second batch of samplesagss i nt er ed at t hati
temperature for 15 min in order to assess the time taken before shrinkage is complete (i.e.
when shrinkage rate measurements f mthe to
third round, hen thes ampl es were sintered under the
(temperature and time) for each heating rate. The resulting sintering cosdibio all

samples aresummarisedin tables in following results chapter amgiven alphabetical
identities which will be referred to hereafter for simplicity.

3.8 GNPs-spherical and flakedFeCo alloypowderscomposites

3.8.1 Dispersion and sinteringGNP-spherical FeCo alloy powder
(procedure A):

GNPswere dispersed in spherical Fe@toy powder by using Spectromill ball pestle
impact grinde(Chemplex Industries Inc., Model 110@)anair atmospheravith steel ball
pestles for thévall to powder ratio BPR of ~ (1:1) for th without process control agent
(PCA) up to 4 vol.% Then, thepowderedsamples were sintered at a constant rate of 50 °C
min? under a vacuum of 5 hPa. The initial MPa pressure was applied from room
temperature up to 400C; followed by an increase to 80Papressure and simultaneous

heating tahe sintering temperature of 900 °C for a dwell time&ahin.

3.82. Dispersion and sintering GNRFlaked FeCo alloy powder
(procedure B):

Planetary ball milhg machine (Fritsctpulverisette5 Germanywas used for dispersion,
which was supplied with 80 ml tungsten carbide jar and hardened stiéelolb 10 mm the
machine and therocedure of filling the jar with inert gamd the jar locking systemare
shown inFigure3.4. In order to prepare the flaky FeCo alloy powder, 50 g of spherical
FeCo alloy powder was ball milled at BPR of ~ (2:1) for 6 h using ®mndopropanol
alcohol as PCA, the efficiency of isopropanol alcohol in dispersion GNPs has been
reported in [2@, 206]. Operation parameters were 300 r.p.m, 15 min work and 10 min
pause to reduce temperature during milling. The jar was provided with a sealing lid that

allows filling the jar with an inert gas, high purity argon was used as inert gas to avoid
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oxidation duing the process. After filling the jar with argon gas, especial locking system
was used during operation which helps to maintain the janimert atmosphere. The
gases were released after ball milling using the valve to drop jar pressure to atmosphere
pressure. The aforementioned procedure was repeated to end withoflfi@ky powder,

which was used for subsequent processes to prepare composite materials.

The same machine was used to mix 20 g of flaky Fal©y powders with GNPs
in the argonatmosphee. GNP was dispersed in flaky Fe@loy powder using 6 ml of
isopropanol alcohol as PCA. The BPR of (~1:1) was used for 1 h during dispersion
processes, which are similar to the parameters of dispersion in procedure A. The operation
conditions were 400. p. m. for 30 min work and 15 min pause to reducaehgerature
in powder.Hotplate was used for drying composite slurries at 120 °C for. Diring
sintering, the high sintering pressure of 3@Pa was instantaneously applied at room
temperature undersacuum of 5 hPa. Hereafter, the heating rate of 50 °C wis used
to increase temperature to 1100 °C, where the sintering was performed without dwelling.
For both procedures, after fast cooling in contact with the water cooled pistons of the spark
plasma sintering furnace, the compacts were manually extracted from the die by a

hydraulic press.

Figure 3.4. (a) Planetary ball mill machine (Fritsch pulverisette 5) used for ball milling and (b)
process to fill the jar with inert gas.
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3.9. Heat treatment of wet ball milled 4 vol. % GNRFeCo alloy
composites

The 4 vol. % GNP composites were prepared following the aforementioned procedure B.
Then, hesamples werbeat treadin ACogentcompany. A shallow tray was used during

heat treatmetrto enable safe and quick handling for the sample from the furnace at the end
of the soak time. Samples were heated up to specified soak temperatures, which are 600,
710, 750, 800 and 900 °C from ambi¢emperaturen an N, (3 % H,) atmospherefor

soaking timeof 1 h. The samples weréghen quenched as fast as possible after removal
from the furnaceDespiteusinginert atmospherand less exposure to direrewas slight
oxidationon the samplegherefore, before testing all the samples wgrind carefully to

remove the oxide layer or anyesitfor crack initiation due to heat treatment.

3.10. High energy Ball milling of 1.5 vol. % CNT and 1 vol. %
GNP-FeCo alloy composites

High energy ball milling processes were performed on planetaryniihlhg machine
(Fritsch pulverisette 5 Germanyn order to impove dispersiorandinterface boding of
nanomaterialsFixed amount from CNand GNPof loading 1.5 vol. % CNT and 1 vol. %
GNPs were dispersed separatelRihgof FeCoalloy powder, whichwas filled with inert

gas. To improve dispersion and redutiee violent effect of ball milling, 6 ml from
isopropanol alcohol was used as process control agent (HG&)ball milling processes
were performed for different periods of tim&hich are (0.5, 1, 2, 4, 6 h) farball to
powder ratio BPR of ~ (6:1). The operation conditions were; 250 r. p. m of rotation speed,
30 min milling and 15 min pause to reduitee temperature in powder. The resulting
slurries were dried oahot plateby heating at 120 °C for 5 h.
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The all different trails wereadopted to develop FeCo allaog this work, are

summarised iollowing chartFigure3.5.

[ Development of soft magnetic FeCo alloy ]—

From literature, the used spark plasma sintering (SPS) parameters are: The initial pressure 7
MPa at 400 °C for heating rate 50 °C/min ; maximum pressure 80 MPa at 900 °C for a 3 min.

