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Abstract

There is potential to use Co-Fe-Pd rare earth-doped alloys for magnets. The system offers possible
alternatives for the heavy and expensive rare-earth magnets. The phase diagram of Co-Fe-Pd was derived
nearly sixty years ago and is inconsistent. Therefore, the system needs to be studied again to provide an

accurate and updated phase diagram to facilitate the development of the potential magnetic alloys.

Samples of different compositions of Co-Fe-Pd were made in a button arc furnace, under an argon
atmosphere on a water-cooled copper hearth. They were sectioned and part was kept in the as-cast state
and the other part annealed. The samples were analysed in a scanning electron microscope with energy
dispersive X-ray spectroscopy to observe the microstructures and to determine the overall and phase
compositions. Samples were also analysed in an X-ray diffractometer to confirm the phases. The same

analysis procedure was followed for the as-cast and the annealed samples.

Coring occurred in many samples, which was expected due to the wide solid solutions in the system. The
microstructures were not similar to any of the previous work. There was better agreement of the as-cast
samples with the assessed 25°C isothermal section of Raghavan [1992Rag], than with the experimental
one of Kuprina and Grigorev [1961Kup]. The deduced liquidus slope agreed with both of the liquidus

surfaces published.

Some of the phases were too fine to be analysed in the as-cast samples. It was expected that annealing
the samples would have coarsened the grains, but the phases were still to fine to analyse. The 1000°C
alloys were not homogenous and apart from three alloys which had two phases, the others comprised
only one phase. The FePd and FePds regions of the Fe-Pd binary diagram did not extend perceptibly into

the ternary system. The 1000°C isothermal section was comprised mainly of the Al (yFe, aCo, Pd) phase.

The samples were also annealed at 650°C. The ordered a’ peaks were difficult to identify by XRD, and FePd
and FePds; were difficult to distinguish from Al (yFe, aCo, Pd). There was a Al (yFe, aCo, Pd) miscibility
gap in the system, around Co7i:Feis:Pdis — Cosi:Fezn:Pdsz. The hardness of the alloys increased with

increased Fe and decreased Pd contents. The three conditions followed the same trends for hardnesses.
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Chapter 1: Introduction

1.1. Background

Magnetic materials are essential in many industries, and there is a need to replace expensive rare earth
metals with cheaper and more readily available metals. Historically, patents held by American and
Japanese companies have been a barrier to entry to the magnet market, but China’s establishment of
research institutes in the 1950s and 1960s and the expiry of the American and Japanese patents in the
1980s, enabled China to enter and dominate the magnet market. Currently, China has a monopoly on the
magnet value chain, producing 90% of the world’s permanent magnets, and China also has most of the

world’s rare earth resources.

One of the new magnetic materials being investigated is the Co-Fe-Pd alloy, which has potential
applications in biotechnology, electronics and green technologies (hybrid vehicles and direct drive wind
turbines). Magnetic thin films and nanostructures that are magnetized perpendicular to their surface are
essential to many developing technologies, including spintronics devices [2006Man] and patterned media
[1999Tod, 2013Din], especially because of the need to maintain thermal stability as device dimensions
became increasingly nanoscale. Multilayers or superlattice structures consisting of alternating
ferromagnetic and non-magnetic layers are highly suitable for these applications, due to their tunable

perpendicular magnetic anisotropy (PMA) and saturation magnetization [2005Ter, 2010Rip].

By combining the soft magnetic properties of iron and the hard magnetic properties of cobalt and
palladium, an optimal magnetic material could be developed. Fe-Co alloys have a B2 structure which
makes them extremely brittle at room temperature [2016Mat]. The workability of these alloys can be
improved by substitution of nickel or palladium, and substitution of palladium led to higher tensile

strength and elongation at room temperature [2016Mat].

Apart from the mechanical properties [2016Mat] of the Co-Fe-Pd alloy and research on the magnetic
shape memory properties [2001Koe, 19810sh, 2012Kaul, little work has been done on the ternary phase
diagram [1958Kup, 1959Kup, 1961Kup, 1961Gri, 1992Rag]. The Co-Fe-Pd phase diagram was derived

nearly sixty years ago and is inconsistent, even within papers of the same authors [1958Kup, 1959Kup,



1961Kup, 1961Gri]. In order to understand the alloy better, the ternary phase diagram needs to be
updated to more reliably show the different phases. Knowing the phases and microstructure will help to
understand what could be optimal composition for a magnetic material. This work was a partner project
of Mrs H.C. Mantyi’s PhD project at Mintek, “Development of a nano-crystalline Fe-Co-Pd alloy”
[2017Man1, 2017Man2].

1.2. Research objectives
. To analyse Co-Fe-Pd alloy microstructures at different compositions and temperatures.

o To draw the solidification projection and isothermal sections for 650°C and 1000°C.



Chapter 2: Literature review

In this study, very little information regarding the ternary phase diagram was found, although there was

ample information with regard to studies that used the alloy for its other properties.

2.1. Ordering

Ordering involves a change from a statistically nearly random distribution of atoms in the atom sites into
a more regular arrangement, whereby designated sites are occupied predominantly by one kind of atom
[1980Bar]. In a disordered AB solution, atoms A and B would occupy any atom site, whereas in an ordered
solution, A and B atoms occupy designated atomic sites, creating a specific lattice [1980Bar]. The
segregation of atoms to specific atomic sites can take place with little or no deformation of the lattice,
creating an ordered solid solution out of a random solid solution [1980Bar]. The structures of ordered
alloys usually produce diffraction patterns which have additional peaks, associated with new and larger
planar spacings, sometimes smaller as with FePd, which are not present in patterns of disordered alloys

[1980Bar].

There is long-range and short-range order; long-range order is described by the formation of superlattices
and usually takes place at lower temperatures [1980Bar]. Short range order is when structures are neither
perfectly ordered, nor perfectly random [1980Bar]. There are many types of superlattices, e.g. L1, L1,
and B2. Ordering can be determined by studying its influence on certain mechanical, physical and thermal
properties [1980Bar], as well as by X-ray diffraction. Figure 2.1 a) [2018Lau] and b) [2012Kva] shows the
types of ordering that takes place at lower temperatures from the higher temperature A1l fcc solid solution

for FePd which has the L1, structure, and FePds; which has L1, structure.
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Figure 2.1. a) Fe-Pd binary diagram with disordered and ordered FePd phase structure [2018Lau] and b) schematic representation
of ordered FePds ordered alloy [2012Kva].

Figure 2.2 [2018Pei] shows the ordering of a’, (aFe) transforms by second-order reaction to ordered o’
[1982Kub]. A review by Raynor [1988Ray] found three ordered phases in the Co-Fe binary diagram,

although a later review by [20080ka] had only one ordered phase, which is accepted now.

disordered

(a) (b)

Figure 2.2. Schematic representation of the ordered and disordered a’ phase [2018Pei].



A good example of a system which shows different types of ordering is the Au-Cu binary; there are several
superlattices which exist at low temperatures near compositions: CusAu (L12), CuAu (L1o) and CuAus (L1,),
all of fcc-type [1980Bar]. These superlattices form fcc, fct and orthomhombic structures [1980Bar].
Another type of superlattice is the B2 beta-brass type [1972Cha], in which has two interpenetrating simple
cubic sublattices [1980Bar].

In ordering, the solution can have short range order (SRO) or long range order (LRO). The SRO is when
there is an equivalent number of atom sites A-B in a substitutional solid solution. The probability that any
given site in the lattice will contain an atom A will be equal to the fraction of A atoms in the solution Xa
(similarly for Xg). The degree of ordering can be quantified by defining a SRO parameter S (Equation 2.1)
[2009Por].

Pap — Pgp(random)
Pp(max) — Pyp (random)

.............................................................. Equation 2.1

where Pag(max) and Pag(random) refer to the maximum number of bonds for solution [2009Por].

The LRO is when atom sites are no longer equivalent, but can be labelled as A-sites and B-sites. This
happens in solutions with compositions that are close to a simple ratio A-B atoms. Such a solution can be
considered to be a different (ordered) phase separate from the random or nearly random solution
[2009Dav]. The degree of order for LRO can be quantified by defining a LRO parameter L
(Equation 2.2)[2009Por].

R R N Equation 2.2
1—-x4 1-xp

where xa is the mole fraction of A in the alloy and ra is the probability that an A sublattice site is occupied

by the “right” kind of atom [2009Por].

Also used to describe ordering is first order and second order reactions. In first order reactions at the
equilibrium transformation temperature, the first derivatives of the Gibbs free energy are discontinuous,
characterized by discontinuous change in S, an example of this is CusAu. There is also a discontinuous

change in enthalpy corresponding to the evolution of a latent heat of transformation. For second order

5



reactions at the equilibrium transformation temperature, the second derivatives of the Gibbs free energy
are discontinuous, however the first derivatives are continuous, and enthalpy is continuous, an example

is B = B’ (Cuzn) [2009Por].

Gilles et al. [2011Gil] showed that furnace cooled specimens were mostly ordered with constant ordering
parameters (S), whereas water quenched specimens of Co-Fe-Pd showed no ordering below 400°C, but
ordering increased above, and then decreased at T, (the critical (ordering) temperature, maximum 730°C).
Air-cooled samples had intermediate behaviour [2011Gil]. The degree of ordering affects magnetic
properties such as Curie temperature, domain interfaces and the mean magnetic moment [1996Kim,

2003Nos].

2.2. Magnetism

Magnetism is a force that attracts or repels objects which are magnetic [2019Nat]. The atom is said to be
magnetic if it carries a permanent magnetic moment [2005Gig]. There are a few types of magnetism; some
of the better known are paramagnetism, diamagnetism and ferromagnetism [1963Got]. Paramagnetism
and diamagnetism have very weak magnetic moments that do not produce any additional fields compared
to ferromagnetism, which has a great effect on the magnetic fields [1963Got]. In materials, magnetic
behavior is characterized by four interrelated vector quantities; the flux density or magnetic induction,
the magnetic field, magnetization and polarization [1951Boz, 1972Cul, 1962Kne]. Some other
fundamental properties are the Curie temperature, energy product and magnetic anisotropy [1951Boz,

1972Cul, 1962Kne].

The FePd ferromagnetic metallic compound has attracted considerable research interest as hard magnetic
materials (ultra-high density magnetic recording media [2003Tak, 2006Nag]) and permanent magnets for
dental applications [2005Gop, 1973Yos]. Other attractive features are their large uniaxial magnetic

anisotropy energy [1973lva, 1964Kus] and high resistance to corrosion [2007Yab].

Permanent magnets play a key role in various technologies like energy conversion, data storage and
sensors and actuators [2010Chb]. Long range ordered intermetallic compounds based on Fe, Co and noble
metals like Pt or Pd exhibit high uniaxial magnetocrystalline anisotropy, with potential large energy

products, and good mechanical [1998Wha] and corrosion properties [1999Wel]. They can be used for
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both thin film device applications (high density magnetic recording media) [2006lss] and permanent
magnets [2004Des]. In spite of their high costs, these materials are attractive for some specific
applications, like medical implants or extreme conditions where high strength and excellent corrosion

resistance are required [2010Chb].

2.3. Constituent binary systems of the Co-Fe-Pd system

2.3.1. Co-Fe

The phases described for the Co-Fe-Pd system are in the Pettifor order [1986Pet]: FeCoPd. The Co-Fe
phase diagram published by Okamoto [20080ka] is shown in Figure 2.3, and is based on the assessment
of Massalski [1990Mas] and later lower temperature work of Ohnuma [20020hn]. The solid phases
present have the following structures: bcc (6Fe and aFe), fcc (aCo, yFe) and bct (a’). Across the Co-Fe

system, the liquidus and solidus temperatures were very close.
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Figure 2.3. Binary diagram for Co-Fe system [20020hn].

The peculiar shape of the a/y phase boundary in Figure 2.3 is mainly due to the magnetic contribution
[20020hn]. There are two regions where the magnetic transformation takes place (T. for the fcc Co solid
solution and T. for the bcc Fe solution), and the temperature at which this happens between is 770-1121°C

[1984Nis]. When Raghavan [1992Rag] redrew the ternary system, he used a previously accepted Co-Fe



binary (Figure 2.8) [1988Ray], which had three different a phases which are not accepted now (although

they are fairly similar to those accepted now), which gave another reason to update the ternary system.
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Figure 2. 4. Previously accepted Co-Fe phase diagram [1984Nis].

2.3.2. Co-Pd

The Co-Pd phase diagram published by Massalski [1990Mas] is shown in Figure 2.5.
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Figure 2.5. Binary diagram for Pd-Co system [1990Mas].

There are three equilibrium phases present: (aCo,Pd), (¢Co) and (aCo,Pd) + (eCo). The magnetic
transformation temperature changes continuously from 1121°C to -266°C. Within the fcc phase, the
system has L1, and L1, ordered phases which are metastable [1991Ish]. Ferromagnetism exists in the
solution up to 99.9 at.% Pd [1961Boz]. Ghosh et al. [1999Gho] used thermodynamics to calculate the Co-
Pd phase diagram; they found good agreement between the calculated Co-Pd phase diagram and the

experimental data [1971Vat].

2.3.3. Fe-Pd
The Fe-Pd phase diagram published by Massalski [1990Mas] is shown on Figure 2.6. The red rectangle was
of interest to see whether the FePds section extends further into the ternary system, and it was expected

that this would occur at higher temperatures.
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Figure 2.6. Binary diagram for Fe-Pd system [1990Mas].

In Figure 2.6, there are two superstructures, FePd and FePds which, form congruently. These phases are
also ordered structures with L1 and L1, structures [1992Rag]. There are two magnetic transformations at
756°C and 490°C. Buschow [1983Bus] reported another ordered phase, fct (L2o) for annealed Fe4sPdss. Fe-
Pd alloys can be shape memory alloys, with the optimum composition around Fe-30 at.% Pd. Decreasing
Pd content reduces the martensite transformation temperature from about 22°C, although at 29.4 at.%

Pd, the non-elastic bct marternsite is formed instead of fct, and the shape memory effect is lost [19810sh].

Additionally, there are two metastable martensite phases in binary Fe-Pd, based on y’ fct martensite, face-
centred tetragonal (which is thermo-elastic, suggesting that it is a good shape memory alloy) [2002Kat]
around 29.7 at.% Pd, and based on bct, body-centred tetragonal (non-thermo-elastic) [19810sh] at 29.4
at.% Pd. The stability range of the fct-based martensite is increased by Co additions (Co being an austenite
stabilizer) [2003Tsu], and Co increases the transformation temperature, although Vokoun et al. [2005Vok]

found the opposite effect. The (yFe, Pd) fcc to vy’ fct transformation is weakly first-order. The appearance
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of the a’ (bct martensite) phase directly depends on the tetragonality of the y’ (fct martensite phase)
which irreversibly transforms to a’ (bct martensite) was reduced by the presence of Co [2010San]. Using
first principles studies, Kauffmann-Weiss [2012Kau] demonstrated the fcc <> fct <> bct <> bcc

relationships between the transformations.

Ghosh et al. [2011Gho] calculated the invariant equilibria in the Fe-Pd system, and found overall
agreement between the calculated phase boundaries and the experimental data [1971Vat], but a major
disagreement was found in the y(Fe,Pd)/y(Fe,Pd)+FePd and y(Fe,Pd)/y(Fe,Pd)+FePds; phase boundaries.
However, that disagreement was primarily due to highly off-stoichiometric compositions for congruent
ordering of the FePd and FePds phases. The order-disorder transition in the Fe-Pd system affects the
mechanical properties: ductile when disordered, and more brittle when ordered. Magnetism affects the

structural stability, as well as the ordering [2011Gil].

2.4. Work done on Co-Fe-Pd phase diagram

The published phase diagram work is from four papers by a group in Russia [1958Kup, 1959Kup, 1961Kup,
1961Gri] and these papers are contradictory, even sometimes within the same paper. Figure 2.7
[1961Kup] shows an isothermal section of the system with the binaries, but the phase boundaries on the

edge of the system do not agree with the Co-Fe binary shown there.
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Figure 2.7. Isothermal section at ~25 °C of Co-Fe-Pd system [1961Kup].

Ragavhan [1992Rag] attempted to assess the system, and also used the Co-Pd phase diagram of Ishida
[1991Ish] and Nishizawa [1995Nis], rather than that currently accepted [1990Mas]. The Co-Fe binary used
then had three different a phases, Figure 2.8 [1988Ray], which are now not accepted, and Raghavan
[1992Rag] redrew the sections, using the accepted binary systems then, including [1991Ish], and admitted
that the diagram was only approximate, because considerable modifications were necessary due to the
large changes in the accepted binary phase diagrams. He was unable to satisfactorily interpret the system,
due to the contradictory data. His isothermal section at ~25°C is given in Figure 2.9 [1992Rag], and is
much simpler than that of Grigorev and Kuprina [1961Gri]. However, the isothermal section was drawn at
a temperature for which [1961Gri] had very few data, especially compared to their much larger amounts

of higher temperature data [1958Kup, 1959Kup, 1961Kup, 1961Gri].
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Figure 2.9. Co-Fe-Pd Isothermal section at ~25°C (at.%) [1992Rag].

The liquidus surface was drawn by Kuprina and Grigorev [1958Kup], and Raghavan [1992Rag] redrew it to
be consistent with the binary phase diagram of Ishida and Nishizawa [1991Ish], and these are shown in
Figure 2.10. The liquidus of Kuprina and Grigorev [1958Kup] has a more irregular surface, and Raghavan
[1992Rag] made it smoother. The more irregular surface of the liquidus of Kuprina and Grigorev [1958Kup]
was caused by incorrect labelling on some of the graphs within their paper [2018Cor]. Since the a - o’
transition in Fe-Co-based alloys is a second-order reaction, there are no a + a’ two-phase regions drawn.
Thus, no isothermal section is yet accepted, because there are too few actual data at the temperature,
and that which was initially drawn by Grigorev and Kuprina [1961Gri] was drawn to fit binary systems

which are now not accepted [1958Kup, 1959Kup].
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2.5. Properties of Co-Fe-Pd alloys

A study by Matsuda et al. [2016Mat] focused on the mechanical properties of Coso:Feso.x:Pdyx alloys
substituted by up to 10 at.% Pd, which consisted mainly of a’ phase with a B2 structure. They [2016Mat]
added Pd to compositions based on Feso:Coso, and the tensile tests showed that Feso:Coso:Pdio alloys were
more ductile than Fesp:Co40:Pd1p and Fesp:Coso. The binary alloy was a’ (B2) and both ternary alloys were
o’ + Al (yFe,aCo,Pd) (fcc). With more compositions (up to 15 at.% Pd substituting for Fe), they [2016Mat]
identified Feq0:Coso:Pdio alloy as the most ductile, attributing this to the a’ matrix, some A1l (yFe,aCo,Pd)
with small amounts of L1o and L1, precipitates at the grain boundaries. The size and number of Co-Pd

precipitates increased with increased Pd content, and the grain size was refined by Pd substitution.

Working on the magnetic properties of nanowires, Vega et al. [2012Veg] found that highly ordered (Fe,
Co)-Pd (27-63 % Pd) nanowire arrays of ~70 nm diameter and between 0.6—1.6 m in length could be
successfully fabricated. Kauffman-Weiss et al. [2012Kau] worked on a magnetic shape memory system,
and identified the possibility to tune structure and magnetic properties of Fe—Pd—X films by epitaxial

interfaces as a promising route to adjust properties for the use in microsystems.

Shape memory alloys can be actuators which convert thermal energy to mechanical energy and have
about three times higher output energy density than other actuator materials, such as magnetostrictive
materials and piezo ceramics [2001Koe]. However, their disadvantage is that they have a slower response,
because they rely on heat conduction. This is alleviated in magnetic shape memory alloys (MSMAs) (also
called ferromagnetic shape memory alloys (FSMAs), hence they work well. This is because of a martensitic
transformation with a magnetic transition, giving large displacements with rapid responses, because the
effect is driven by the magnetic field-induced martensitic transformation, which gives large magnetic field
induced strain (MFIS), or by field-induced rearrangements of the martensitic twins, “twinning
magnetostriction” [2001Koe, 2018Cor]. FePd alloys can be shape memory alloys, with the optimum
around Fe-30 at.% Pd, and decreasing Pd content reduces the martensite transformation temperature
from about 22°C, although at 29.4 at.% Pd, the non-elastic bct martensite formed instead of fct, and the

shape memory effect was lost [19810sh]

Another important property is the magnetostriction of the fct martensite in Fe-Pd [1998Fur, 1998Jam],
giving better mechanical properties and a higher Curie temperature than the usual Ni-Mn-Ga alloys. The

disadvantageous stability of the fct phase of Fe-Pd was extended by Co additions Oshima et al. [19820sh],
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and Tsuchiya [2003Tsu] found that the magnetisation was higher with added Co. Also, the magnetisation
curves were similar for both Al (yFe,aCo,Pd) (fcc) and vy’ (fct) phases, unlike for Ni-Mn-Ga alloys. Co
decreases the reversible and irreversible martensitic transformation effects, thus proving the relation to
e/a. Using this concept, Vokoun et al. [2005Vok] found that Co additions lowered the A and hence M,
temperatures, and suppressed the formation of the bcc martensite, and also improved the shape memory
recovery properties. Sanchez-Alarcos et al. [2008San] confirmed that Co additions lower both the

reversible fcc-fct, and the irreversible fct-bct transformation temperatures.

The change in the transformation temperatures of the irreversible transformation was nearly twice that
of the reversible one, thus enlarging the temperature range for the magnetic field-induced strain. The
amount of fct martensite which transformed to the irreversible bct phase was also reduced by the Co
addition, from ~53% in the Fe;oPdso alloy to ~33% in the Feg7:Cos:Pdsp ternary alloy, making the ternary

alloys good candidates for low temperature magnetic field-induced strain applications.

Zhang et al. [2015Zha] investigated multilayers and their properties, and found that the Feio:Cogo layer
thickness was the primary factor determining the magnetic domain size and the perpendicular
magnetization: both decreased as the thickness increased. In most of these alloy studies [2012Kau,

2012Veg, 2015Zha], adding Pd to FeCo alloys improved the properties.
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Chapter 3: Research methodology

3.1. Compositions
The composition of the samples were determined by choosing two- or three-phase regions from the 25°C
isothermal section of Raghavan [1992Rag], as well as compositions of interest for magnetic properties

[2017Man1].

The compositions of interest for magnetic properties were:

e Fe;oCosxPdy - for its ferromagnetic shape memory properties
e  FeyCose.Pdy - for the Lip hard magnetic phase

FesoCo7o-xPdx - for the magnetic softening properties [1990Mas].

Although the first samples were chosen based on the regions of interest of Mantyi [2017Man1], as well
as regions chosen from [1992Rag], the rest of the samples were manufactured based on queries that the

first samples gave. The compositions of the 12 samples are shown in Figure 3.1.
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Figure 3. 1. Co-Fe-Pd isothermal section at ~25°C in (at.%) [1992Rag] with plotted compositions of interest.
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3.2. Manufacturing samples

The atomic percent of the compositions were converted to weight percent using Equation 3.1 [1990ASM].

. at.% Ni xat.wt of Ni .
wthNi=——————————————— Equation 3.1
% (at.% Ni xat.wt of Ni)+ (at.% V xat.wt of V)+ (at.% C xat.wt of C) !

The compositions are given in Table 3.1.

Table 3.1. Summary of composition of the alloys.

Alloys (Caci.%) (F:t.%) (Padt.%) fvf/)t%) (Fv(\e/t%) (P\St % |C0® |Fele) | Pdlg)
1 30 60 10 29 54 17 |286 5.42 1.72
2 6 44 50 4 30 65 | 0.43 3.02 6.54
3 20 50 30 16 39 45 | 165 3.9 4.46
4 10 15 75 6 9 85 | 0.63 0.89 8.48
5 30 30 40 23 22 55 |23 2.18 5.53
6 50 20 30 41 15 44 |3.04 1.15 3.29
7 10 30 60 7 19 74 | 0.68 1.94 7.38
8 25 20 55 17 13 69 | 1.74 1.32 6.93
9 10 50 40 8 37 56 | 0.77 3.66 5.57
10 40 30 30 33 23 44 |3.26 2.32 4.42
11 20 60 20 18 50 32 | 177 5.03 3.2
12 60 20 20 52 16 31 |521 1.65 3.14
TOTAL | 2435 |3247 |60.66

The samples were each 10 grams and were made in groups of six. The samples were prepared using pure
(99.9%) elemental powders of Fe, Co and Pd. The powders were weighed, mixed and compacted and then
melted in a button arc-furnace (BAF) at Mintek, according to their standard preparation method PMD-
SOP-037, in an argon atmosphere on a water-cooled copper hearth with a titanium oxygen-getter which

was melted before melting each sample.
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3.3. Metallographic preparation

The samples were cut using a Struers automatic cutting machine with an Accutom cutting wheel, then
mounted using a mounting press, ground and polished using a Saphire 520 automatic machine. Half of
the sample was vacuum sealed with an acetylene torch under argon gas in a quartz tube to ensure no
oxidation would take place, the pressure when sealing was ~80 kPa vacuum. They were then annealed in
atube furnace exposed to air at 650°C and 1000°C for 1000 hours (41 days), and the other half was studied
in the as-cast condition. The annealed samples were removed from the furnace and quenched in room

temperature water.

The annealed and as-cast samples were mounted in polyfast for metallographic examination at 180°C for
approximately 6 minutes, 3 minutes heating and then water cooled for 3 minutes under constant 250 bar
pressure. The samples were then ground using MD Piano220 with water and MD Piano1200 with water.
They were polished using MD Mol with DiaPro Mol 3 micron solution and MD Chem with oxide polishing

(OP-S). During the grinding and polishing stages, DP-Lubricant blue was used with the solutions.

Due to the wide range of compositions of the samples (from 10-75 at.% Pd), different etching techniques
had to be tried, and the best results for each sample was used. The first etch used was with a steel wire
cathode and a solution of water and hydrochloric acid [1996Win]. The second etch was immersion in a
solution of distilled water (50 ml), hydrochloric acid (SG 1.19, 100 ml) and nitric acid (SG 1.4, 10ml)
[1996Win]. The third technique was to etch electrically in a solution of distilled water and hydrochloric
acid using a graphite cathode [1996Win]. The electric etching voltage range was between 3 V and 10 V.
The fourth technique was immersion etching in Aqua Regia, which is a solution made up of 3:1 volume
hydrochloric acid to nitric acid [2007Van]. Once the samples were etched, they were checked on the

optical microscope for visible microstructure.

Hardness tests were conducted using a Vickers microhardness tester with an applied load of 1 kgf and a

loading time of 15s. Five indentations were made to obtain an average hardness.

20



3.4. Analysis of samples

3.4.1. Scanning electron microscopy (SEM)

The microstructures of the samples were examined using a Sigma Zeiss scanning electron microscope in
backscattered (BSE) and secondary electron (SE) modes. The phases of the samples were analysed by
energy dispersive X-ray spectroscopy (EDS) in the SEM. Phase analyses by EDX were only done on areas
that were larger than 2 microns to obtain an accurate result. An operating voltage of 20 kV, and a working

distance of 7.5-10.5 mm was used. The 20 kV voltage was necessary to excite the Pd X-rays for EDX.

3.4.2. X-ray diffraction (XRD)

The phases found using EDS were confirmed using a conventional Bruker D2 phaser with a copper tube.
This was done on the polished samples that had been removed from the polyfast resin. They were secured
in the sample holder using plasticene and leveled using a thick glass slide. The Diffrac Plus EVA program
was used to compare the experimental crystal structures with the ICDD (International Centre for

Diffraction Data) PDF2 (Powder Diffraction File) 2018 release database.

Since the A1l (yFe,aCo,Pd) solid solution phase had such a wide extent, and there were no available ternary
XRD data files, those from the constituent binaries had to be used. This meant that often peaks were
identified as being Al (yFe,aCo,Pd) from phases of two different binaries, even though it was a single

(sometimes cored) phase.
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Chapter 4: Results - SEM and XRD

4.1. As-cast samples
For the Co-Pd binary on the ternary diagram, the location of the (eCo) + (aCo,Pd) two-phase region was a
rough estimation of the composition, and was extrapolated from Figure 2.5. There was no certain way to

tell how far the two-phase region would extend.

4.1.1. Alloy 1: Nominal Coso:Feso:Pd1o (at.%)

For Alloy 1, Nominal Coso:Feeo:Pdio (at.%), the dendrites formed in Figure 4.1 a) were probably due to
coring, from the fast cooling from arc-melting, given the lack of a definite interface between the dendritic
and interdendritic regions, and they also had similar compositions. At higher magnification (Figure 4.1
b)), their decomposition to two fine phases was observed, but these two phases were too fine to analyse
individually. It was surmised that the fine phases were the (aFe) (bcc) ferrite within Al (yFe,aCo,Pd) (fcc).
Due to the low Pd content, the etchant used was not as aggressive as the other etchants, and this etching

was done using a steel wire cathode in a solution of water and hydrochloric acid.

The primary phase formed by the following reaction:

L = A1l (yFe,aCo,Pd) (cored).

20 pm Mag= 1.00KX Signal A =NTS BSD Date :23 May 2017 ;'Z_WEH Mag= 5.00KX Signal A =NT3 BSD Date :23 May 2017
a\ WD = 8.3 mm EHT =20.00 kV' Time :13:18:12 ﬁ b) WD = 8.3 mm EHT =20.00 kv Time :13:31:03 W
Figure 4.1. SEM-BSE images of as-cast Coso:Feso:Pd1o (at.%), Alloy 1 showing: a) dendrites (darker), and b) showing decomposition
at higher magnification.
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Table 4.1 gives the analysis for each phase and the overall composition. The data from Table 4.1 were
plotted in Figure 4.2, the overall composition was outside the two phases found, which could be due to
alteration of compositions in some areas during etching, or the sample being inhomogeneous. The XRD
results are shown in Figure 4.3, which confirm that one of the phases was Al (yFe,a.Co,Pd). One other

phase was also detected, a; this phase was most likely not discernable by EDX, due to the microstructure

being fine.
Table 4.1. EDX phase analyses for nominal Coso:Fego:Pd10 (at.%), Alloy 1, as-cast condition.
Phase description Co Fe Pd Phase
Overall 29.1+0.1 59.6+£0.1 11.3£0.0 -
Dendrite (Inner Dark) | 28.5+0.3 59.1+0.1 12.4+0.3 | Cored (yFe,aCo,Pd)
Light 25.8+0.1 | 55.5+0.1 | 18.7+0.1 | Cored (yFe,aCo,Pd)
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Figure 4.2. EDX analyses of nominal Cosp:Feso:Pdio (at.%), Alloy 1 as-cast condition. (m Overall composition; ® phases)
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Figure 4.3. XRD patterns for nominal Coso:Feso:Pd10(at.%), Alloy 1 as-cast condition: a) raw, and b) labelled.
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4.1.2. Alloy 2: Nominal Coe:Fess:Pdso (at.%)

Figure 4.4 shows that Alloy 2, Nominal Cog:Feass:Pdso (at.%), was a solid solution. This was confirmed by
the EDX results plotted in Figure 4.5, where the data points are on top of each other, and the XRD results
(Figure 4.6), which identified the phase as y, a solid solution of Al (yFe,aCo,Pd). Figure 4.6 shows very few

peaks, because there was only the fcc Al (yFe,aCo,Pd) phase present.

The phase formed by the following reaction:

L = Al (yFe,aCo,Pd) (cored).

100 pm Mag= 100X
o WD =10.5 mm
a) :

Signal A = SE2
EHT =20.00 kv

Date :19 Jul 2017

Signal A= NTS BSD Date 19 Jul 2017
Time 10:25:33 EHT =20.00 kv Time :10:39:07

20 pm Mag= 1.00 KX
et
b) WD = 9.6 mm
]

Figure 4.4. SEM images of as-cast Coes:Fess:Pdso (at.%), Alloy 2 showing: a) SE grains, and b) BSE higher magnification.

Table 4.2 gives a summary of the EDX results and the phases present. There was very little difference

between the analyses, and they were within the experimental errors.

Table 4.2. EDX phase analyses for nominal Cos:Fess:Pdso (at.%), Alloy 2, as-cast condition.

Ph?se. Co Fe Pd Phase
description
Overall 5910.1 41.2+0.1 529+0.1 -
Dark 5.8+0.3 41.0+£0.3 53.2+0.2 Cored A1l (yFe,aCo,Pd)
Light 59104 41.0+£0.3 53.1+0.3 Cored A1l (yFe,aCo,Pd)
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4.1.3. Alloy 3: Nominal Cozo:Feso:Pdso (at.%)

Figure 4.7 (Alloy 3, Nominal Cozo:Feso:Pdso (at.%)) shows a solid solution with coring, given the similar
compositions in Table 4.3. Figure 4.8 shows the values obtained for the EDX lie outside of the errors. From
XRD, the phase detected was Al (yFe,aCo,Pd) (Figure 4.9), and the shifts were in different directions,
suggesting the fcc structure was not quite cubic, possibly tending to fct. The largest peak in the XRD

pattern was due to preferred orientation.