Up to 4 vol.% CNT-FeCo Up to 4 vol.% GNP -FeCo Up to 2 vol.% (GNP/CNT)-
composite, with and composites prepared by dry FeCo composites prepared
without pre-colloidal in ball milling 1 hin air by by dry ball milling 1 h in air
DMF. Then ball milling 1 h Spectromill machine. by Spectromill machine.

in air by Spectromill

machine.

v

Y ¥
(—[ Re-optimize SPS sintering conditions at low pressure of 50 MPa. ](7
L 2

The used SPS sintering conditions were 1100 °C, 50 MPa, 50 °C/min without dwelling time.
v
(Up to 6 vol.% GNPs-FeCo Heat treatment of 4 vol.% Optimising the time of high )
alloy composites, prepared GNPs-FeCo composites energy ball milling in
by wet ball milling flaked prepared by wet ball milling planetary ball milling
FeCo powder in argon by flaked FeCo powder in machine for dispersion 1.5
planetary ball milling argon by planetary ball vol.% CNT and 1 vol.%
\ mnachine. milling machine. GNP in FeCo alloy. J
' N
N Evaluation the properties of densified materials by: Tensile and hardness test; magnetic test; Optical,
Scanning electron and Transmission electron microscope; X-ray diffraction, Raman spectroscopy.

Figure 3.5. How chart of key steps for fabrication during developmenteCo alloy.

3.11. Characteristics of materials
3.11.1. Density measurements:

All the sinteeed samples were ground using Emery paper to remove the graphite layer. The
bulk density ofsinteredmaterials was meared by water buoyancy methaddl.Sartorius

kit, which determines the density dependingAmr ¢ hi me d e s principlewase r s i 0
used to measure the real densityh&fsinteredsampledirstly in air. Then,the submerging

density was measured in distilled water. The actual dessit sintered matrials were

then recorded directly frorthe kit and were divided on theoreticalensites, taking the
theoretical densities for CNT, GNP and FeCo powder4.d4sg cn®’, 2.2 g cn and 8.174

g cm respectivelyandusingtherule of mixture to report the relative densities values.
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3.11.2. Microstructural characterisation

The section of arc segent was mounted using Bakelite thermosetting (R&simowder
whichwaspressedy Struers Primd’ress Mounting Press at 185 for 5 min heating and

4 min cooling. The cross section afc segmentvasthenground with different grade of
silicon paper started with 320 um to 4000 um. Polishing processes were performed using
different discs contained abrasives $twes 9 3 and 1l& mThen,the samples were etched
using 10 % Nital (10 % HN©+ 90 % ethanol) for 30 sec. Optical microscopy study was
performed using (Nikon ECLIPSE LV 100Different magnification images from
Scanning Electron Microscopy (SEM) (Oxford instrument) weneefully used to analyse

the fracture behaviour of tensile samplBsnsmission Electron Microscope (TEM) (JEM
2100 LaB6)of high resolutionwasused tostudy the structure ahw GNPs and CNTSs.

3.11.3. X-Ray Diffraction test

X-ray diffraction (XRD) of Philips PW 3830 Automated PoedDiffraction supplied with

Co tube was used for inspection the crystallographic phases. The tests were carried out
with awavelengthof K U r a d i ca=1L.78896A) (simg (PANalytical, XPERT Pro); to
analysis the crystalipraphic phases andariation inthe ordeed structureof FeCo alloys

andtheir composits. The scanning angles were ranged
speed of & 10°U 2 d * a eperation conditiond5 kV and 40 mA. Whilghe operation
conditions were 42 kV and 40 mét a very slow scanspeed of 25 x 10U 2 d " is thec
expected U 2 d orderadn girectureoJCPDJbirée Committee on Powder
Diffraction Standards) databas@sused to compare with the obtained diffrogramgo

determire the crystallographic phases present in materials.

3.11.4. Raman Spectroscopy

Raman spectroscogfRenishaw in Via Raman microscopgasused to qualifyfGNP and

CNT powdersas a rawand after embeddingn FeCo alloy.The test was performed on
tensilesamplesthe excitation wavelength of laser line was maintained at 514 nm for all
samples with a power of 25 mW and spot size of 5 um. Raman spectra scans between 1000

and 3200 cii were obtained after 15 accumulations.
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3.12. Mechanical and Magnetic Properties

3.12.1. Mechanical properties

3.12.1.1 Tensileand hardness measurements

Tensile samples were cut from 30 mm diameter monolfE@Co alloy and composites
discsusing electron discharge machining (EDM) of dimensions 118mmmx 1.25 mm

[17]. The specimen surface was subjectedgtmding with fine grit emey papers to
eliminate scratche$ any were included during EDM cutting processes. In each tase
sanples were testedand thernthe average values and standard deviation were recorded.
The tensile test experiments were conducted at room temperature in air using a Shimadzu
testing machinat a croshieadspeed of 2 mmmin™ of a 20 kN load cell. The schematic of

disc and image of cut magnetic and tensile sangskeshown inFigure3.6.

(@)

Figure 3.6. (a) Schematic showing the disc which the sample was cut (b) image of ten:
and magnetic samplecut by EDM.

3.12.1.2 Hardness:

Hardness measurements for both FeCo allmygtheir composites were performed at five
different locationsusing a Vid&ers hardness tester (HTM 5027ickers Ltd., Crayford,
Kent, England)with an applied load of 30 g for 4 sek.squarebased diamond pyramid

indenter was used in this measurement.