The phase formed by the following reaction:

L = Al (yFe,aCo,Pd) (cored).

Date 119 Jul 2017
Time :10:11:05

100 pm Mag= 113X
—
WD = 8.1 mm

Signal A = SE2
EHT = 20,00 kV

Mag= 500X
WD = 81 mm

Signal A =NTS BSD
EHT = 20.00 kV

Date :19 Jul 2017
Time :10:19:54

Figure 4.7. a) SEM-SE, and b) SEM-BSE images of as-cast Cozo:Feso:Pdso (at.%), Alloy 3 showing grains and different contrasts.

Table 4.3. EDX phase analyses for nominal Cozo:Feso:Pdso (at.%), Alloy 3, as-cast condition.

Ph?se‘ Co Fe Pd Phase
description
Overall 18.8+0.2 48.4+£0.2 32.8+0.1 -
Dark 18.8+0.1 49.1+04 321104 Cored Al(yFe,aCo,Pd)
Light 18.9+0.2 48.4+04 32.7+£0.2 Cored Al(yFe,aCo,Pd)
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Figure 4.9. XRD patterns for nominal Cozo:Feso:Pdso (at.%), Alloy 3 as-cast condition: a) raw, and b) labelled.
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4.1.4. Alloy 4: Nominal Coio:Feis:Pd7s (at.%)

Alloy 4, Nominal Coio:Fe1s:Pdss (at.%), needed the most aggressive etchant because of the high Pd content
of the alloy. The microstructure in Figure 4.10 a) shows dendrites, which were due to coring of a single
phase because of the similar compositions between the dendritic and interdendritic areas, and the lack
of a distinct interface. This agreed with the similar compositions shown in Table 4.4 and Figure 4.11,
although they were outside of the measured errors. At higher magnification, Figure 4.10 b), there was
another phase, which was too fine to analyse. The peaks in Figure 4.12 overlapped, showing the crystal
structures had some similar interplanar spacings. The XRD pattern (Figure 4.12) indicated FePd; and Al

(yFe,aCo,Pd) were present.
The phases formed by the following reactions:

L - Al (yFe,aCo,Pd)

20 pm Mag= 500X Signal A=NTSBSD  Date :28 Jun 2017 20um Mag= 2.00KX Signal A=NTSBSD  Date :28 Jun 2017 =
1 — 3
a ) WD = 82mm EHT =20.00 kV Time :8:47:15 b) WD = 8.0mm EHT = 2000 kv Time :9:28:03

]

Figure 4.10. SEM-BSE images of as-cast Coio:Feis:Pdys (at. %), Alloy 4 showing: a) dendrites (lighter), and interdendritic areas (dark)
and b) higher magnification.

Table 4.4. EDX phase analyses for nominal Coso:Fess:Pd7s (at.%), Alloy 4, as-cast condition.

Ph:.;\se. Co Fe Pd Phase
description
Overall 9.0+£0.1 | 13.7x01 | 77.3+0.1 -
Dark 11.1+13 | 145+0.1 | 744+1.2 ~FePd;
Light 82+04 |13.4+04 | 784+05 | (yFe,aCo,Pd)
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4.1.5. Alloy 5: Nominal Coso:Feso:Pdso (at.%)

The microstructure of Alloy 5, Nominal Coso:Feso:Pdao (at.%), Figure 4.13, shows shows a single phase, with
pores filled with debris from grinding. The compositions for the contrasting regions were similar, shown
in Table 4.5 and Figure 4.13. The XRD pattern in Figure 4.15 shows one major phase which matched two
different compositions of Al (yFe,aCo,Pd), with wide peaks, indicating a cored phase, and all the peaks

shifted in the same direction, showing the phase was cubic.
The phase formed by the following reaction:

L > Al (yFe,aCo,Pd).

2 pm Mag= 5.00KX Signal A = SE2 Date :28 Jun 2017 @

WD = 8.7 mm EHT =20.00 kV Time :10:28:39

Figure 4.13. SEM-SE image of as-cast Coso:Feso:Pdao (at.%), Alloy 5 showing a single phase with pores.

Table 4.5. EDX phase analyses for nominal Coso:Feso:Pd4o (at.%), Alloy 5, as-cast condition.

Phase
description

Overall 28.1+0.2 | 28.8+0.2 | 43.1+0.1 -

Co Fe Pd Phase

Dark 283+0.2 | 28.7+0.1 | 43.0%0.1 Cored A1l (yFe,aCo,Pd)
Light 27.7+0.1 | 29.2+0.1 | 43.1+0.1 Cored Al (yFe,aCo,Pd)
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4.1.6. Alloy 6: Nominal Coso:Fezo: Pd3o (at.%)

For Alloy 6, Nominal Cosg:Fezo:Pdso (at.%), Figure 4.16 b, shows a two-phase microstructure with the grain
boundaries being etched. The compositions of the two differently contrasted regions were very similar
(Table 4.6 and Figure 4.17) with no distinct interface, showing coring, and the darker phase was richer in
Co. There was also some porosity, which is likely to have formed on sample manufacture. The XRD pattern
of the sample had very few peaks and there were some peak shifts from the reference pattern for (aCo,Pd)

in Figure 4.18.
The phase formed by the following reaction:

L - Al (yFe,aCo,Pd) (cored).

Signal A = NTS BSD
EHT =20.00 kv

o 2
Signal A =NTS BSD

;‘:3,';"' Mag= 500 X
EHT =20.00 kv

a‘ WD = 85 mm

Date :28 Jun 2017
ZEISS|
Time :9:40:38

Date :28 Jun 2017 20 pm Mag= 100KX
Time :9:40:06 b) WD = 85mm
)

Figure 4.16. SEM-BSE images of as-cast Coso:Fez:Pdso (at.%), Alloy 6 showing a) coring and dark grain boundaries at low
magnification and b) high magnification.

Table 4.6. EDX phase analyses for nominal Coso:Fezo:Pdso (at.%), Alloy 6, as-cast condition.

Ph?se. Co Fe Pd Phase
description
Overall 48.0+0.1 19.7+0.1 32.3+0.1 -
Dark 49.3+0.5 19.2+0.1 31.5+0.5 Cored (yFe,aCo,Pd)
Light 46.3+0.1 18.7+0.1 35.0+£0.1 Cored (yFe,aCo,Pd)
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Figure 4.18. XRD patterns for nominal Cosp:Fezo:Pdso (at.%), Alloy 6 as-cast condition: a) raw, and b) labelled.
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4.1.7. Alloy 7: Nominal Coio:Feso:Pdso (at.%)

Figure 4.19 a) (Alloy 7, Nominal Coio:Feso:Pdeo (at.%)) shows needles surrounded by a lighter phase.
Figure 4.19 b) shows a different region within the matrix. The compositions of the different contrasts in
the microstructure were very similar (Table 4.7 and Figure 4.20), and within the errors, except for the
region which had a different appearance, which had slightly more Co. Figure 4.21 shows that the phases
present were Al (yFe,aCo,Pd) and ~FePds (where ~denotes that the phase was not stoichiometric, or

having at least some Co).
The phases formed by the following reactions:
L - Al (yFe,aCo,Pd)

Al (yFe,aCo,Pd) - Al (yFe,aCo,Pd) + ~FePds (precipitation of ~FePds).

10 pm Mag= 3.00KX Signal A =NTS BSD Date :3 Jul 2018 10 um Mag= 3.00KX Signal A=NTS BSD Date :3 Jul 2018
\ WD = 8.0mm EHT = 20.00 kv Time :9:35:08 b) WD = 8.0 mm EHT = 20.00 kv Time :10:01:33
]

a

Figure 4.19. SEM-BSE images of as-cast Coio:Feso:Pdso (at.%), Alloy 7 showing: a) the formation of needles surrounded by a lighter
phase, and b) a local area of inhomogeneity.

Table 4.7. EDX phase analyses for nominal Coso:Feso:Pdso (at.%), Alloy 7, as-cast condition.

Phase description Co Fe Pd Phase
Overall 8.9+0.1 28.4+0.1 62.7+0.1 -
Dark 89+0.3 28.4+0.3 62.7+0.3 (yFe,aCo,Pd)
Light 8.8+0.3 28.5+0.1 62.7+0.4 (yFe,aCo,Pd)
Area of inhomogeneity | 9.2+0.4 28.4+0.2 | 62.3+0.4 (yFe,aCo,Pd) + ~FePds
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Figure 4.20. EDX analyses of nominal Coio:Feso:Pdeo (at.%), Alloy 7 as-cast condition. (m Overall composition; e phases)
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Figure 4.21. XRD patterns for nominal Coio:Feso:Pdgo (at.%), Alloy 7 as-cast condition: a) raw, and b) labelled.
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4.1.8. Alloy 8: Nominal Cozs:Fezo:Pdss (at.%)

For Alloy 8, Nominal Cozs:Fey:Pdss (at.%), particles were observed in a matrix. At lower magnification,
Figure 4.22 a), scratches were observed, showing that the matrix was soft. The phases were all very similar
in composition (Figure 4.23 and Table 4.8), and the precipitates were too small to analyse accurately, but
were richer in Pd, suggesting they were ~FePds. The phases were surmised to be Al (yFe,aCo,Pd) and

~FePds. The second largest peak on the XRD pattern was likely to be due to preferred orientation.

The phases formed by the following reactions:

L > A1l (yFe,aCo,Pd)

Al (yFe,aCo,Pd) >A1 (yFe,aCo,Pd) + ~FePds.

: i i y
2 pm Date :18 Jun 2018
= N
b) Time 9:19:55
)

Figure 4.22. SEM-BSE images of as-cast Cos:Fezo:Pdss (at.%), Alloy 8 showing: a) scratches surrounded by darker phase, and b)
etched out particles surrounded by a light phase.

Date :18 Jun 2018
Time 9:17:32

Signal A = NTS BED
EHT = 20.00 kv

20 pm Mag= 1.00KX
il 9
WD =110 mm

Signal A = NTS BSD
EHT = 20.00 kv

Mag= 5.00KX
WD =11.0mm

Table 4.8. EDX phase analyses for nominal Coso:Fezs:Pdss (at.%), Alloy 8, as-cast condition.

Ph.ase. Co Fe Pd Phase
description
Overall 22.7+0.1 189+0.2 58.4+0.1 -
Light 219+04 | 18.8+0.1 59.3+0.5 Al (yFe,aCo,Pd)
Particles 21.3+05 18.8+0.1 59.9+0.5 ~FePd;
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Figure 4.24. XRD patterns for nominal Cos:Fezo:Pdss (at.%), Alloy 8 as-cast condition: a) raw, and b) labelled.



4.1.9. Alloy 9: Nominal Co1o:Feso:Pdso (at.%)

The microstructure of Alloy 9, Nominal Coio:Feso:Pdao (at.%), at low magnification (Figure 4.25 a)) shows
light and dark contrasts, which had very similar compositions (Figure 4.26) and no distinct interface (with
the compositions being within the errors, Table 4.9), suggesting coring. The matrix in the differently
appearing area shown at a higher magnification (Figure 4.25 b)) had a slightly higher amount of Fe. From
the XRD pattern (Figure 4.27), only the Al (yFe,Pd) phase was detected, showing the sample was the Al
(vFe,aCo,Pd) solid solution, and the largest peak was due to preferred orientation. There was also an

unidentified peak at ~75° (2 Theta).

The phase formed by the following reaction:

L > Al (yFe,aCo,Pd).

10 pm Mag= 200KZX Signal A= NTS BSD Date :3 Jul 2018

2um Mag= 500KX Signal A = NTS BSD Date :3 Jul 2018

A || ZEISS
a \ WD = 092 mm EHT = 20.00 kv Time 10:45:37 w b) WD = 9.2mm EHT = 20.00 kv Time 10:47:41 .
/

Figure 4.25. SEM-BSE images of as-cast Coio:Feso:Pd4o (at.%), Alloy 9 showing: a) the formation of a light phase surrounded by a
dark phase, and b) a differently etched area with particles surrounded by a matrix.

Table 4.9. EDX phase analyses for nominal Coso:Feso:Pdao (at.%), Alloy 9, as-cast condition.

Ph?se. Co Fe Pd Phase
description
Overall 9.0+0.1 48.1+0.1 429+0.1 -
Dark 891 0.2 47.8 £0.3 433+0.3 Al (yFe,aCo,Pd)
Light 8.9+0.2 47.9+0.2 43.2+0.2 Al (yFe,aCo,Pd)
Precipitates | 8.9+0.2 47.9+0.3 43.2+0.3 Al (yFe,aCo,Pd)
Matrix 8.8+0.2 48.1+0.6 43.1+04 Al (yFe,aCo,Pd)
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Figure 4.27. XRD patterns for nominal Cojp:Feso:Pd4o (at.%), Alloy 9 as-cast condition: a) raw, and b) labelled.
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4.1.10. Alloy 10: Nominal Coso:Feso:Pdso (at.%)

Alloy 10, Nominal Coao:Feso:Pdso (at.%), had contrasting cored regions, Figure 4.28 a), with the lighter

regions having more Fe and Pd than the darker regions, as expected from the BSE image (higher atomic

number elements having lighter contrast in BSE imaging). The surrounding area in Figure 4.28 b) had less

Co than the fine particles, Table 4.10 and Figure 4.29. The XRD pattern (Figure 4.30) only showed one

major peak, with a shift from the reference pattern [2018Dif]. From XRD, it was surmised that the sample

was the Al (yFe,aCo,Pd) solid solution and there was also one small peak at ~38° (2 Theta) which could

not be identified.

The phase formed by the following reaction:

Mag= 500X
WD = 8.5 mm

Signal A =NTS BSD
EHT =20.00 kv

Date :26 Jul 2018
Time :11:01:01

L - Al (yFe,aCo,Pd).

Mag= 4.00KX
WD = 8.6 mm

Signal A =NTS BSD
EHT = 20.00 kv

Date 26 Jul 2018
Time :13:35:44

Figure 4.28. SEM-BSE images of as-cast Coso:Feso:Pdso (at.%), Alloy 10 showing: a) coring, and b) etched patch with particles
surrounded by a matrix.

Table 4.10. EDX phase analyses for nominal Coqo:Feso:Pdso (at.%), Alloy 10, as-cast condition.

Ph?se. Co Fe Pd Phase
description
Overall 37.5+0.1 | 29.0+0.1 33.5+0.1 -
Dark 385+0.1 | 29.5+0.3 32.0+0.3 Al (yFe,aCo, Pd)
Light 35.6+0.5 | 27.7+1.0 | 36.7+£0.7 Al (yFe,aCo, Pd)
Globules 37.1+£0.8 | 28.6+0.7 343+0.9 Al (yFe,aCo, Pd)
Matrix 284+0.2 | 29.1+04 | 325+0.3 Al (yFe,aCo, Pd)
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Figure 4.29. EDX analyses of nominal Co4o:Feso:Pdso (at.%), Alloy 10 as-cast condition. (m Overall composition; ® phases)
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4.1.11. Alloy 11: Nominal Cozo:Feso:Pd2o (at.%)

Figure 4.31 (Alloy 11: Nominal Coz:Feso:Pd2o (at.%)) shows dendrites surrounded by a matrix. The

dendrites appear to have a phase etched out of them, leaving irregular Widmanstatten precipitates. The

matrix had less Fe and more Pd than the dendrites, Table 4.11 and Figure 4.32. The XRD pattern

(Figure 4.33) was very poor, being very noisy with low peak counts, and having one unresolvable peak at

~80° (2 Theta).

The main phase formed by the following reaction:

Mag= 500X
WD = 7.0 mm

20 pm Signal A= NTS BSD
—

EHT = 20.00 kV

a)

L - Al (yFe,aCo,Pd).

Date :19 Jun 2018
Time :9:56:40

Mag= 1.00KX
WD = 8.4 mm

Date :19 Jun 2018
Time :10:08:08

Signal A=NTS BSD
EHT = 20.00 kv

ZEISS|

Figure 4.31. SEM-BSE images of as-cast Cozo:Feso:Pd2o (at.%), Alloy 11 showing the formation of dendrites surrounded by a matrix
a) low magnification and b) higher magnification.