3.12.2. DC Magnetic test

The DC magnetic experiment®r the sintered materials were conducted using a DC
permeameter developed at the Wolfsgentre for Magnetics, Cardiff Universjtas seen

in Figure 3.7 [206]. Rectangular sampled dimensiong24 mmx3 mm x5 mm) were cut

from 30 mm diameter sintered discs using an EDM cutting maeinideere ground using
silicon carbide papers to remove the scratches from cuffing. amples were closely
wound with a search coil for fixed number of turns at 15, a thin wire (around 0.01 mm) of

copper coated with enamel was used tadathe pickip coil. The DC magnetic response
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for samples was evaluated by changing the magnetic field up to 25 KABadjustable

pole pieces were used to place the sample, formoigs@dmagnetic circuit. To measure

the magnetic flux density, the enamel coating was rethdnen the ends of search coil

and was then connected to integrating fluxmeter. A Gaussmeter with Hall probe was used
to measure the magnetic field strength. A computer was connected to both the fluxmeter
and Gaussmeter via a GPIB programmable input ddrel.samples were demagnetized by
reducing the magnetic field from the highest value to zero. Input parameters must be
included through a LabView interface before start testing. These invddveagnetization

time, amplitude and number of cycles, loop peravosssection area of the sample, the
applied peak field and magnetic path length. The budget for uncertainty in measurements is
shownin the appendix.

Figure 3.7. Quasi DC magnetic property measurement of a consolidated sample (image)
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Chapter 4: Results and discussion of Carbon nartobe

composites

4.1 Introduction

Uniform dispersion foICNT in polymer and ceramic matrban be achievelly mixing
CNT with thematrix materiain a solvent such as DMARhe aim of the current work s

test the effect of prenixing in DMF on dispersion of carbon nanotube in FeCo alloy
powder.

4.2 Characterisation of asreceived CNTs
4.2.1 Asreceived FeCo powder

As received FeCo alloy powder showsspherical morphology of wide range variety in
size as shown irFigure4.1,theDv (1 0) , Dv (50) and Dv (90)
23.4 em and 54.0 em, resp,seRiguredl v from Mas

Figure 4.1. SEM of as received FeCo alloy powder.

Volume Density (%)
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Figure 4.2.Mastersizer curve of particles distribution.

45



4.22. Transmission electron microscopy (TEM)

TEM was used to evaluate-eeceived CNTs, the arrows irigure 4.3 identify defects

which may be subdivided into dimensional and structural defects.

Figure 4.3. Transmission electron micrographs of plasma treated CNTSs; the arrows highlight defect:

Most of the CNTs are tangled with each other, which impedes their dispersion. Fhe non
uniformity in the graphene layers, discontinuity on itgide of the fibres and defects on

the outer surfaces suggest that the defects may not only be produced during fabrication but
also by the functionalization processes. The amorphous carbon was observed on the
surface of the fibres. These imperfections @neferred sites for chemical reaction. Some
dark areas were observed on the CNAKich are probably metal inclusions, occurring
from the reaction with the metallic catalyst used during their fabrica@dd].[ The
measured dimensions of the CNTs exh#imean outer diameter of around 10.45 nm,
while the inner diameter is around 4.29 nm. This corresponds to 34 concentric shells of
carbon sheets in some cases, but for most CNTSs, it was typically about 10. Caps were
observed at the ends of some of the CNAile some tubes showed open ends. This

opening of the hemispherical cap is due to oxidation during the functionalization step.

4.2.3 X-ray characteristics

An XRD pattern ofthe asreceived CNTSs, generated using a copper anode, is shown in
Figure44.The main peaks for carbon nanotubes w
43° and are in good agreement with thetguat previously reported in [1LE8The dyo2
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cal cul ated wusing the Bragg equation (@& =
spacing for graphite of 0.3348).3360 nm (5 % experimental error). A broadening of the
peak at ~ 26° could be observed, and is likely due to the presence of oxioésced to

the CNTs during functionalization process; with the variatiord ispacing due to the
incorporation of oxygen between the lattice planes. Broadening could also be due to

contributions from the amorphous regions of the CNTSs.
800

m Carbon nanotube

(002)
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400
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o+— 77
10 20 30 40 50 60 70 80 90 100
2 Theta (degree)

Figure 4.4. XRD pattern of as received CNTs, the main diffraction planes are labelle

4.24. Raman spectrum of Carbon nanotube

Raman spectrum testas performedor asreceived and plasma treated Gi\ihe defects
density for nanotube is detected by D band. The intensity of this band was increased after
plasma treatmen(Figure 4.5), which means functionalization processes to introduge O

group on CNT outer layer effect on the quality of CNTs.

15000
—— As recieved CNT
[—— After plasma treatment CNT

12500

10000

Intensity (a.u.)

7500

5000 T T T L T v T y T v T 1 T
1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)
Figure 4.5. Raman spectrum of as received and plasma treated CNTs
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4.3. Effect of ball milling and CNT on composite

4.3.1 Densification and density

The densification behaviour of as received monolithic FeCo alloy and CNTs composite
were different as shown iRigure4.6. The volume fraction of reinforcement affected the
densification behaviour. The composite materials densified at lower temperatures
compared to as received alloy, which could be due to the influence of CNTs on the
densification mechanism. In addition, the ball milling step decreased the particle size in the
composite which increased the surface area between reactants; leading to faster
densification kinetics through improved mass transport by diffusiof A2].

0.8

—— 4.5 vol.% CNT composite method A
1 vol.% CNT composite method A
As received FeCo alloy

0.6

0.4 1

1
o —
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= ———
e e —
_;_

0.2 4

Piston speed (mm min™')

0.0 1

' ) ' ) ' ) ' 1
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Temperature (°C)

Figure 4.6. Shrinkage sintering curve, for the as received FeCo alloy in comparisor
to the 1 and 4.5 vol.% CNT composite materials prepared using method A.

The density was higher inhe composites containing up to 1.5 vol. % CNT as
compared to the monolithiequiatomicFeCo alloyFigure 4.7. The highest value for
density was achieved for the 0.5 vol. % CNTs composites; while the density dropped
sharply at higher volume fractions. This behaviour was attributed to the increased
agglomeration of the CNTs, which led to induce porosity in the tsir@ieof composite
material, more agglomeration was introduced at high volume fraction for reinforcement

leading to more drop in density.
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Figure 4.7. Relative density of SPS sintered composite materials fabricated using met
A against volumefraction of CNTs (%) compared to monolithic FeCo alloy.