Table 4.11. EDX phase analyses for nominal Cozo:Feso:Pdo (at.%), Alloy 11, as-cast condition.

Phase description Co Fe Pd Phase
Overall 19.0+0.1 | 58.6+0.1 22.4+0.1 -
Dendrite (inner dark) | 19.3+0.2 | 58.4+0.5 22.3+0.7 | Al (yFe,aCo, Pd)
Matrix (light) 18.6+0.2 | 56.6£0.8 248+ 1.0 Al (yFe,aCo, Pd)
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Figure 4.32. EDX analyses of nominal Cozo:Feso:Pd2o (at.%), Alloy 11 as-cast condition. (m Overall composition; ® phases)
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Figure 4.33. XRD patterns for nominal Cozo:Feso:Pd2o (at.%), Alloy 11 as-cast condition: a) raw, and b) labelled.
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4.1.12. Alloy 12: Nominal Coso:Fezo:Pd2o (at.%)

For Alloy 12, Nominal Cogo:Fez0:Pd2o (at.%), the dendrites are shown in Figure 4.34, and they were
surrounded by a lighter phase and pores. The composition of the dendrites had more Co and less Pd than
the light matrix phase, Figure 4.35 and Table 4.12. The XRD pattern, Figure 4.36 had an unidentified peak

at ~73° (2 Theta), which could have been a shifted Al peak.
The phases formed by the following reactions:

L - Al (yFe,aCo,Pd)

Al (yFe,aCo,Pd) - Al (yFe,aCo,Pd) + (aFe)

WD = 85 mm EHT = 20,00 kY Time 9:48:11

100 um Mag= 110X Signal A = SE2 Date 112 Jul 2018 W 1°‘j’“ Mag= 1.00KX Signal A = NTS BSD Date 12 Jul 2018

a ) WD = 8.5 mm EHT = 20.00 K/ Time :9:27:41

Figure 4.34. SEM-BSE images of as-cast Cogo:Fezo:Pd2 (at.%), Alloy 12 showing dendrites surrounded by a lighter grey phase and
porosity.

Table 4.12. EDX phase analyses for nominal Coso:Fezo:Pd2o (at.%), Alloy 12, as-cast condition.

Ph?se. Co Fe Pd Phase
description
Overall 58.2+0.2 | 19.4+£0.2 224 +0.1 -
Light 52.7+0.5 | 185+0.1 28.8+0.5 Al (yFe,aCo,Pd)
Inner dendrite | 63.3+0.3 | 19.1+0.1 | 17.6%0.3 Al (yFe,aCo,Pd) + (aFe)
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Figure 4.35. EDX analyses of nominal Cogp:Fezo:Pdyo (at.%), Alloy 12 as-cast condition. (m Overall composition; ® phases)
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Figure 4.36. XRD patterns for nominal Cogp:Fezo:Pdyo (at.%), Alloy 12 as-cast condition: a) raw, and b) labelled.
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4.2. Samples annealed at 1000°C

4.2.1. Alloy 1: Nominal Coso:Feso:Pdi1o (at.%)

Figure 4.37 (Alloy 1, Nominal Cosp:Feso:Pd1o (at.%)) shows different colonies with lamellar microstructures.
The spacing between the lamellae varied in different areas of the sample, although the compositions of
the different areas were very similar (Table 4.13 and Figure 4.38), showing it was an orientation effect.
Figure 4.39 shows the XRD results, the two phases present were (aFe) (bcc) and (yFe, Pd) (fcc), actually
Al (yFe,aCo,Pd). The 1000°C annealed phases identified by XRD results were the same as the as-cast

results for this alloy.

m" Mag= 5.00KX Signal A =NTS BSD Date 112 Jul 2018 2pm Mag= 10.00 KX Signal A =NTS BSD Date :12 Jul 2018
a) WD =91 mm EHT =20.00 kv Timne :9:51:12 b) WD = 91 mm EHT = 20.00 kv Time :10:19:23
/

Figure 4.37. SEM-BSE images of Cosp:Fego:Pdio (at.%), Alloy 1 annealed at 1000°C for 1000 h showing: a) the lamellar
microstructure and b) at higher magnification.

Table 4.13. EDX phase analyses for nominal Coso:Fego:Pd1o (at.%), Alloy 1, annealed at 1000°C condition.

Ph?se' Co Fe Pd Phase
description
Overall 29.1+0.2 59.6 £ 0.2 11.3+0.1 -

Coarse lamellae | 28.9+0.2 59.2+0.1 11.9+0.1 | (aFe)+ Al (yFe,aCo,Pd)
Fine lamellae 28.9+0.1 59.2+0.2 11.9+0.2 | (aFe)+ Al (yFe,aCo,Pd)
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Figure 4.38. EDX analyses of nominal Cosp:Feso:Pdio (at.%), Alloy 1 1000°C annealed condition. (m Overall composition;
® phases).
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Figure 4.39. XRD patterns for nominal Coszp:Feso:Pd10 (at.%), Alloy 1 1000°C annealed condition: a) raw, and b) labelled.
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4.2.2. Alloy 2: Nominal Coe:Fess:Pdso (at.%)

For Alloy 2, Nominal Cos:Fess:Pdsp (at.%) had regions which etched differently, within the solid solution,
Figure 4.40. Figure 4.41 and Table 4.14 shows the similarity of compositions of those different areas. The
XRD results (Figure 4.42) showed that the solid solution was Al (yFe,aCo,Pd), with large shifts, especially
at higher angles, and the highest peak was much higher due to preferred orientation which had not been

annealed out from the as-cast condition.

Date :12 Jul 2018
Time :10:30:31

Mag= 200X
WD = 84 mm

Signal A=NTS BSD
EHT = 20.00 kV

Mag= 1.00KX
WD = B4 mm

Signal A=NTS BSD
EHT =20.00 kv

Date :12 Jul 2018
Time :10:56:47

Figure 4.40. SEM-BSE images of Cog:Fe4:Pdso (at.%), Alloy 2 annealed at 1000°C for 1000 h showing: a) differently etched areas,
and b) a better etched area at higher magnification.

Table 4.14. EDX phase analyses for nominal Cos:Fess:Pdso (at.%), Alloy 2, annealed at 1000°C condition.

Ph?se. Co Fe Pd Phase
description
Overall 59+0.1 | 41.0+£0.2 53.1+0.2 -
Dark 59+0.1 | 41.60.1 52.5+0.1 Cored A1 (yFe,aCo,Pd)
Light 6.0+0.1 | 41.6+0.1 52.4+0.2 Cored A1l (yFe,aCo,Pd)
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Figure 4.41. EDX analyses of nominal Cog:Feq4:Pdso(at.%), Alloy 2 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.42. XRD patterns for nominal Cog:Feq4:Pdso (at.%), Alloy 2 1000°C annealed condition: a) raw, and b) labelled.
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4.2.3. Alloy 3: Nominal Cozo:Feso:Pdso (at.%)

Alloy 3, Nominal Cozo:Feso:Pdso (at.%) shown in Figure 4.43 had fine two-phase areas surrounded by the

Al (yFe,aCo,Pd) solid solution. Table 4.15 and Figure 4.44 shows that the two-phase area had more Pd

and less Co than the surrounding Al solid solution. The XRD results, Figure 4.45, showed that there was

Al (yFe,aCo,Pd) present, although the two-phase region was only a small proportion (less than 4 volume

percent) of the sample and would not have been identified by XRD.

20 pm Mag= 200KX
—_
a WD = 9.2mm
)

Signal A =NTS BSD
EHT = 20.00 kv

Time :11:20:35

Date :28 Aug 2018

1m Mag= 20.00K X
— 29

WD = 75mm

Signal A=NTS BSD
EHT =2000kV

Date :29 Aug 2018
Time :11:24.51

ZEISK|

Figure 4.43. SEM-BSE images of Cozo:Feso:Pdso (at.%), Alloy 3 annealed at 1000°C for 1000 h showing: a) an etched area, and b)
two-phase area at higher magnification.

Table 4.15. EDX phase analyses for nominal Cozo:Feso:Pdso (at.%), Alloy 3, annealed at 1000°C condition.

Phase description Co Fe Pd Phase

Overall 18.7+0.1 | 485+0.2 32.8+0.1 -
Two-phase region | 7.3+0.7 395+1.1 53.2+1.8 (aFe) + Al (yFe,aCo,Pd)
Surrounding area | 189+0.1 | 48.2+0.2 | 329%0.1 Al (yFe,aCo,Pd)
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Figure 4.44. EDX analyses of nominal Cozp:Feso:Pdso (at.%), Alloy 3 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.45. XRD patterns for nominal Cop:Fesp:Pdso (at.%), Alloy 3 1000°C annealed condition: a) raw, and b) labelled.
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4.2.4. Alloy 4: Nominal Co1o:Fe1s:Pd7s (at.%)

The microstructure of Alloy 4, Nominal Coio:Feis:Pdss (at.%) Figure 4.46, showed light and dark areas. The
composition of the two areas were very similar (Table 4.16), and the different contrasts were due to the
different orientations of the grains, Figure 4.47. There were small precipitates on the grain boundaries
and within the grains. The XRD results shown in Figure 4.48 indicated that there was one phase present,

Al (yFe,aCo,Pd).

Signal A= NTS BSD
EHT = 2000 kW'

Signal A=NTS BSD
EHT =15.00 kv

100 pm Mag= 110X
= WDg 84
= B.4 mm
a)

Date :4 Sep 2018
Time :10:32:54

Date 4 Sep 2018
Time 10:43:01

'2°_|;m Mag= 500X
b) WD = 83mm

Figure 4.46. SEM-BSE images of Coip:Feis:Pd7s (at.%), Alloy 4 annealed at 1000°C for 1000 h showing: a) grains of different
contrast, and b) grain boundaries, ~FePds precipitates and a region of different composition.

Table 4.16. EDX phase analyses for nominal Co1o:Fe1s:Pd7s (at.%), Alloy 4, annealed at 1000°C condlition.

Pha_ase. Co Fe Pd Phase
description
Overall 9.1+0.0 14.0+0.1 76.9+0.1 -
Dark 8.9+0.2 13.6+0.2 77504 | Al (yFe,aCo,Pd)
Light 8.9+0.2 14.0+0.2 77.1+0.2 Al (yFe,aCo,Pd)
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Figure 4.47. EDX analyses of nominal Coio:Fe1s:Pd7s (at.%), Alloy 4 1000°C annealed condition. (m Overall composition; e phases)
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Figure 4.48. XRD patterns for nominal Cojo:Fe1s:Pd7s (at.%), Alloy 4 1000°C annealed condition: a) raw, and b) labelled.
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4.2.5. Alloy 5: Nominal Fesp:Co30:Pdao (at.%)

Alloy 5, Nominal Cosp:Fesp:Pds (at.%), Figure 4.49 had areas which etched differently, where the
microstructure could be seen more clearly (Figure 4.49 b)), showing fine grains in a darker matrix. The
latter was too fine to analyse individually. The grains and the bulk of the matrix had similar compositions,

Table 4.17 and Figure 4.50. The XRD results, Figure 4.51, showed one phase, Al (yFe,aCo,Pd).

20 pm Mag= 122KX Signal A = NTS BSD Date :8 Aug 2018 [z 10pm Mag= 4.00KX Signal A =NTS BSD Date :8 Aug 2018
— " ZzEISS ey
WD = 8.5mm EHT = 20.00 kv Time :11:40:27 b\ WD = 85mm EHT = 20.00 kv Time :11:41:16
7

Figure 4.49. SEM-BSE images of Coso:Feso:Pd4o (at.%), Alloy 5 annealed at 1000°C for 1000 h showing: a) light and dark areas, and
b) a magnified patch that was etched.

Table 4.17. EDX phase analyses for nominal Coso:Feso:Pdao (at.%), Alloy 5, annealed at 1000°C condition.

Phase description Co Fe Pd Phase
Overall 28.2+0.2 28.8+0.1 43.0+0.1 -
Fine grains 28.6+0.2 28.5+0.3 429+0.2 Al (yFe,aCo,Pd)
Surrounding area 28.7+0.2 28.6+0.2 42.7+0.2 Al (yFe,aCo,Pd)
Dark matrix 28.5+1.9 27.610.5 439+1.6 A1l (yFe,aCo,Pd)
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Data points may seem unclear in Figure 4.50 as there is a phase that has a very similar composition to the

overall, hence the phase composition lies on the overall composition.

{aCao, Pd)

; s
W LY, \\.“r Co

Fe

Figure 4.50. EDX analyses of nominal Coszp:Feso:Pd4o (at.%), Alloy 5 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.51. XRD patterns for nominal Cosp:Fezp:Pd4o (at.%), Alloy 5 1000°C annealed condition: a) raw, and b) labelled.
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4.2.6. Alloy 6: Nominal Coso:Fezo:Pdso (at.%)

Figure 4.52b (Alloy 6, Nominal Coso:Feo:Pd3o (at.%)) had a differently-etched area with grains and an

irregular area which etched more clearly than the rest of the sample. The compositions were all very

similar (Table 4.18 and Figure 4.53), although there were areas that etched more. Figure 4.54 shows one

phase was present, Al (yFe,aCo,Pd). The XRD pattern had very few peaks, with only one major peak, which

was probably due to the preferred orientation not being annealed from as-cast sample, and was thus not

of much use in phase identification. The first XRD scan was done for 10 minutes (Figure 4.54), and the XRD

experiment was run for a longer period to see if the pattern quality would improve. The second test was

done for 20 minutes, but there was no improvement.

'Zi.vm Mag= 500X Signal A = NTS BSD
a) WD = 8.8 mm EHT =20.00 kv
]

Date :4 Sep 2018
Time :11:18:05

10 pm
ZEISS |
= b

Mag= 243KX
WD = 88mm

Signal A = NTS BSD Date 4 Sep 2018 ZEISS|
EHT = 20.00 KV Time :11:06:04 e

Figure 4.52. SEM-BSE images of Coso:Feo:Pdso (at.%), Alloy 6 annealed at 1000°C for 1000 h showing: a) at low magnification the
overall area, and b) a better etched area.

Table 4.18. EDX phase analyses for nominal Coso:Fezo:Pdso (at.%), Alloy 6, annealed at 1000°C condition.

Phase description Co Fe Pd Phase
Overall 48.4+0.1 18.1+0.1 33.5+0.1 -

Irregular light area | 47.8+0.5 19.1+0.1 33.1+05 A1l (yFe,aCo,Pd)

Surrounding area 47.9+0.8 19.2+0.1 32.9+0.8 Al (yFe,aCo,Pd)
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Figure 4.53. EDX analyses of nominal Cosp:Fezo:Pdso (at.%), Alloy 6 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.54. XRD patterns for nominal Cosp:Fezo:Pdso (at.%), Alloy 6 1000°C annealed condition: a) raw 10 minutes scan, b) labelled,
and c) raw 20 minutes scan.
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4.2.7. Alloy 7: Nominal Coio:Feso:Pdso (at.%)

Alloy 7, Nominal Coio:Feso:Pdeo (at.%), Figure 4.55, shows a region that etched differently, and was
apparently two-phase. Table 4.19 shows that the composition of the region and surrounding area did not
differ much; this can also be observed in Figure 4.56. The XRD pattern showed that there was one phase

present, Al (yFe,aCo,Pd), Figure 4.57.

Signal A =NTS BSD Date 27 Sep 2018
EHT = 20.00 kv Time 112:41:17

Mag= 880X
WD = 8.7 mm

100 pm Mag= 275X
a) WD = 8.7 mm

Signal A= NTS BSD Date :27 Sep 2018
EHT =20.00 kV/ Time :12:52:36

Figure 4.55. SEM-BSE images of Coio:Feso:Pdeo (at.%), Alloy 7 annealed at 1000°C for 1000 h showing: a) etched-out patches, and
b) patch at higher magnification.

Table 4.19. EDX phase analyses for nominal Co1o:Feso:Pdeo (at.%), Alloy 7, annealed at 1000°C condition.