4.3.2 Oxidation of powder

Figure 4.8 shows a comparison between monolithic FeCo alloy powders before and after
ball milling processesl'he maghemite phaseas formed in FeCo alloy powder after 1.5 h
ball milling in the air atmospherelhe FeCo alloypowder is heated up during ball milling,
leading to formation oxide layewhich deteriorates densification during sintering because

it forms a diffusion barrieduring sintering.

1500 . —— 1.5 h Ball milled FeCo alloy powder
® Maghemite (Fe,0,) —— As received FeCo alloy powder
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Figure 4.8. XRD shows oxidation of FeCo alloy due to ball milling in air atmosphere.

4.3.3 X-ray diffraction characteri zation

Figure4.9 a and bshowwide range and narroslow scarangeX RD patt erns ( C¢

the sintered as received, ball millé&@Co alloyand CNT-FeCo alloy compositesThe
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enlarged pattern of theuperlattice line(100) (Figure 4.9 b) was used to observe the
ordering of the FeCo alloy, which was scanned in the range of the expected superlattice
line according to[59]. The pattern shows that the addition of 1 vol. % CNTs with ball
milling produced a reduction in the antiphase donsae for the ordered crystalline phase.

The crystallite domain sizes were calculated using the Scherrer equation of the (100) peak
(Figure4.9 b) as 45.75 nm to 28.10 nm and 34.32 nm for as received Fe50Co alloy, 1 vol.
% CNT and 4.5 vol. % CNFeCo alloycompositesrespectively. The composite with a
higher volume fraction of CNTs displayed an increase in crystallite size, yet a high
intensity of ordeistructurewas observed in the XRD patterns. As such, it appears that an
increase in the volume fraction of CNTs produces an increase in the volume fraction of

ordering as compagigo the monolithic alloy and low volume fraction composites.
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Figure 4.9. XRD patterns (a) slow scan for sintered FeCo as received alloy, 1 h ball milled FeCo alloy, 1 vol.% CM
composite and 4.5 vol.% CNT composite; (b) (100) Superlattice peak for displayed material.
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Strains can be classified into uniform strain and-uoifiorm strain, the former
shifting peaks oK-ray reflection to lower angles, while the latter lead to broadeningoand
reduce the intensity [§OBall milling processes can induce stresses in powuexever
the intensity of ball milling was very low, as the process was performed for BPR 1:1 for 1
h to disperse the reinforcement in the FeCo alloy. Residual stress may be released during
sintering at high temperature. This suggests the effects oh siraibroadening<-ray
reflection are minimal, as the recovery reduces the magnitude of the residual stress and
recrystallization eliminates the residual stress leading to the maximum sharpness in
diffraction line [@)].

4.3.4 Optical microstructure

Figure4.10 shows he optical micostructurgor both FeCo alloy and composites

(a) As received FeCo alloy (b) method A

S0 pm S0 pm

(9] 111¢t110( ' e 4 (d) method B

SO pm g ' S S0 nm

(f) method B

S0 upm

Figure 4.10. Optical microstructure of: (a) FeCo alloy; (b), (c) and (e) are 0.5 vol.%, 1 vol.
and 3 vol.% CNT composite, respectively prepared by method A. (d) and (f) are 1 vol.% a
3 vol.% CNT composite, respectively prepared by method B.
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A very fine microstructure was observed for the 0.5 vol. % CNT composite, which
reflects the role of CNTs in refining the microstructure. However, this behaviour is
different at higher volume fractions of CNTs due to the segregati@Nadfs to the grain
boundaries This agglomeration causes poor densification at higher volume fractions
therefore, pres and elongateghrticles were observed at high volume fractions. The ball
milling process changes the shape of the powder particles;thargl an elongated
particulae structure is observed after sintering. This structure becomes more evident due to
the increasing fraction of agglomeration and the poor densificatidhedtigh volume
fraction of CNT. No difference can be observed in the microstructure between the two

methods used to prepare the composites.

4.3.5 Magnetic properties of consolidated materials

The upper halves of hysteresis curves of monolithic FeCo alloy and composite materials
are presented iRigure4.11.

2.4 4
2.0 4 Monolithic FeCo alloy
0.5 vol.% CNT composite method A

’;‘ 1 vol.% CNT composite method A
~ 1.6 4 1.5 vol.% CNT composite method A
Q 3 vol.% CNT composite method A
E b 4.5 vol.% CNT composite method A
% 1.2 ———0.5 vol.% CNT composite method B
e 1 vol.% CNT composite method B
é‘ %1 —— 1.5 vol.% CNT composite method B
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Figure 4.11. Upper halvef hysteresis curves for FeCo alloy and its composites.

The magnetic properties of the €e alloy and composite materialgere fabricated
following mixing methods A and B are summarised Rigure 4.12. The saturation
induction is highly dependent osample density; with the saturation induction trend
closely following that of the density trenBligure4.7) with increasing volume fraction of
CNTs. The highest saturation induction was achieved in the composite material at 1 vol. %

CNTs, consistent witht having a high density. With an increased volume fraction of
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CNTs, a drop in saturation is seen due to the agglomeration of the reinforcement as

observed inKigure4.10) and the subsequent of that drops in density.