Phase description Co Fe Pd Phase
Overall 9.0+0.1 28.4+0.2 62.6 +0.2 -
Circular region 8.9+0.1 28.6+0.1 62.5+£0.2 Al (yFe,aCo,Pd)
Surrounding area 9.0+0.1 283+0.1 | 62.7+0.1 Al (yFe,aCo,Pd)
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Figure 4.56. EDX analyses of nominal Coio:Feso:Pdeo (at.%), Alloy 7 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.57. XRD patterns for nominal Cozo:Feso:Pdeo (at.%), Alloy 7 1000°C annealed condition: a) raw, and b) labelled.
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4.2.8. Alloy 8: Nominal Cozs:Fezo:Pdss (at.%)

The microstructure of Alloy 8, Nominal Cozs:Fez:Pdss (at.%), had a solid solution and a differently etched
region with finer grains, Figure 4.58. The compositions of the grains and surrounding matrix were not very
different, as shown in Table 4.20 and Figure 4.59. The XRD pattern (Figure 4.60) shows that Al

(vFe,aCo,Pd) was the only phase present, although the peaks were shifted, especially at higher angles.

10um Mag= 2.00KX Signal A =NTS BSD Date :4 Sep 2018 [T m‘ Mag= 500KX Signal A= SE2 Date 4 Sep 2018 [—
a\ WD = 83mm EHT =20.00 kv Time :11:52:52 3 b\ WD = 8.3 mm EHT = 20.00 kv Time 11:37:11
/

Figure 4. 58. SEM images of Cozs:Fez:Pdss (at.%), Alloy 8 annealed at 1000°C for 1000 h showing: a) BSE image at low
magnification and b) SE image of a region at higher magnification.

Table 4.20. EDX phase analyses for nominal Coio:Fezs:Pdss (at.%), Alloy 8, annealed at 1000°C condition.

Phase description Co Fe Pd Phase
Overall 22.8+0.1 | 189+0.1 58.3+0.1 -
Circular region 22.8+0.2 | 189+0.2 58.3+0.1 Al (yFe,aCo,Pd)
Bulk area 229+0.1 | 18.8+0.1 58.3+0.1 A1l (yFe,a.Co,Pd)
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The overall and phase compositions on Figure 4.59 were very similar, therefore the data points lie on top

of each other.
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Figure 4.59. EDX analyses of nominal Cozs:Fezo:Pdss (at.%), Alloy 8 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.60. XRD patterns for nominal Cozs:Fezo:Pdss (at.%), Alloy 8 1000°C annealed condition: a) raw, and b) labelled.

81



4.2.9. Alloy 9: Nominal Co1o:Feso:Pdao (at.%)

Figure 4.61 shows that Alloy 9, Nominal Coio:Feso:Pdao (at.%), had regions which etched differently, with
lighter contrast particles. The compositions of the different areas were similar (Table 4.21 and Figure
4.62). The XRD pattern (Figure 4.63) shows that the one phase present was Al (yFe,aCo,Pd), and there
was one peak which was very large, probably due to preferred orientation, which was not reduced on

annealing.

WD= 9.7 mm EHT = 20,00 kv Time :11:56:03

20 um Mag= 193KX Signal A =NTS BSD Date :4 Sep 2018 BB
[ | ZEIXX

Figure 4.61. SEM-BSE image of Coio:Feso:Pdao (at.%), Alloy 9 annealed at 1000°C for 1000 h showing differently etched lighter
grey particles.

Table 4.21. EDX phase analyses for nominal Coio:Feso:Pd4o (at.%), Alloy 9, annealed at 1000°C condition.

Phase description Co Fe Pd Phase
Overall 9.0+0.1 48.1+0.1 429+0.1 -
Bulk area 9.0£0.1 48.0+0.2 43.0+0.2 Al (vFe,aCo,Pd)
Light grey particles 8.9+0.1 47.9+0.3 43.2+0.2 Al (yFe,aCo,Pd)
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Figure 4.62. EDX analyses of nominal Cojp:Feso:Pd4o (at.%), Alloy 9 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.63. XRD patterns for nominal Cozo:Feso:Pdao (at.%), Alloy 9 1000°C annealed condition: a) raw, and b) labelled.
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4.2.10. Alloy 10: Nominal Coso:Feso:Pdso (at.%)

Figure 4.64 shows that Alloy 10, Nominal Coao:Feso:Pdso (at.%), had grains of different contrast. The
compositions of these areas were almost the same, Table 4.22 and Figure 4.65. The XRD pattern in
Figure 4.66 shows one phase present, Al (yFe,aCo,Pd) and the height of the largest peak was probably
due to preferred orientation which had not been removed on annealing. On the XRD pattern, there was

one peak at ~67° (2 Theta) which could not be identified, but which could have been a shifted Al peak.

100 pm Mag= 118X Signal A =NTS BSD Date :10 Sep 2018
— ZEIXX|

WD= 76mm EHT = 20.00 kv Time :11:13:55

Figure 4.64. SEM-BSE image of Coso:Feso:Pdso (at.%), Alloy 10 annealed at 1000°C for 1000 h showing contrasting grains.

Table 4.22. EDX phase analyses for nominal Cogo:Feso:Pdso (at.%), Alloy 10, annealed at 1000°C annealed condition.

Phase

s Co Fe Pd Phase
description

Overall 37.7+03 | 29.0+0.2 | 33.3+0.2 -
Dark 378103 | 289+0.1 | 33.3+0.2 A1l (yFe,aCo,Pd)
Light 37.7+0.1 | 28.9+0.2 | 33.4%0.2 A1l (yFe,aCo,Pd)
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86



Counts
900 1200

600

300

a) 2Theta (Coupled TwoTheta/Theta) WL=1.54060
EE M (yFe,Pd) || PDF 04-003-3911 Co0.65 Pd0.35 Cobalt Palladium
w 57
c 7
€
o I=in
(@] ©
D_WMWMWWWWMMMWWMWWMMM-W Pt
20 30 40 50 60 70 80

b) 2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4.66. XRD patterns for nominal Coso:Feso:Pdso (at.%), Alloy 10 1000°C annealed condition: a) raw, and b) labelled.
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4.2.11. Alloy 11: Nominal Cozo:Feso:Pd2o (at.%)

For Alloy 11, Nominal Cozo:Feeo:Pd2o (at.%), light and dark regions are shown in Figure 4.67, which

appeared to grow in a Widmanstatten manner within apparent grains and were quite coarse. Figure 4.67

b) shows fine precipitates formed in the bulk of the sample. The EDX analyses showed that the

compositions were similar, Table 4.23 and Figure 4.68. The XRD pattern (Figure 4.69) had one phase

present: Al (yFe,aCo,Pd), although there were two peaks at ~63° and ~80° (2 Theta) which could not be

identified with the phases: (aFe), ~FePd; or a’, using the database [2018Dif], however they actually do

match up with the o’ in Appendix 1, with a high shift.

Mag= 500X

WD = 8.6 mm

Signal A=NTS BSD
EHT =20.00 kv

Date :10 Sep 2018
Time :12:01:34

ﬂ b) 20um

Mag= 200KX
WO = 88 mm

Signal A = NTS BSD
EHT = 2000 kv

Date 10 Sep 2018
Time 120929

ZEISY|

Figure 4.67. SEM-BSE images of Cozo:Feso:Pd20 (at.%), Alloy 11 annealed at 1000°C for 1000 h showing: a) contrasting regions with
grain boundaries) and b) fine precipitates.

Ph?se. Co Fe Pd Phase
description
Overall 19.2+0.1 | 58.7+0.1 | 22.1+0.1 -
Dark 19.1+0.1 | 58.8+0.2 | 22.1+0.1 | Al (yFe,aCo,Pd)
Light 19.1+0.1 | 58.9+0.1 | 22.0+0.1 | Al (yFe,aCo,Pd)

Table 4.23. EDX phase analyses for nominal Cozo:Fego:Pd2o (at.%), Alloy 11, annealed at 1000°C condlition.
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Figure 4.68 had similar compositions for the overall and phases, therefore the composition points lie on

top of each other.
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Figure 4.68. EDX analyses of nominal Cozo:Feso:Pd>o (at.%), Alloy 11 1000°C annealed condition. (m Overall composition; ® phases)
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Figure 4.69. XRD patterns for nominal Cozo:Feso:Pd2o (at.%), Alloy 11 1000°C annealed condition: a) raw, and b) labelled.
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4.2.12. Alloy 12: Nominal Coso:Fezo:Pd2o (at.%)

Alloy 12, Nominal Cogo:Fe20:Pdyo (at.%), was one solid solution, Figure 4.70. Table 4.24 and Figure 4.71
showed there was no difference in composition in the slightly contrasting regions. The XRD pattern (Figure
4.72) was very poor, with much noise and low signal, and had been run for 10 minutes, and 20 minutes

with no difference in the pattern, although the phase identified was A1 (yFe,aCo,Pd).

100 pm Mag= 107 X Signal A = NTS BSD Date 10 Sep 2018
5 ZEISS
WD = 97 mm EHT = 20 00 kV Time 114926

Figure 4.70. SEM-BSE image of Coeo:Fez0:Pd2o (at.%), Alloy 12 annealed at 1000°C for 1000 h showing light and dark grains.

Table 4.24. EDX phase analyses for nominal Cogo:Fez0:Pd3o (at.%), Alloy 12, annealed at 1000°C condition.

Phase

.. Co Fe Pd Phase
description

Overall 58.2+0.1 | 19.0£0.1 22.8+0.1 -
Dark grains | 57.6+1.0 | 18.9+0.3 23.5+1.3 Al (yFe,aCo,Pd)
Light grains | 58.2+0.3 | 189+0.1 | 22.9+0.3 Al (yFe,aCo,Pd)
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Figure 4.71. EDX analyses of nominal Coso:Feo:Pd>o (at.%), Alloy 12 1000°C annealed condition. (m Overall composition; ® phases)
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XRD patterns for nominal Coeo:Fez:Pd2o (at.%), Alloy 12 1000°C annealed condition: a) raw, and b) labelled.
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4.3. Samples annealed at 650°C

4.3.1. Alloy 1: Nominal Coso:Feso:Pd1o (at.%)

Figure 4.73 a) shows that Alloy 1, Nominal Coso:Feeo:Pd1o (at.%), formed apparent dendrites. At higher
magnification (Figure 4.73 b)), the contrasting light and dark regions were discerned to have decomposed
into different proportions of two fine phases. The regions analysed were very different, Table 4.25 and

Figure 4.74. It was deduced from the XRD results in Figure 4.75 that the phases present were a' and Al

(vFe,aCo,Pd).

204m Mag= 500X Signal A=NTSBSD  Date 119 Oct 2018 Joym Mag= 1.00 KX Signal A=NTSBSD  Date 119 Oct 2018
a\ : WD =10.0mm EHT = 20.00 kV Time 82164 = b\ WO =100 mm EHT = 20.00 kv Time :8:26:02
]

Figure 4.73. SEM-BSE images of Coso:Feso:Pd1o (at.%), Alloy 1 annealed at 650°C for 1000 h showing: a) apparent dendrites, and
b) higher magnification light and dark fine phases.

Table 4.25. EDX phase analyses for nominal Coso:Fego:Pd1o (at.%), Alloy 1, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 25.8+0.1 | 56.9+0.1 17.3+0.1 -
Mainly o' with Al
Dark 335+2.0 | 62414 41+34
(yFe,aCo,Pd)
Mainly Al
Light 13.2+4.0 | 49.2+29 | 37.6+6.9
(yFe,aCo,Pd) with o'
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Figure 4.74. EDX analyses of nominal Coso:Feso:Pd10 (at.%), Alloy 1 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.75. XRD patterns for nominal Cosp:Fego:Pd10 (at.%), Alloy 1 650°C annealed condition: a) raw, and b) labelled.
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4.3.2. Alloy 2: Nominal Coe:Fess:Pdso (at.%)

For Alloy 2, Nominal Cos:Fess:Pdso (at.%), light and dark grains with grain boundaries were visible in
Figure 4.76. The different contrasting areas had very similar EDX results, Table 4.26 and Figure 4.77. The
phase found from the XRD pattern (Figure 4.78) was Al (yFe,a.Co,Pd).

100 pm Mag= 200X
A
WD = 93 mm

Signal A = SE2
EHT = 20.00 kV

Date :30 Oct2018
Time :9:39:17

Figure 4.76. SEM-SE image of Cog:Fes4:Pdso (at.%), Alloy 2 annealed at 650°C for 1000 h showing light and dark grains.

Table 4.26. EDX phase analyses for nominal Cos: Fess:Pdso (at.%), Alloy 2, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 59+0.1 41.0+0.1 53.1+0.1 -
Dark 6.0+04 41.0+0.3 53.0+0.2 Al (yFe,a.Co,Pd)
Light 5.9+0.2 41.2+0.1 52.9+0.2 Al (yFe,aCo,Pd)
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Figure 4.77. EDX analyses of nominal Cog:Fess:Pdso(at.%), Alloy 2 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.78. XRD patterns for nominal Cog:Feq4:Pdso (at.%), Alloy 2 650°C annealed condition: a) raw, and b) labelled.
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4.3.3. Alloy 3: Nominal Cozo:Feso:Pdso (at.%)

Figure 4.79 (Alloy 3, Nominal Coyo:Feso:Pd3o (at.%)) shows an etched area and the dark spaces which were
where one of the phases was etched out. The plot of the EDX results (Figure 4.80 and Table 4.27) shows
that the overall of the alloy does not lie on the tie-line of the two phases analysed; the reason for this
could be that one of the analyses was incorrect. It is not surprising that the analyses could be incorrect,
as the phases were very fine, making the analyses difficult to obtain accurately, and also one phase was

etched out. The XRD pattern, Figure 4.81, matched two phases, (aFe) and Al (yFe,aCo,Pd).

20 pm Mag= 1.00KX Signal A=NTS BSD Date -18 Oct 2018 ﬁ b\ 10pm Mag= 3.00KX Signal A =NTS BSD Date :19 Oct 2018 W

WD = 8.4 mm EHT =20.00 kv Time :8:58:14 WD = B4mm EHT =20.00kV Time :8:59:09

Figure 4.79. SEM-BSE images of Cozo:Feso:Pdso (at.%), Alloy 3 annealed at 650°C for 1000 h showing: a) the overall etched area,
and b) higher magnification.

Table 4.27. EDX phase analyses for nominal Cozo:Feso:Pdso (at.%), Alloy 3, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 14.1+0.1 46.3+0.1 39.6+0.1 -
Dark 7.6+14 86.0+0.1 6.4+1.5 (aFe)
Light 9.5+15 44.0+0.7 46.5+2.2 Al (yFe,aCo,Pd)
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Figure 4.80. EDX analyses of nominal Cozp:Feso:Pdso (at.%), Alloy 3 650°C annealed condition. (m Overall composition; ® phases).

101



1500

1200

i) o
5 8
o
Y] o
3
o
8
° MMMWMMMMWMMM i b ol , |
10 20 30 40 50 60 70 80 90
a) 2Theta (Coupled TwoTheta/Theta) WL=1.54060
2= B (vFe,Pd) [ FDF 04-003-3814 FeD 65 Pd0 35 Iron Palladium
- | PDF 04-021-8247 Fe.55 Co0.45 Cobalt Iron
g7 W (aFe)
@ =
I= -
3 _
3 =
(&) o=
b) 2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4.81. XRD patterns for nominal Cop:Feso:Pdso (at.%), Alloy 3 650°C annealed condition: a) raw, and b) labelled.
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4.3.4. Alloy 4: Nominal Coio:Feis:Pdss (at.%)

The microstructure of Alloy 4, Nominal Coio:Fe1s:Pdys (at.%), Figure 4.82, shows light and dark areas, which
were due to coring, given the lack of a distinct interface and the very similar compositions of the areas in
Table 4.28 and Figure 4.83. Grain boundaries were also visible for very few grains. The XRD pattern, Figure
4.84, shows that there was only one phase present and that was Al (yFe,aCo,Pd), although there were
very few peaks in the pattern, and the high intensity peak at ~69° (2 Theta) was probably due to preferred
orientation. In Figure 4.84, there was an identified peak at ~62° (2 Theta). The ~FePds; phase was also

fitted to the XRD pattern, and it matched one peak only, which was not the unidentified peak.

Jooum Mag= 200X Signal A= SE2 Date :30 Oct 2018 EE 204m Mag= 500X Signal A=NTSBSD  Date :30 Oct 2018
a\ ) WD = 8.4 mm EHT =20.00 kv Time :10:01:54 B b) WD = 84 mm EHT =20.00 kv Time :10:02:32

Figure 4.82. SEM-SE and SEM-BSE images of Coip:Feis:Pd7s (at.%), Alloy 4 annealed at 650°C for 1000 h: a) showing contrasting
areas, and b) showing contrasting areas and grain boundaries.

Table 4.28. EDX phase analyses for nominal Coio:Fe1s:Pd7s (at.%), Alloy 4, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
771+
Overall 9.1+0.1 | 13.8+0.1 -
0.1
77.3 %
Dark 89+0.2 | 13.8+0.1 Al (yFe,aCo,Pd)
0.2

Light 9.1+0.1 | 139+01 | 77.0+0.1 A1l (yFe,aCo,Pd)
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Figure 4.84. XRD patterns for nominal Cojo:Fe1s:Pd7s (at.%), Alloy 4 650°C annealed condition: a) raw, and b) labelled.
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4.3.5. Alloy 5: Nominal Coso:Feso:Pdso (at.%)

Alloy 5, Nominal Coso:Feso:Pdso (at.%), showed distinctive lamellae which were etched out, creating a
distinctive microstructure; the lamellae were not all in the same direction and there were also black
patches, Figure 4.85. The black regions had a very different composition from the overall composition of
the sample and were rich in Fe, shown in Figure 4.86 and Table 4.29. From XRD (Figure 4.87), the phases
present were (aFe) and Al (yFe,aCo,Pd). The ~FePd and ~FePds phases were also attempted as fits the
XRD pattern, but they did not match the experimental peaks. There was also a very small peak at ~37° (2

Theta) on Figure 4.87, which could not be matched to any phases.

20 pm = 1 Signal A = NTS BSD 10 pm = i = E
Mag 00K X ignal Date :19 Oct 2018 2 Mag= 3.00KX Signal A =NTS BSD Date :19 Oct 2018 W

a ) WD =122mm EHT = 20.00 kV Time :9:38:05 b) WD =122 mm EHT = 20.00 kv Time :9:38:42
/ /

Figure 4.85. SEM-BSE images of Coso:Feso:Pd4o (at.%), Alloy 5 annealed at 650°C for 1000 h showing: a) representative area of the
alloy, and b) magnified image.

Table 4.29. EDX phase analyses for nominal Coso:Fesp:Pd4o (at.%), Alloy 5, annealed at 650°C condition.

Phase description Co Fe Pd Phase

Overall 23.9+0.1 | 286+0.1 | 47.5%+0.1 -

Fine two-phase 239+0.3 | 28.2+0.2 | 47.9+03 | (aFe)+ Al (yFe,aCo,Pd)
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Figure 4.86. EDX analyses of nominal Cosg:Feso:Pdso (at.%), Alloy 5 650°C annealed condition. (m Overall composition; ® phases).
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Figure 4.87. XRD patterns for nominal Coso:Feso:Pdao (at.%), Alloy 5 650°C annealed condition: a) raw, and b) labelled.
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4.3.6. Alloy 6: Nominal Cosp:Fezo:Pdso (at.%)

For Alloy 6, Nominal Cosp:Fe:Pdso (at.%), the microstructure was very fine (Figure 4.88), hence analyses
could not be done on the individual phases. The EDX results on the lighter and darker regions were not
similar, shown in Table 4.30 and Figure 4.89. The XRD pattern in Figure 4.90 showed one phase present,
A1l (yFe,aCo,Pd), but with different spacings, suggesting two Al phases with different compositions. The

o’ pattern was also fitted to the XRD pattern, and there was no match of the experimental peaks.

Signal A =NTS BSD Date :19 Oct 2018

fopm Mag= 1.00KX
EHT = 20.00 kV Time :9:46:35

WD =106 mm

Mag= 3.00KX
WD =106 mm

Signal A = SE2

Date 119 Oct 2018
EHT = 20.00 kv Time §:45:41

Figure 4.88. SEM images of Coso:Feo:Pd3 (at.%), Alloy 6 annealed at 650°C for 1000 h showing: a) BSE overall of the alloy and b)
SE microstructure at higher magnification.

Table 4.30. EDX phase analyses for nominal Coso:Fezo:Pdso (at.%), Alloy 6, annealed at 650°C condlition.

Phase
Co Fe Pd Phase
description
Overall 35.8+0.1 | 21.6+0.1 | 42.6+0.1 -
Light 30.5+0.5 | 22.3+0.3 | 47.2+£0.5 | Al (yFe,aCo,Pd)
Dark 575+13 | 16.8+0.2 | 25.7+1.5 | Al (yFe,aCo,Pd)
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Figure 4.89. EDX analyses of nominal Cosg:Fezo:Pdso (at.%), Alloy 6 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.90. XRD patterns for nominal Cosp:Fezo:Pdso (at.%), Alloy 6 650°C annealed condition: a) raw, and b) labelled.
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4.3.7. Alloy 7: Nominal Coio:Feso:Pdso (at.%)

For Alloy 7, Nominal Coio:Feso:Pdso (at.%), Figure 4.91, shows grain boundaries around light and dark
regions; this was due to different grain orientations. The different regions had similar compositions of the
phases (Table 4.31 and Figure 4.92). The XRD pattern in Figure 4.93 identified two phases: “FePd; and Al
(vFe,aCo,Pd), and there was one peak at ~26° (2 Theta) that could not be identified. At higher
magnification, there was no discernable microstructure and the entire sample had scratches, which might
have masked the microstructure. This sample was very difficult to prepare, and even after several

attempts the scratches could not be removed, probably due to the high Pd content, which made it softer.

100 pm Date 112 Nov 2018
A

Time :9:12:57

Mag= 200X
WD = 7.6 mm

Signal A = NTS BSD
EHT = 20.00 kv

Figure 4.91. SEM-BSE image of Coio:Feso:Pdso (at.%), Alloy 7 annealed at 650°C for 1000 h showing different grains.

Table 4.31. EDX phase analyses for nominal Cozo:Feso:Pdeo (at.%), Alloy 7, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 9.0+0.1 | 28.6+0.1 | 62.4+0.1 -
Dark 9.1+0.2 | 28.4+0.4 | 62.5+0.3 A1l (yFe,a.Co,Pd)
Light 9.0+0.1 28.7+0.3 | 62.3+0.3 Al (yFe,aCo,Pd)
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Figure 4.92. EDX analyses of nominal Coio:Feso:Pdso (at.%), Alloy 7 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.93. XRD patterns for nominal Coio:Feso:Pdeo (at.%), Alloy 7 650°C annealed condition: a) raw, and b) labelled.
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4.3.8. Alloy 8: Nominal Cozs:Fezo:Pdss (at.%)

Alloy 8, Nominal: Cos:FezoPdss (at.%), was a cored solid solution with the dendrites being lighter in
contrast, as shown in Figure 4.94. The contrast was due to coring as the compositions of the areas were
very similar (Figure 4.95 and Table 4.32), with no distinct interface. The solid solution was Al (yFe,aCo,Pd),
as shown in the XRD pattern in Figure 4.96, there was also (aFe), but it only matched one small peak which

did not make it a reliable result, especially considering the relatively low Fe content.

Date .12 Nov 2018
Time :9:20:38

20pm Mag= 500X
—

Signal A=NTS B3D

WD= 73mm EHT = 20.00 kv

Figure 4.94. SEM-BSE image of Cozs:Feo:Pdss (at.%), Alloy 8 annealed at 650°C for 1000 h showing coring.

Table 4.32. EDX phase analyses for nominal Coio:Fes:Pdss (at.%), Alloy 8, annealed at 650°C condlition.

Phase
Co Fe Pd Phase
description
Overall 23.1+0.1 | 19.2+0.1 57.7+0.1 -
Light 21.3+0.2 | 19.4+0.2 59.3+0.1 A1l (yFe,aCo,Pd)
Dark 225+0.2 | 19.1+0.1 | 58.4+0.2 Al (yFe,aCo,Pd)
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Figure 4.95. EDX analyses of nominal Cos:Fezo:Pdss (at.%), Alloy 8 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.96. XRD patterns for nominal Cos:Fezo:Pdss (at.%), Alloy 8 650°C annealed condition: a) raw, and b) labelled.
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4.3.9. Alloy 9: Nominal Co1o:Feso:Pdso (at.%)

The microstructure of Alloy 9, Nominal Coio:Feso:Pd4o (at.%), Figure 4.97 a), shows a fine two-phase
microstructure. Figure 4.97 b) shows at higher magnification that a coarse two-phase probably formed
first and the area around it was etched more to reveal a fine “eutectoid-like” microstructure. Figure 4.98
and Table 4.33 shows how similar the compositions of the different areas were. From XRD (Figure 4.99),
the phases were (aFe) and Al (yFe,a.Co,Pd). When the larger apparent single-phase areas were analysed,
there were large errors for the light phase, but considering its contrast and the highest possible Pd content

(with the large errors), the light phase was surmised to be Al (yFe,a.Co,Pd), and the dark phase was (aFe).

EHT = 20.00 kv’ Time :8:58:24

WD = 84 mm EHT = 20.00 kv Time :8:59:22

Mag= 200KX Signal A=NTS BSD Date 5 Nov 2018 ﬁ

Figure 4.97. SEM-BSE images of Coio:Feso:Pd4o (at.%), Alloy 9 annealed at 650°C for 1000 h showing: a) fine microstructure and b)
fine and coarse two-phase regions.

Table 4.33. EDX phase analyses for nominal Coio:Feso:Pdaso (at.%), Alloy 9, annealed at 650°C condition.

Phase Co Fe Pd Phase
description
Overall 561£0.1 45.8+0.1 48.6+0.1 -
Coarse two-phase | 5.5+0.1 45.6+0.1 48.910.2 (aFe) + Al (yFe,aCo,Pd)
Fine two-phase 5.6+0.2 46.0+0.2 | 48.4+0.3 (aFe) + Al (yFe,aCo,Pd)
Dark spots 5.5%0.2 453+0.1 | 49.2+0.3 Mainly (a.Fe) with Al (yFe,aCo,Pd)
Large light 5.8+ 0.6 48.0+4.3 | 46.2%+49 Mainly Al (yFe,aCo,Pd) with (aFe)
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Figure 4.98. EDX analyses of nominal Coio:Feso:Pdao (at.%), Alloy 9 650°C annealed condition. (m Overall composition; ® phases)
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Figure 4.99. XRD patterns for nominal Cojp:Feso:Pd4o (at.%), Alloy 9 650°C annealed condition: a) raw, and b) labelled.
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4.3.10. Alloy 10: Nominal Coso:Feso:Pdso (at.%)

Figure 4.100 (Alloy 10, Nominal Coso:Feso:Pdso (at.%)) shows two phases, the coarse light and dark phases

were observed first, and the fine two-phase regions were only revealed after further etching. Figure 4.101

shows the compositions of the different phases. The XRD pattern (Figure 4.102) shows that two phases

were present, Al (yFe,aCo,Pd) and (aFe). The light phase was Al (yFe,a.Co,Pd) (Table 4.34), the dark phase

was surmised to be (aFe), and the fine phase mixture was (aFe) + Al (yFe,aCo,Pd).
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WD = 7.8mm EHT =20.00 kY Time :11:49:12 b) WD = 7.8mm EHT = 20.00 kv Time 11:4853
]

Figure 4.100. SEM-BSE images of Cogso:Feso:Pdsp (at.%), Alloy 10 annealed at 650°C for 1000 h showing: a) an overall, and b)

formation of fine phase, light and dark phases.

Table 4.34. EDX phase analyses for nominal Coso:Fesp:Pd3o (at.%), Alloy 10, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 343+0.1 | 289+0.1 | 36.8+0.1 -
Dark 653+1.1 | 30.2+0.1 | 45+1.2 (aFe)
Light 254+19 | 28.1+0.1 | 46.5%+1.9 Al (yFe,aCo,Pd)
Fine phase
33.4+0.8 | 285+0.1 | 38.1+0.8 (aFe) + Al (yFe,aCo,Pd)
mixture
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Figure 4.101. EDX analyses of nominal Coao:Feso:Pd3o (at.%), Alloy 10 650°C annealed condition. (m Overall composition; e phases)
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Figure 4.102. XRD patterns for nominal Coaso:Feso:Pdso (at.%), Alloy 10 650°C annealed condition: a) raw, and b) labelled.
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4.3.11. Alloy 11: Nominal Cozo:Feso:Pd2o (at.%)

Figure 4.103 a) shows that Alloy 11, Nominal Cozo:Feso:Pd2o (at.%), formed dark and light regions, but at

higher magnification these were fine two-phase regions. The apparent dendrites comprised finer two-

phase regions, and were probably due to the coring on solidification. The difference between the dendritic

and interdendritic regions was due to the difference in proportions of the two phases. The compositions

of the two areas were very different, Figure 4.104 and Table 4.35. The XRD pattern (Figure 4.105)

identified two phases, (aFe) and Al (yFe,a.Co,Pd).

Mag

500 X
WD = 8.7 mm

EHT = 20.00 kV/

Signal A=NTS BSD

Date :5 Nov 2018
Time ;9:23:23

WD = 87 mm

Mag= 200KX

Date :5 Nov 2018
Time :9:25:29

Signal A= SE2
EHT = 20,00 kv

Figure 4.103. SEM images of Co,o:Fego:Pd2o (at.%), Alloy 11 annealed at 650°C for 1000 h showing: a) BSE apparent dendrites and
b) SE higher magnification fine phase.

Table 4.35. EDX phase analyses for nominal Cozo:Fego:Pd2o (at.%), Alloy 11, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 18.4+0.1 | 57.7+0.1 | 23.9+0.1 -
Dark 28.8+0.4 | 66.7+0.7 | 45+1.1 (aFe)
Light 15.6+1.9 | 55.5+1.5 | 28.9+3.4 Al (yFe,aCo,Pd)
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Figure 4.104. EDX analyses of nominal Coz:Fego:Pd2 (at.%), Alloy 11 650°C annealed condition. (m Overall composition; e phases)
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Figure 4.105. XRD patterns for nominal Cozo:Fego:Pd2o (at.%), Alloy 11 650°C annealed condition: a) raw, and b) labelled.
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4.3.12. Alloy 12: Nominal Coeso:Fez0:Pd2o (at.%)

For Alloy 12, Nominal Cogo:Feo:Pdyo (at.%), the microstructure showed apparent dendrites, and at higher

maghnification (Figure 4.106 b), a fine two-phase microstructure was visible. The dendritic and

interdendritic areas had different amounts of the fine second phase. Although the phases are the same

(Table 4.36 and Figure 107) the compositions of the dark and light regions were not similar. The phase

found by XRD, Figure 4.108 was Al (yFe,aCo,Pd), but with two different d-spacings, suggesting two

different Al phase compositions.
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Date :12 Nov 2018
Time :12:23:42

ZEISS

Figure 4.106. SEM-BSE images of Coeo:Fezo:Pd2o (at.%), Alloy 12 annealed at 650°C for 1000 h showing: a) dendrites, and b) higher
magnification decomposition of dendrites.

Table 4.36. EDX phase analyses for nominal Cogo:Fezo:Pd2o (at.%), Alloy 12, annealed at 650°C condition.

Phase
Co Fe Pd Phase
description
Overall 57.7+0.1]19.1+0.1 | 23.2%+0.1 -
Dark 705+28 | 164+0.8 | 13.1+2.0 Al (yFe,aCo,Pd)
Light 354+3.8|235+1.1| 41.1+2.7 Al (yFe,aCo,Pd)
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Chapter 5: - Microhardness results

Table 5.1 shows all the hardness results for the alloys. The hardness of the alloys increased with increased

Fe and decreased with increased Pd.

Table 5.1. Vickers microhardness values and errors for all alloys.

Nominal composition As-cast 1000°C 650°C
(at.%) Hardness Annealed Annealed
(HV) Hardness (HV) Hardness (HV)
Alloy1: Coso:Fego:Pdio 241 +9 382+3 285+3
Alloy 2: Cos:Fess:Pdso 164 +7 2163 186 +5
Alloy 3: Cozo:Feso:Pdso 238+6 252 +7 252 %5
Alloy 4: Coip:Feis:Pd7s 118+6 119+4 119+5
Alloy 5: F Cosp:€30:Pdao 182+6 213+3 194 +6
Alloy 6: Coso:Fezo:Pd3o 189 +6 2056 200+ 6
Alloy7: Cozo:Feso:Pdso 1717 1837 1726
Alloy 8: Cozs:Fezp:Pdss 172 +1 176 +1 172 +7
Alloy 9: Cozo:Feso:Pdao 189+2 191+6 173+8
Alloy 10: Coso:Feso:Pd30 216 £9 220+ 8 190+ 2
Alloy 11: Cozo:Feso:Pd2o 526+ 10 5307 529+2
Alloy 12: Cogo:Fez0:Pd2o 190+ 4 201+3 197 +4

Figures 5.1-5.3 shows the data from Table 5.1 plotted onto the ternary diagrams with the overall value

for each alloy. All three figures follow the same trend.
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Chapter 6: Discussion

6.1. Interpretation of the data

The system was very difficult to interpret for three major reasons: the difficulty in identifying XRD peaks,
the difficulty in making the samples homogenous, and the fineness of some of the microstructures after
annealing. The latter meant that accurate EDX measurements could not be obtained, because the volume
of interaction was larger than the size of the phase, so signals were always collected from two phases. It
would be expected that the samples might be difficult to make homogenous, because the melting points
are quite high (1495°C for Co [1990Mas], 1538°C for Fe [1990Mas], and 1555°C for Pd [1990Mas]), and
the samples were only homogenised for 1000 hours. Often ampules used for longer times than this at
high temperatures collapse, and the samples become contaminated [1986Cor]. Since the samples were
made by arc melting, preferred orientation could be expected on solidification, and this was indicated in
the XRD patterns, because one particular peak was consistently higher than expected. The preferred

orientation was not always removed on annealing, showing that homogeneity was probably not attained.