The coercivity was declined in the cposites produced by both fabrication
methods in omparison to the monolithic E® alloy. Coercivity is typically inversely
proportional to the grain size; however, the results indicate a decrease in coercivity with
decreasing grain size. Previous modelgsid, 213] have explained this behaviour in terms
of the anisotropy energy. For a very small grain size (D) < 100 nm the ferromagnetic
exchange length will often be larger than the grain size (D). The exchange length in a soft

magnetic alloy is calculateabs follows:
Lex= (A/K1)Y? (4-1)

Using exchange constaAt1.7x10™ J/m and magnetic anisotropic const&at8 kJ/n?

for calculdion the exchange length in Bo alloy 214], giving Le= 46 nm which is in

value higher than the m&ared ordered crystallite size as 45.75 nm to 28.10 nm and 34.32
nm for as received FeCo alloy, 1 vol. % CNT and 4.5 vol. % CNT, respectively.
Meanwhile,the change in coercivity with crystallite size follows Ngehodel.Therefore

the effective anisotropy energy is averaged over a number of grains and is thus reduced in
magnitude. In this anomalous behaviour of nanocrystalline magnedierials, the
coercivity exhibits [ dependence, whicttontrasts withthe conventional rule for
polycrystalline magnetic materials, which exhibits 1/D dependence. As discussed
previously, the Scherrer calculations show a crystallite sizewbelOO nm in he
monolithic Fe&o alloy, which decreases further for the composite samples. This may
therefore account for some of the trends seen in coercivity. However, at the highest
volume fraction of CNTsthe coercivity increased. Né&l1p] suggested that the exivity

is directly proportional to the volume fraction of mpragnetic inclusions. Residual
stresses produced due to the difference in the coefficient of thermal expansion between the
CNTs and the monolithiequiatomicFeCo alloy may lead to domain walhning, thereby
increasing coercivity and creating a traaf€between coercivitglecrease due to grain size

and increase due to domain wall pinning as the volume fraction of reinforcement is

increased.

A high resistivity is crucialfor producing lowloss components. Resistivity
measurements of the monolithic FeCo alloy and CNT composites fabricated using method

A are shown as an inserthiigure4.12. A slight increase in resistivity is observed from 3.5
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Oq.cm for monolithic FeCo alloy to 5.6 Oq

up to 1.5 vol. % CNTs. Higher volume fractions of CNTs (3 and 4.5 vol. %) further
increase the resistivity of composite materials, which magldmdue to the increasa the

level of porosity.
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Figure 4.12. Effect of volume fraction of CNTs on: saturation induction; coercivity of FeC&NT composites, the
monolithic alloy is represented as 0 vol. % CNT. The insert curve shows the change in resistivity wititreasing
volume fraction of CNTs for composites prepared using method A.

4.3.6 Mechanical properties ofthe sintered materials

Tensile stresstrain curves for monolithic FeCo alloy and GIN&Co alloycomposite
materials were prepared following twaroducersof dispersion for different volume
fractions are presented Figure4.13. While summarise for the tensile properties and the
mechanical hardness of the FeCo alloy and composite materials prepared using the two
different methods of dispersion gpeesented irFigures4.14 and 4.15 respectively.The
addition of a small amount of CNTs up to 1 vol. % produces an improvement in tensile
strength in comparison to the base alloy. The greatest improvement is observed with the
addition of 0.5 vol. % CNT4dn this casea tensile strength and Vickers hardness of 821
+30.77 MPa and 352 +15.15 VHN, respectively were measured.
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Figure 4.13. Tensile stresstrain curves of monolithic FeCo alloy and composite materials
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Figure 4.14. Effect of volume fraction of CNTs on: tensile strength (solid lines) and failure strain (dash
lines) of (Fe50C0o)CNT composites fabricated by two different dispersion methods and SPS; the monolit!
alloy is represented as 0 vol. % CNT.
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Figure 4.15. Effect of volume fraction of CNTs on: hardness of (Fe50G@NT composites fabricated b

two different dispersion methods and SPS; the monolithic alloy is represented as 0 vol. % CNT.

There are different mechanisms for improvement the mexddaproperties of
composite materials such as load transfer between the matrix and reinforcement, grain size
refinement and dislocation strengthening mechanisms. It is reported that the mechanical
properties are highly correlategith the grain size in Féo alloys; following the Hall
Petch relationship in both the ordered and the disordered 2ifje [

6= Hyd™? 42)

wh eryésthé@yieldstrengtl i s t he aver aipmategialsaconstantddeseribirgtthe ntrinsicl
resistance of the lattice to dislocation motion, kyid the strengthening coefficient.

The optical micrographs of the FeCo composites show tleaadhklition of a low
volume fraction of 0.5 vol. % CNTs refines the microstructure and improves densification.
Thus an increase in tensile strength and hardness at low volume fractions is achieved.
However, the mechanical properties deteriorate at highelume fractions of
reinforcement using both fabrication processes. The decrease was higher for composites
produced using mixing method B. It was experimentally observed that the CNTs tended to
separate as a surface layer on the powder after drying usithgdnB, leading to more

agglomeration of the CNTs and subsequently poorer densification.

An increase in the failure strain was observed in the composites containing low
volume fractions of reinforcement. EDS resuksg(ire 4.16) for monolithic FeCo alloy

and its composites show a deviation in the chemical composition of the composite in
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comparison to the alloyThis suggests that the CNTs lead to chemical deviations in the
matrix surrounding them. It has been reported [20] itheltsion particles in FeCo alloy
cause a chemical deviation in the matrix around them, which could lead to disorder around
the inclusions and possible improvement in the ductility. Moreover, additions of small
amounts of CNTs lead to the development ofeay fine microstructure, and may form
metal carbides because of the reaction with any amorphous carbon on the CNTs. This may
not necessarily be detectable by XRD, since the amount of carbides produced would be
lower than the sensitivity of the techniqUdwese two parameters play an important role in

the improvement of ductility, as has been reported previously [38].

+Spectrum 1 Fe 52.65 wt.%
Co 47.35 wt.%

3
Spectrum 2

e o
Spectrum 3

Electron Image 1 0 1 2 3 4 5 6 7 8 ! )

Fe 51.15 wt.%
Co 48.85 wt.%
= : Spectrum 1
Spectrum 1

Electron Image 1 0 1 2 3 4 5 6 7 8 9

Figure 4.16. EDS spectra of (a) Monolithic FeCo alloy, (b) 3 vol. % CNTs composite method A.