For XRD, one difficulty was that the Al (yFe,aCo,Pd) fcc phase extended over almost the entire
composition range, and so was difficult to match with existing XRD peaks [2018Dif]. This meant that often
peaks from two different binary systems were matched, even though it was one phase, for example as-
cast Alloy 5 (Figure 4.15), as-cast Alloy 8 (Figure 4.24), Alloy 2 after annealing at 1000°C (Figure 4.42), Alloy
3 after annealing at 1000°C (Figure 4.45), Alloy 5 after annealing at 1000°C (Figure 4.51), Alloy 9 after
annealing at 1000°C (Figure 4.63), and Alloy 8 after annealing at 650°C (Figure 4.96). Conversely, after
annealing at 650°C, Alloys 6 (Figure 4.90) and 12 (Figure 4.107) showed two distinct sets of Al (yFe, aCo,

Pd) peaks, showing that there was a miscibility gap.

A second reason for the difficulty in interpreting the XRD patterns of the system was that some of the
peaks overlapped between the different phases, due to the similar distances between the different atoms
in the planes. This meant that care had to be taken to use several peaks to identify the phases. Examples
of this are as-cast Alloy 4 (Figure 4.12), as-cast Alloy 7 (Figure 4.21), as-cast Alloy 8 (Figure 4.24) and Alloy
7 annealed at 650°C (Figure 4.93).

133



A third reason for the difficulty in interpreting the XRD patterns was that the peaks were sometimes small,
and this meant that there were few peaks to use in identification. The preferred orientation exacerbated
this problem. The samples were probably smaller than they should have been, because of a shortage of
expensive palladium, and these small samples would have led to poor patterns. One particular bad
example of a very low signal to noise ratio was as-cast Alloy 11 (Figure 4.33), even though it was in the

polished condition.

Using XRD to distinguish between the ordered phases was also problematic, because a lot of the peaks
had very low intensity, especially FePd; (Appendix A, [2018Dif]) and o’ (Appendix A, [2018Dif]). This made
the ordered phases very difficult to distinguish, because the important peaks were often lost in the

background.

6.2. As-cast alloys

The first difficulty in this work was that the alloys had very different responses to etching, and could not
all be etched using the same method. Alloy 1 used the least aggressive etching technique of electro-
etching in a solution of H,O + HCI, with steel wire as a cathode. Alloys 2, 3, 4, 5, 6,9, 10, 11 and 12 were
immersion etched in a solution of H,0 + HCI + HNOs, using steel wire as the cathode. Alloys 7 and 8 were
electro-etched in a solution of H,O + HCI, with graphite as a cathode. Many different etching techniques
were used due to the different compositions of the alloys, and the alloys with more Pd used the more

aggressive etching technique.

Due to the samples containing Pd, a high acceleration voltage (20 kV) had to be used on the SEM in order
to excite the Pd X-rays for EDX analysis. Using a high kV causes the electron beam to spread out further
[1981Gol], making the collection area for accurate EDX analysis larger (typically >2 microns), hence the

samples with fine microstructures could not be accurately analysed in the SEM.

Given the very wide A1 (yFe,aCo,Pd) liquidus of the system and the few solid phases [1958Kup, 1959Kup,
1961Gri, 1961Kup, 1992Rag], it was not surprising that the alloys were cored, because they mainly

solidified to the same phase, Al (yFe,aCo,Pd). In some of the samples, there was so little difference

134



between the compositions of the cored phases that they were within the experimental errors. None of
the microstructures found were similar to those of the previous workers [1958Kup, 1959Kup, 1961Gri,
1961Kup], although the decomposition of Alloy 1 would be expected from the ~25°C isothermal section
of Raghavan [1992Rag], because that alloy composition lies in a two-phase region. However, the phases
found here were A1l (yFe,aCo,Pd) and (aFe), whereas Raghavan [1992Rag] deduced that the phases should
be Al (yFe,aCo,Pd) and o’. Thus, Alloy 1 suggests a wider Al (yFe,aCo,Pd) + (aFe) phase field than
Raghavan [1992Rag] (Figure 2.9). Since the original papers [1958Kup, 1959Kup, 1961Gri, 1961Kup] were

inconsistent, most of the comparisons were with Raghavan [1992Rag].

Alloys 2 and 3 were both Al (yFe,aCo,Pd) solid solutions, suggesting that the Al (yFe,aCo, Pd) region
extends further than that suggested by Raghavan’s isothermal section at ~25°C [1992Rag] (Figure 2.9),
and the same was shown for Alloy 6 which also had a Al (yFe,aCo,Pd) match. Due to the results for Alloy
3 suggesting the structure was not quite cubic, this would possibly show one of the ordered phases was
present which is tetragonal, ~FePd. Alloy 4 shows that the Al (yFe,aCo,Pd) phase was narrower than
Raghavan [1992Rag] indicated near this composition. Conversely, Alloy 5, being a single-phase solid
solution of Al (yFe,aCo,Pd), showed that this phase had a greater extent at this alloy composition than in

Raghavan’s isothermal section [1992Rag].

Alloy 7 was one of only two alloys that agreed with Raghavan’s isothermal section [1992Rag] (Figure 2.9),
although the ~FePds phase only precipitated out in certain areas of the sample, and not in the entire
sample, the precipitation could have been due to inhomogeneous solidification of the alloys during
manufacturing. Similar to Alloy 4, Alloy 8 did not agree with Raghavan’s isothermal section [1992Rag],
suggesting that the Al (yFe,aCo,Pd) phase was narrower than Raghavan [1992Rag] indicated. Alloy 9 did
not agree with Raghavan’s isothermal section [1992Rag], suggesting that the three-phase field did not lie

in that region for the particular composition of the alloy.

Alloys 10 and 11 did not agree with Raghavan’s isothermal section [1992Rag] (Figure 2.9), indicating that
the o’ + Al (yFe,aCo,Pd) phase region was much narrower than Raghavan suggested. Alloy 12 was the
only other alloy that agreed with Raghavan’s isothermal section [1992Rag]; the region is a + Al

(vFe,aCo,Pd).
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There was better agreement of the as-cast samples (Figure 6.1) with the 25°C isothermal section of
Raghavan [1992Rag] (Figure 2.9) than with that of Kuprina and Grigorev [1958Kup] (Figure 2.7). Strictly,
the as-cast samples of this work should not have been compared to the ~25°C isothermal sections of
Kuprina and Grigorev [1958Kup] and Raghavan [1992Rag], but there was no other information available
for comparison. It should be remembered that Raghavan [1992Rag] stated that his 25°C section was highly

speculative, given the problems in the source papers [1958Kup, 1959Kup, 1961Gri, 1961Kup].

The coring and dendrites in Alloys 1, 4, 6, 10, 11 and 12 were used to assess the validity of the two liquidus
surfaces (Figure 2.10 a)) [1958Kup], (Figure 2.10 b)) [1992Rag] since the dendrites would form first, and
the interdendritic area would form next, so the direction from the former to the latter should give the
slope of the liquidus surface. The deduced liquidus slope agreed with both of the liquidus surfaces

[1958Kup, 1992Rag], so it was not possible to choose a better one; this can be seen in Figure 6.1.

The XRD patterns showed very few peaks, making identification of the phases difficult. However, most of
the samples just showed the fcc solid solution, Al (yFe,aCo,Pd), so this was expected. The different
directions of the shifts of the fcc peaks in Alloy 3 suggests that there might be some ordering to form a
tetragonal structure. This would be consistent with the ~FePd phase [2018Lau]. However, the sample was
quite far from the Fe-Pd binary, which might be too far to experience this type of ordering, although
Buschow [1983Bus] reported it for both Fe-Pd and Co-Pd binary alloys. There were some unidentified

peaks in some of the samples, and these are shown in Table 6.1; none of the peaks were the same.
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Figure 6.1 Solidification projection for the as-cast Co-Fe-Pd system. (m Overall composition; e phases)

Table 6.1. Unidentified peaks for the as-cast alloys.

Alloy number and | Peak Intensity
nominal composition | position (I\I299)
(at.%) (2 Theta)

9: Co1o:Fesp:Pdag ~75° 3

10: Coaso:Feso:Pds3g ~38° 3

11: Coyo:Feso:Pdyo ~80° 67

12: Cogp:Fezo:Pdyo ~73° 10

6.3. Alloys annealed at 1000°C

The alloys were not totally homogeneous because there were areas, sometimes circular, of different
compositions, shown in Alloys 2, 5, 6, 7, 8 and 9. The circular regions suggested that these
inhomogeneities arose in the liquid phase, which means that there could be a tendency for immiscibility

in the liquid phase. Also, because the Al (yFe,aCo,Pd) solid solution extended across nearly the whole
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system, it could be matched at different compositions with patterns from alloys of different compositions
from the different binaries. Alloys 4 and 10 showed limited contrast between the regions, and this was
expected as the sample was made up of only Al (yFe,aCo,Pd), therefore not much would have shown in
the microstructure. Alloy 11 was one of the unusual samples that appeared to exhibit a Widmanstatten
microstructure; this can be a characteristic of steels or alloys that have high Fe contents and low carbon
content [2004Phe], but can actually occur in many instances where a fairly major second phase grows in

from the grain boundaries in the solid state, e.g. brass [1972Chal.

Apart from Alloys 1, 3 and 11 which had two phases (aFe) + Al (yFe,aCo,Pd), all the other alloys comprised
only Al (yFe,aCo,Pd). These alloys showed that (aFe) is stable to higher temperatures within the ternary
than in the Co-Fe binary (Figures 6.2 and 6.3). Alloy 3 also had a local inhomogeneity. The alloys were
annealed at this temperature for another project [2017Man], even though this temperature was not ideal
for a phase diagram investigation because it was above all the reactions of the component binary phase
diagrams. Alloy 1 had a lamellar microstructure, due to discontinuous precipitation of the two phases
which have reduced solubility at lower temperatures, which promotes precipitation of the other phase. It
was expected that annealing the samples would coarsen the grains and allow for more accurate analyses,
but this did not occur in these alloys, and was probably due to the high melting points of the system. The
only alloy that showed a difference in composition was Alloy 3, although the error on one of the analyses
was quite high, which meant it picked up the signal of the surrounding phases, or that the sample was

inhomogeneous.
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Figure 6.2. Results of the alloys annealed at 1000°C for the Co-Fe-Pd system (at.%). (m Overall composition; ® phases)

The annealed samples were very sensitive and prone to scratching during sample preparation, indicating
that they were quite soft, and for most of these samples Aqua Regia worked the best for etching. The
other method used for Alloys 2 and 3 was electro-etching in a solution of H,0 + HCl, and for Alloys 8 and

11 immersion etching in a solution of H,0 + HCI + HNOs.

It was determined that the ~FePd and ~FePds; regions in the Fe-Pd binary diagram did not extend further
into the ternary system, although it was difficult to discern the superlattice peaks of “FePd because they
were so small in the reference pattern [2018Dif] (the patterns are given in Appendix A). These small peaks
might show that the degree of ordering was very slight, and to find them, synchrotron XRD would be

necessary.

Figure 6.3 shows the isothermal section at 1000°C, however the position of the (aFe) and
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(aFe) + A1 (yFe,aCo,Pd) regions are very speculative, although there was XRD evidence for (aFe) in Alloys
1 (Figure 4.39) and 11 (Figure 4.69), and microstructural evidence in Alloy 3 (Figure 4.43). The maximum
for (aFe) in the Co-Fe binary was taken into account when choosing the regions. Although it would appear
anomalous that a bcc phase should appear within a fcc region where all the components are fcc at that
temperature (1000°C), there is a bcc phase just below it (~980°C). Although the pattern was poor for the
as-cast sample, a definite (aFe) was identified and the sample showed a two-phase structure, even though

a phase was partially etched out. To clarify this more alloys should be studied in this region.
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Figure 6.3. Isothermal section at 1000°C for the Co-Fe-Pd system (at.%). (m Overall composition; ® phases)

6.4. Alloys annealed at 650°C

Given that the alloys annealed at 1000°C did not show many differences (being mainly Al (yFe,aCo,Pd)),

the samples had to be annealed at a lower temperature, which had to be below the phases
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transformations in the component binaries. The results from all of the samples annealed at 650°C are

shown in Figure 6.4.
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Figure 6.4. Results for the alloys annealed at 650°C for the Co-Fe-Pd system (at.%). (m Overall composition; ® phases)

The EDX results were plotted on to the ternary diagram and the binary phase limits at 650°C were used
as boundaries to determine where the different phase regions would lie, the interpretation is shown in
Figure 6.5. The ~FePd and ~FePdsregions were drawn near the Fe-Pd binary, because Alloys 2 and 7 were
A1l (yFe,aCo,Pd), so it was deduced those phases would not extend beyond Alloys 2 and 7. Also, ~FePd
and ~FePds were difficult to find and distinguish from the random A1l (yFe,aCo,Pd) solid solution, due to

their ordered peaks being so small [2018Dif]. There had to be a three-phase region, so it was inferred at

that point (indicated by dashed triangle along Fe-Pd binary).
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The (aFe) + Al (yFe,aCo,Pd) region was determined by the composition of Alloys 3, 5 and 10, which had
to join up to the Co-Fe binary. The A1l (yFe,aCo,Pd) miscibility gap indicated by the dashed line was placed
there as it would not have fitted in with the (aFe) + Al (yFe,aCo,Pd) region and Alloys 6 and 12 contained
only Al (yFe,aCo,Pd) with two different compositions. The miscibility gap was not near the circular regions
found in some microstructures (Alloy 2, Figure 4.40; Alloy 7, Figure 4.55 and Alloy 8, Figure 4.58). No coring
should have existed after annealing, so a miscibility gap was inferred. However, this miscibility gap was
near the (aFe) + Al (yFe,aCo,Pd) two-phase region, so could be an artefact. On annealing at 650°C, Alloy
6 had a very different overall composition from the other two conditions; there was a loss of Co. There
were losses for the other elements, but they were minor compared to Co. Alloys 1, 2 and 3 had losses of
Fe and Co, and losses for the other alloys were negligible. The (aFe) region was matched up using Alloys
3, 10 and 11 and the Co-Fe binary; similarly, the a’ region was determined. There was no two-phase
boundary between the (aFe) and o', due to the order of transformation being first-order [2009Por].
Although Matsuda et al. [2016Mat] reported o in their Coso:Feso:Pd1o alloy, this was not reflected in the

650°C isothermal section, because their sample was processed at a different temperature.
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Figure 6.5. Isothermal section at 650°C annealed for the Co-Fe-Pd system (at.%). (m Overall composition; ® phases)
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The XRD patterns for the annealed samples were poor and the peaks were very similar for most of the
phases present, one example would be a and o’ (patterns of peaks used to match the phases shown in
Appendix A). The intensity of the ordered peaks for a’ were less than 1% of the maximum peak, and the
data possibly came from a phase that showed very little ordering, therefore it was unlikely that they would
have been picked up during XRD. The FePd and FePds phases are ordered L1o and L1; structures and FePd
had reasonable peaks in the reference pattern [2012Kuv, 2018Lou, 2018Dif], whereas FePds had very
small peaks [2018Dif] (Appendix A), which made it very difficult to distinguish from A1l (yFe,aCo,Pd), in
Alloy 7.