4.3.7 Fractographic studies

Fractographic images of the monolitlieCoalloy and composite materials with different
volume fractions of CNTs are shown kigure 4.17. Mixed modes of fracture between
intergranular and transgranular were observed for both the mondélglioalloy andthe
composite materials. Small tubular holes were obseedhe fracture surface, as
indicated by arrow# theimage (c), which are likely to be the former locations of CNTs
were extracted during fracture. Porosity can be seen to increase at higle ¥i@ations of
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CNTs, as shown in image (d), while images (e) and (f) show the agglomeration of CNTs
between powder particles. The high magnification insert in (f) shows the presence of CNT
bundles at the boundary. These bundles would have hampered dépsifi; the

composite.

B\

Figure 4.17. Fractographic images of materials prepared using rout A : ( @) FeCo monolithic alloy; (b) 0.5 vol
CNT composite; (c) 1 vol.% CNT composite; (d) 1.5 vol.% CNT composite; (e) 3 vol.®NT composite; (f) 4.t
vol.% CNT composite. High magnification image inert in (f) shows CNTs bundle between powder partic
boundaries.

4.3.8 Raman spectroscopy

In addition tothemain characteristic bands carbon nanotubéhereis also an exceptional
band, which can only be observed in SWNT, and is a radial breathing mode (RBM) in the
range 100 cim to 400 cm' [192, 217]. Figures4.18 (a and b)show the Ramaspectra
results for theCNT-FeCo alloycomposites and the changeRmratio with respect to the
volume fraction of CNTs for plasma treated MWCNTs and the composites fabricated by

58



the two different methods. A split in the G band was observed, which demonstrates that the
integrity of CNTs is maintained throughout the fabimatprocess, as reported ih9].

The main reason for this is due to the stronger tube morphology of the CNTSs in contrast to
the flat morphology of graphene sheetdowever, the splitting in the G band is less
pronounced in MWCNT and in large radius CNTs. This suggests that a thinning in the
radius of the CNTs may occur during the fabrication process, reducing the number of
layers; or that the radii ohostthe CNTs n the powder are in the range of band splitting,
since DWCNTSs were observed in TEM images. Mixing method B gives a high vaRie of

at low volume fraction, which reflects the effect of the processing route on the quality of
CNTs. The damage of the CNTs wasluced at higher volume fraction as compared to
mixing method A. This could be due to the less effective ultrasonic dispersion processing
of higher volume fractionsf CNTs due to a less effective transmission of the ultrasonic
wave in solution, leadingp a greater segregation of CNTs on the surface of the slurry.
With dispersed O6pocketsd of CNTs present
shielded from damage during ball millinmpam et al. 199 reported that the structural
features of theCNTs in composites are very sensitive to the spark plasma sintering
conditions and to the matrix materialhis means that the improvement in the quality of
CNTs could be due to the effective thermal annealing during cooling in SPS furnace
following the sntering process. The stress on the surface of the CNTs introduced by the

functionalization process may be released by removing defects and oxides from the CNTSs.
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Figure 4.18. (a) Raman spectra of MWCNTSs and FeCo alloy composites; (Intensity ratio (R =ID / I1G) of
composite fabricated by two methods.
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Summary

CNT-FeCo alloy composites were prepared with and withoutpréng in DMF followed

by ball milling for different volume fraction for reinforcemeithe samples were sintered

at conditions of 900 °C, 80 MPa, 50 °C/min for 3 naisreportedelsewherelt is observed

that the CNTs tended to separate as a surface layer on the FeQuoallisr after drying

the solvent, due to the wide different in the densities. The microstructure was refined after
embedding CNT in FeCo alloy. Surface observations-oéesived CNTs revealed a layer
amorphous of carbon, which can be a source for carimdia® microstructure howevey

their amount mighbeyondthe sensitivity of XRD instrumenDispersion of CNTs by only

ball milling showed better properties than composites prepared with premixing in solvent,
however, the properties were improved for amoof 1 vol.% CNTs followed bya
significant decrease due to inhomogeneous dispersion at high volume fraction.
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Chapter 5: Results and discussion d&ENP and
GNP/CNT composites

5.1 Introduction

Graphenenanoplatelet GNPs ipromising reinforcement materjatiue to the unique
properties for this reinforcementowever, the challenge here in addition to thach
difficulty in obtairing uniform dispersioras a comparetb CNTs is the easily slipping
between the overlapped GNEsderstressescausing fast deterioration in propertidfe

main aim of this work was to reduce overlapping and to improve dispersion of GNPs by
inserting CNTs among them, by the strong interact betw&dR®s with the surface of

CNTs throughout -~ attractions

5.2 TEM analysis of GNPs and CNTs

The graphene nanoplatelets and carbon todseomorphologies are shownkigure5.1.

Figure 5.1. Transmission Electron Microscope (TEM) of; (a, b) GNRnd (c, d) CNT.

A wrinkled morphology is observed for the GNPs, which may produce porosity in the
composites. A variety of sizes were observed, and very small sheets were noticed to be

stacked on larger sheets. The thickness of the GNP sheets ranges from ~ 4 to 42 nm. The
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width of the sheets ranges from ~ 27 to 223 nm, while the length varies from ~ 85 to 487
nm. Most ofthe CNTs are tangled together, which impedes their dispersion. The measured
dimensions of the CNTs exhibit a mean outer diameter of around 10.45 nm, while the inner

diameter is around ~ 4 nm (corresponding to ~ 10 concentric shells of carbon sheets).

5.3 Characteristics of composites
5.3.1 Optical microstructure

The optical micrographs of the monolithic FeCo alloy and composite materials are shown
in Figure 5.2. The uniform structure inas received monolithic FeCo alloy as shown in
(Figure5.2a) was converd to elongated grains structure e tsintered samples prepared
with powders that had been ball milled, as showRigure5.2b. The micretructure of the

GNP compositeswas inhomogeneousFigure 5.2c) with excessively growth grains

surrounded by small grains.

(a)

Figure 5.2. Optical microstructure of: (a) as received FeCo alloy; (b) 1 h ball milling FeCo compact (c) 2 vol.%
GNP composite (d) 2 vol.% GNT composite.

Adding a small amount of CNTs (1:1@jgnificantly change the microstructure. The
homogenous microstructure observed may result from the uniform dispersion and prevent
the stacking of the nanophases. Figure 5.2d shows refinement in the microstructure, which
is occurred due to the addition TBlto GNPs as compared to the GNP compoBiti(e

5.2c). An increase in the volume fraction of reinforcement leads to more agglomeration for
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reinforcement in the microstructure, which results in increased porosity. Impurity elements
such as (O, N, b} may segregate at grain boundaries, grain boundaries were investigated
using EDS spectra. The spectra were taken from the grain boundaries of sintered FeCo
alloy and 1 vol. % GNH-eCo alloy composite did not show any difference in chemical

composition betwen the materials.

5.3.2 Densification of sintered FeCalloy composites

The shrinkage curves of the consolidated monolithicdra©@ys and composite materials

are presented ifrigure 5.3. The significant difference is observed between as received
FeCo alloy with respect thall milled FeCo alloy and FeCo alloy compositegeanwhile

the influences of ball milling on structure through introducing stresses, dislogations
refining grain size and contamination are the most importantdensifiation ratherthan

the reinforcement. The relative density of the spark plasma sintereeF&Gi® alloyand
GNT-FeCo alloycomposites are shown iRigure 5.4. Almost full densification was
achieved for theas received FeCo alloy, with a relative density higher than 99 %. In
comparison, the final density of the FeCo alloy after 1 h ball milling was reduced to 98 %.
The addition of reinforcements increased the final density in comparison to the ball milled
FeCo alloy, yet it decreased overall with increasing volume fraction of reinforcement. The
density of the GNT composites was lower as compared to the GNP composites, which
might be attributed to the presence of carbon nanotubes in the GNT compositesD The 2
morphology of the GNPs leads to a higher surface area as compared t® tbarldon
nanotubes. An increase in the contact area between the GNPs and the matrix alloy leads to
a higher density; while, CNTs inserted between the GNPs may introduce porosigibe

the sheets and reduce the density.
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Figure 5.3. Shrinkage curves of the indicated materials
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Figure 5.4. Variation of relative density of SPS sintered composite materials against volurr
fraction of GNP and GNT (vol. %) as compared to the monolithic FeCo alloy.

5.3.3 X-ray diffraction analysis of the consolidated materials

XRD patterns of the sintered FeCo alloy and its composites are presefigdrab.5. In

spite of the slow Xay scan rate used for all of the FeCo alloy composites, the distinctive
2 F26.5° peak of the GNPs was not observed due to its relatively low volume fractions,
which are beyond the sensitivity of the XRD technique. To clarify €mft in peaks
position, the figure was enlarged, as shown in the inseguie 5.5). The fundamental

peaks were shifted to lower angles in the composite materials as compared to the as
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received FeCo alloy. This is due to the stresses introduced durlhgniiang. A
broadening of the XRD peaks was also observed in the composite materials, due to
microstructure refinement following ball milling. The volume fraction of the ordered state

has an effect on both the magnetic and mechanical properties of Fe@So a

7000

2 vol.% GNT composite
1 vol.% GNT composite 400
6000 2 vol.% GNP composite
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Figure 5.5. XRD patterns for FeCo as received; 1 vo¥s GNP composite; 2 vol. % GNP composite
1 vol.% GNT and 2 vol. % GNT composite.
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Avery slow scan rate and highnt ensi ty XRD (Co KW) was
investigate the (100) supattice line reflection of the sintered FeCo alloy, 1 h ball milled
FeCo alloy, GNT and GNP composites as showRigure5.6. Thelong-rangeordering
fraction in FeCo alloy has been shown to reduce following ball n6lf][IWith 1 vol. %

GNP dispersiormn the FeCo alloy an increasevolume fraction of ordering was observed.
However, the introduction of 2 vol. % GNP did not make any significant difference to the
degree of ordering and crystallite size. The intensity ofsingelattice reflection was

found to be higher in the GNP composites as compared to the GNT composites; indicating

a greater volume fraction of ordering in the GNP composite. This is confirmed by the shift

of the peak to lower angles in the GNP composites due to the strains indutednbgre

ordering reaction as compared to the GNT composites. Clegg and BucBJegpdrted

that the change in lattice parameter between the disordered and ordered phases is about 0.2
%; varying from 0.28550 to 0.28570 nm. The dttase domain sizevee estimated from

the supdattice line inFigure5.6 using the Scherrer equation. A significant reduction in

the antiphase domain sizes was observed in the 1 vol. % GNT composite, which reflects
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the role of carbon nanotubes in refining the crystakiteicture or due to improved

dispersion, while GNP additions did not influence on the nanostructure.

APDS
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Figure 5.6. Slow scan XRD patterns show (100) superlattice line reflection with afghase domain
size (APDS) of monolithic FeCo alloy, 1 h ball miéd FeCo alloy and displayed composites.

5.3.4 Magnetic properties

The upper halves of the hysteresis curves of the consolidated material are skoyunen
5.7, and a summary of the magnetic inductiog,{B coercivity (H) and remanence (Bof

these materials is shown kigure5.8. An increase in saturation induction and reduction in

coercivity is observed in the GNP composites compared -tecatved FeCo alloy, for

reinforcement additions up to 1 vol. %. In general, a higher remanenbedsved in the
GNT composite as compared to the GNP composkegule 5.8, inset). In order to
separate the effects of ball milling from the effect of reinforcement on the magnetic

properties, the 1 h ball milled FeCo alloy was also investigated. Tin@asan induction of
1 h ball milled FeCo alloy was reduced from 2.30 T to 2.23 T, while exhibiting a decline in

coercivity from 836 to 763 A th
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Figure 5.7. Upper halves of hysteresis curves of the indicated materials.
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Figure 5.8. Effect of volume fraction of GNP and GNT on: saturation induction (solid lines); coercivity (dashs
lines) and remanence (insert) of (equiatomic FeCo alloy) composites fabricated by spark plasma sinterit
magnetic field of 25 kA/m

It was slown in the previous section that the density after ball milling under air

atmosphere dropped, which can account for the tenfum saturation induction due to

oxide formation [67]. The 1 vol. % of GNPs composite exhibited a higher saturation

induction \alue of 2.39 T than the i ball milled FeCo alloy 2.23 @ue to the increase in

density produced by the addition GNPs to the ball milled FeCo alloy as confirmed in

Figure 5.4. However, withthe addition of 1 vol. % of GNTs the saturation induction
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droppedto 2.12 T. The increased space between GNPs due to inserting CNTs leads to drop
in density due to porosityr{gure5.4). Further, the increased saturation in GNP composite
can also be explained by the ferromagnetic behaviour of graphene and improwéchklect
conductivity of this composite2]l8, 219], which could affect the densification processes
during SPS and subsequent magnetic properties. -Théo2m of the GNPs exhibits open
edges, i n contrast to the -electoresystemsd ThENT s
nonbonding state also creates nanomagnetic properties at &f#fjgs However, the
inserted CNTs will influence magnetic properties primanigause of the residual metallic

catalysts on their surface and seconahrg to the introduction gforosity.

The coercivity is sensitive to the changehe microstructureespecially grain size
The plastic deformation hassoa significant effect on coercivity, themcreased dislocation
density from deformation stresses may change the anisotrogtantik;, which reflects
on coercivity value47]. The ball milling was used here with aamples foa limited time
of 1 h and low BPR of ~ (1:1)ps a result of that the effeat ball milling stresses was not
significant on the coercivity or stresses were released during the cooling in SPS furnace.
The coercivity after ball milling under air atmosphere dropped, which may have been
caused by the formation of nanocrystalline streetdThe slow scan rates XRD@C K U)
patterns Figure 5.6) revealed a (100) supattice reflection with crystallite dimensions
reduced tothe nanoscale. It has been shows2,[221] that at this scale the trend in
coercivity would follow that of the averagmagnetecrystalline anisotropy when the
crystallite size becomes less than the ferromagnetic exchange length, leading to a drop in
coercivity. The composites with GNT displayed a higher coercivity than the GNP
composites, which is due toetmore refinedjrain size Figure5.2d) of GNT composite as
a result of better dispersipand alsdecause of thdecrease in densityhe restacking of
GNPs increased at higher volume fraction composites, leading to an inicrease GNPs
to be closer to micron, thefore, theeffectiveness of GNPs to reduce grain growth was

decreased.

5.3.5 Mechanical properties

The tensile stresstrain curves of as received FeCo alloy, GNPs and GNT composites of
different volume fractions are shownhigure5.9. In addition tothat the influence of ball
milling on properties @&s also considered by testind ball milled monolithic FeCo alloy.

The ultimate tensile strength, the mechanical hardness and failure strain of the as a

received monolithic FeCo alloy which is represerdsd0 vol. % reinforcement) and the
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composites with different volume fraction of GNPs and GNTs are summarisegures
5.10 and 511, respectively. The 1 h ball milled Fe@doy was also examined and
compared to alloy prepared with unmilled powasxhibiting a decrease in ultimate tensile
strength from 67317.43to 643140 MPa; failure strain was also dropped from 2.9 £0.70
to 2.4%, while the hardness increased from 326.5¥#8I to 355.7 £5 VHN.
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Figure 5.9. Tensilestressstrain curves of the indicated materials.

Hard oxides formed during ball milling lead to an increase in hardness, yet they
hindered densification process and hence lower the tensile strength and failur@k#ain.
addition of GNPs to the FeGuloy led to a decrease in tensile strength. This was possibly
due to the restackingf GNP sheets as shownkigure5.13c, which caussean easily slip
in the agglomerate@NPs with respect to one another andepardbn under stresses.
Strength arisingrom nanereinforcement mechanisms will deteriorate once the GNPs
become agglomerated ingoclose tamicro-sized clusters, reducing the tensile strength by
acting as stress concentrators. An improvement in tensile strength was subsequently
observed in thehybrid GNT composite, where the addition of CNTs prevents
agglomeration of the GNPs. A marked increase in hardness to 385.3 £35 VHN was
observed in the 1 vol. % GNPeCo alloycomposite, as shown ifigures.10. This
represents an 1% increase in hardness in comparison to the as received FeCo alloy. The
highest density value among the composite materials was achieved for the 1 vol. % GNP
composite, leading tanincrease irthe hardness. The hardness decreased for the 2 vol. %

GNP conposite, because of the decrease in density produced by agglomeration of GNPs.
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Figure 5.10. Effect of volume fraction of GNP and GNT on: tensile strength and hardness of FeCo allo
composites fabricated by spark plasma sintering.

The composite material exhibit decrease in failure strain especially at higher
loading as comparetb as received FeCo alloyFigure 5.11), confirming increased
brittleness in FeCo alloy from agglomeration.

Figure 5.11. Effect of volumefraction of GNP and GNT on failure strain of FeCo alloy composites
fabricated by spark plasma sintering.
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