As with the as-cast samples, the analysis of fine phases was very difficult, due to the fineness of the sample
microstructures. When analyzing one phase, the phases around it were also picked up, making the analysis
errors very high; examples of this can be seen in Alloys 1 and 11. Alloys 1 and 11 had the same
microstructure, showing that a and o’ were present in both samples, although it was not picked up by
XRD. Alloys 2 and 4 had similar microstructures, and they both comprised Al (yFe,aCo,Pd), although the
XRD pattern for Alloy 2 had very few peaks, because it was fcc, Al (yFe,aCo,Pd), which does not have

many peaks, and so the interpretation of the pattern was inconclusive.

For Alloy 3, the overall was outside of the two phases analysed, which indicated that a phase was etched
out and could not be analysed properly by EDX. Also, because of the very fine microstructure, it was not
surprising that a phase was not detected. It was surmised that the (aFe) phase was etched out of the
surface of Alloy 5, hence only one phase was picked up by EDX, although the microstructure appears to

be two-phase.

Alloy 8 was one of three alloys that still showed coring, even after annealing. The only difference from the
other cored alloys, Alloys 2 and 4, was that there were lighter dendrites which were visible. Alloys 9 and
10 showed very similar microstructures. The dark areas which were surmised to be (aFe) on Alloy 9 were
etched away on the surface, hence the high errors for some areas of this alloy. Since this system was
particularly difficult to analyse, in order to better understand it, a similar system could be studied, such

as Co-Fe-Pt [2017Chi, 2018Cor, 2019Cor].
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6.5. Microhardness results

From Figures 6.6-6.8, it can be seen that the hardness of the material increased with increased Fe and
decreased with increased Pd contents, as well as decreasing with higher Co contents for alloys which were
fcc, Al (yFe,aCo,Pd). This was expected, since Fe is expected to increase the hardness of the material due
to its higher hardness. The errors were small for some of the samples, showing that the samples were

fairly homogeneous.

Figures 6.6-6.8 followed the same trends as each other. The alloys that were unusual were Alloys 11 and
3, which had significantly higher hardness values, although the errors were also quite high, so there could
have been an inhomogeneity, or these alloys could have had some ordered structures. The XRD results
as-cast sample of Alloy 3 suggested that there was ordering to a more tetragonal structure, because the
peak shifts from the reference were in different directions. To explain the highest hardness shown by
Alloy 11, it was the only sample to show what appeared to have a Widmanstatten microstructure after
being annealed at 1000°C, and it also had the highest proportion of the lamellar phases, which would be
strengthening. The as-cast alloy had a phase which was etched out on the surface, and the XRD pattern
was so poor it was difficult to discern the phases, although the Al (yFe,aCo,Pd) and a peak from (aFe) was
present. Thus, the high hardnesses of samples of this composition were due to the presence of these two

phases.

In Figures 6.7 and 6.8, Alloys 3 and 11 are in the (aFe) + Al (yFe,aCo,Pd) phase region, which is likely to
be the reason for the high hardness. Alloys 6 and 12 were in the region of miscibility for Al (yFe,aCo,Pd),
and had higher hardnesses than the trend. Alloy 9 had a lower hardness than Alloy 2. The higher hardness
for Alloy 2 could have been due to ordering, because the composition is near that of the FePd ordered

phase, and the hardness disagrees with the trend of increasing hardness with increasing Fe contact.
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Figure 6.9 shows that the hardnesses for the as-cast alloys had the lowest values, whereas the alloys
annealed at 1000°C had the highest hardnesses, and the alloys annealed at 650°C had values between
these. Alloys 4 and 11 had very similar values for all the conditions, and Alloy 4 had the same Al
(yFe,aCo,Pd) phase for all the conditions. Alloys 1 and 2 showed the greatest difference in values, which

was due to the different microstructures of the different conditions.
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Chapter 7: Conclusions

Twelve samples were made by melting pure elemental powders in a button arc furnace. The buttons were
cut and half was used for the as-cast and the other for the annealing. They were annealed at 1000°C and
650°C for 1000 hours, and studied using XRD. After XRD, they were etched and studied using SEM in SE

and BSE modes, and EDX was used to analyse the phases present and the overall compositions.

7.1. As-cast alloys

Given the very wide A1l (yFe,aCo,Pd) liquidus surface of the system and the few solid phases, it was not
surprising that the alloys were cored. Using metallography, the slope of the liquidus agreed with previous
workers. None of the microstructures in the as-cast state found to date were similar to those of the

previous workers.

The Coso:Feeo:Pdig (at.%) alloy suggested a wider Al (yFe,aCo,Pd) + (aFe) phase field than Raghavan
[1992Rag]. The alloys were fcc solid solutions, suggesting that the Al (yFe,aCo,Pd) region extends further
than that by Raghavan. The Coio:Fe1s:Pdss and Coas:Feao:Pdss (at.%) alloys showed that the Al (yFe,aCo,Pd)
phase was narrower than Raghavan’s isothermal [1992Rag] section at 25°C. Conversely, the Coso:Feso:Pdao
(at.%) alloy, a solid solution of Al (yFe,aCo,Pd), showed that this phase had a greater extent at this
composition than in Raghavan’s 25°C isothermal section [1992Rag]. The results of this study for the
Coio:Feso:Pdso (at.%) alloy did not agree with Raghavan’s three-phase field region, and the o’ + Al
(yFe,aCo,Pd) two-phase region was much narrower in the current study. The Coio:Feso:Pdso and
Cogo:Fezo:Pdyo (at.%) samples agreed with Raghavan’s [1992Rag] regions of FePd; + Al (yFe,aCo,Pd) and
(aFe) + Al (yFe,aCo,Pd). There was better agreement of the as-cast samples with the ~25°C isothermal
section of Raghavan [1992Rag] than with that of Kuprina and Grigorev [1961Kup], even considering that

it was not strictly correct to use the ~25°C isothermal section for the as-cast samples.

7.2. Alloys annealed at 1000°C

Not all of the alloys annealed at 1000°C were totally homogeneous. The isothermal section was drawn

and the system consisted of mainly Al (yFe,aCo,Pd). Only three alloys had two phases,
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(aFe) + Al (yFe,aCo,Pd), and all the other alloys comprised only Al (yFe,aCo,Pd). The two-phase regions
show that (aFe) is more stable in the ternary than the Co-Fe binary. The ~FePd and ~FePds regions in the

Fe-Pd binary diagram did not appear to extend very far into the ternary system.

7.3 Alloys annealed at 650°C

It was difficult to identify the ordered phases, because the reported ordered peaks were small, and the
XRD patterns were not good, even when run for longer times. As with the as-cast samples, the analysis
of fine phases was very difficult, hence errors were very high in Coso:Feso:Pdio and Cozo:Feso:Pdyo (at.%),

and a and a’ were present in both, although not detected by XRD.

There was a miscibility gap in the Al (yFe,aCo,Pd) phase which had a range of Cosi:Fey:Pdsy; —
Cosi:Fei:Pdiz (at.%), which had not been reported before. Some alloys showed coring, even after

annealing.

7.4. Microhardness

The hardness of the alloys increased with increased Fe and decreased Pd, and those with higher Co
contents also had lower hardnesses. The samples were homogeneous, giving small errors in the hardness
measurements. The Cozo:Feso:Pdsg and Cozo:Feso:Pdao (at.%) alloys had significantly higher hardness values;
Coz0:Fego:Pdao (at.%) had the highest hardness, with an apparent Widmanstatten microstructure after
being annealed at 1000°C. The local higher hardness for the Cos:Feass:Pdso (at.%) alloy could have been
due to some FePd ordering, since the alloy composition was close to that phase, and the hardness did not
follow the trend of increasing with increasing Fe content. The hardness trend for the different conditions

was: annealed at 1000°C > annealed at 650°C > as-cast.

149



Chapter 8: Recommendations for Future work

e Undertake XRD measurements at different temperatures to ascertain the temperature of
ordering or phase transformation, for Alloys 1, 2, 7, 9 and 11.

e Study a similar system such as Co-Fe-Pt to help better understand the system.

e Use synchrotron techniques to undertake XRD for samples which could show ordering, so that
better signals are obtained, and the small peaks of alloys with ordering might be discerned.

e Study more alloys around the region of the Al (yFe,aCo,Pd) miscibility gap found at 650°C.

e Study more alloys around the speculated (aFe) and (aFe) + Al (yFe,aCo,Pd) regions for 1000°C.

e Undertake and compare area analyses of the circular regions of the as-cast samples with the alloy

overall analyses to ascertain if there is a miscibility gap in the liquid phase.
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Appendix A: Peaks used to match phases on XRD patterns

Intensity

a)

Figure 1. XRD peaks used to identify a) FePd and b) FePds [2018Dif].

a)

Figure 2. XRD peaks used to identify a) (yFe, Pd) and b) (aCo, Pd) [2018Dif].
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Figure 3. XRD peaks used to identify a) (aFe) and b) o’ [2018Dif].
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dy of as-cast Co-Fe-Pd samples

Dyal Ukabhai and L.A. Cornish
. of Chemical and Metallurgical Engineering, University of the
(itwatersrand, Johannesburg, and DST-NRF Centre of Excellence in Strong
terials, hosted by University of the Witwatersrand, Johannesburg

+ is potential for using Fe-Co-Pd rare-earth-doped alloys for magnets,
hecause FeCo is a soft magnetic material with a high saturation magnetism
{and a high Curie temperature, due to the cobalt. Palladium nano-particles
| have localised paramagnetism, and have the potential to become magnetic
| and so would be a useful addition. Pd has already been shown to improve the
| magneto-crystalline anisotropy of FeCo, Thus, the system offers possible
alternatives for the heavy and expensive rare-earth magnets. The phase
diagram of Fe-Co-Pd was derived by Russian workers (Kuprina and
Grigorev, 1958, 1959, 1961; Grigorev and Kuprina, 1961) and reviewed by
Ragavhan (1992), who stated that it was very speculative, However, the
original work was inconsistent, and so the system needs to be studied again
<o that the phase diagram can be used as a guide to which alloys to develop.
In order to study the phase diagram, samples of different compositions were
synthesised. The compositions of the samples focused on areas where good
magnetic properties have been reported or are expected, and the extension of
the FePd: phase. The samples were made in a button arc furnace in an argon
atmosphere on a water-cooled copper hearth. They were sectioned, mounted,
ground, polished and etched, and analysed by scanning electron microscopy
with energy dispersive X-ray spectroscopy to ascertain the microstructures
and to determine the overall and phase compositions. Further analysis is to
be conducted using XRD. Once enough data has been collected, the
solidification projection of the different phases will be constructed.

a3
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INJTIAL STUDY OF AS-CAST Co-Fe-Pd SAMPLES

K, Dyal Ukabhai and L.A. Comish
School of Chemical and lurgical Engineering, University of the W d, Job burg, and DST-NRF
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There |s potential for Fe-Co-Pd rere earth-doped alloys
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temperature, due (0 the cobalt’  Palladium

rticles have locals ism, with the
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addition, as Pd has already been shown to improve the
magneto-crystalline anisotropy of FeCo.' Thus, the
system offers possible alternatives for the heavy and
expensive rare-carth magnets.

Tbeptasedhg’unoﬂ’e—Co-PdwasdeﬂwdbyRmhn
workers® * and reviewed by Ragavhan’, who stated that
his of the system was very speculative,
However, the original work™* was inconsistent, and thus
tlusystemmedsmbesmdledayinsodmﬂrpm
diagramcanbeusedauguidrwdwelopalloysfm
<o that the required phases can be targeted.

In order tw swudy the phase diagram, samples of
different compositions were made. The sample
cumpouummamwh!goodmm properties
Mvebeennponed.=Thewrnpleswaemndeinahm
arc fumace, then sectioned, mounted, ground, polished
and etched in either dilute hydrechloric acid and nitric
acid, or electrically in dilute and hydrechloric acid with
a graphite cathode, between 3 V and 10 V. They were
analysed in a Zeiss SEM with energy dispersive X-ray

to idencify the microstructures and 1
determine the overall and phase compsitions. XRD
was conducted using the Brukes D2.

The dendrites (Fig. 1) were due 1o coring, given the
dloseness of the analyses. At higher magnification (Fig,
2) the d position of the drites into two fine
phases was seen, although these two phases were (00
fine to analyse individually. It was surmised that the
fine phases were a’ martensite within the parent y {Pd);
this was confirmed by XRD, Fig. 3 shows a
microstructure where dark peedles formed firsi, and
then reacted peritectically to give the surrounding
hg}mﬂnse.mxt.ndnrkﬂmponfmmed.nephn
compositions were very similar, which is swprising
because the phases should have been sufficiently coarse
loanalywacmuely.mmgiominﬁg.Swue
confirmed by XRD to be FePd (dark), a” (medium) and
y (Pd) (light). Fuwre work will include annealing the
ples and more ¢ th
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Figure 1. SEM-BSE image of as-cast Fea/ConPdi at.%
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Phase analyses of the Co-Fe-Pd ternary alloys

E Dyal Ukabhai'- ", I A Mwamba®-* and L A Cornish’-*

! Schoel of Chemical and Metallurgical Engineering, University of the Wirwatersrand,
Johannesburg, South Africa

* DST-MEF Canme of Excellence in Strong Materials, hosted by University of the
Witwatersrand, Johannesturg, South Africa

* Advanced Materials Division, Mintek, Randburz, South Aftica

*Eivascha dyahkabhai@smdents wits ac.za

Abstract. Samples of different compositions of Co-Fe-Pd were made in a burton arc furnace,
under an argon afmesphere on a water-cooled copper bearth. They were sectioned and a half
was kept in the as-cast stte. The samples wers analysed in a scannimg electen microscope
with energy dispersive M-y spectroscopy, and in an M-y difffactometer to derdve the
microstuchmes and to determme the overall and phase composidons. Conng ocoured in many
samples, which was expected due to the wide compoesiion range of the main solid solofion in
the system The micrestroctures were not similar to any of the work of sixty years ago when
the Co-Fe-Pd phase diagram was studied Some of the phases were too fine to be analysed with
ED'S m the as-cast samples.

1. Intreduction

Maznetic materials are essential in many industries, and there is 8 need o replace expensive rare earth
metals with cheaper and more readily available metals. Historically, patents held by American and
Japanese companies have been a bamier o enfry nfo the magnet market. However, China’s
establishment of research imstifotes in the 1950s and 19605, and the expiry of the American and
Japanese patents in the 1980s has ensbled China to enter and dominate the magnet market, Currently,
China has a monopoly on the magnet valoe chain, producing 90% of the world's permanent magnets,
and China alzo has most of the world's rare earth resources.

There is potential to use Co-Fe-Pd rare earth-doped alloys for magnets, becanse FeCo is a soft
magnetic material with high samration magnetizm and a high Curie temparatre, due to the cobalt [1].
Palladium nane-particles have localized paramagnetism. with the potential to become magnetic, and so
Pd can improve the magneto-crystalline smisowmopy of FeCo. Thus, the Co-Fe-Pd system offers
possible alternatives to the heavy and expensive rare-sarth magmets, which are in current uss.

The Fe-Co-Pd alloy has potential applications in biotechnology, elecironics and preen technologies.
Magnetic thin films and nsnostruchares, which are magmetized perpendicular to their surfaces, are
essential to many developing technolegies, inchoding spinmonics devices [2] and patterned media [3,
4]. This maintained the thermal stability even as the device dimensions became increasingly nanoscale
Multilayers or superlaftice stuctares consisting of alternating ferromapnetic and non-maznetic layers
are highly smitable for these applications, due to their tunable perpendicular magmetic amisoTopy
(PMA) and samration masmetzation [5, &].

(oo R -unient from s work may he used wader (he erms af the Creallve Commens Alirihulios 3.0 liceece. Asy feriher disiribusion
R o 0/ his work mizs! mainiuin atiriwtion o e sihors) ed e e of e work, joamsl citalion sd T00
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By combining the soft magnetic properties of iron and the hard magnetic properties of cobalt and
palladium, an optimal magnetic material could be developed. Fe-Co alloys have a B2 stmucture which
makes them extgemely britfdle at room temperature [1]. The workability of these alloys can be
improved by adding mickel or palladium and palladium especially leads to a higher tensile strenzth
and elongation at room temperature [1].

Apart from the mechanical properties [1] of the Fe-Co-Pd alloys and research on the magnetic
shape memory propertes [7, 8, 9], little work has been done on the ternary phase diagram [10-13].
The publicshed phase disgram work is from four papers by a group in Fnssia [10-13] and these papers
are contradictory, even sometimes within the same paper Fapsvhan [14] attempied to assess the
system, and was unable to satisfactorily interpret it due to the contradictory data, and admitted that his
interpratation was very speculative. His isothermal section at 25°C [14] is given in fipure 1, and is
mmch simpler than that of Grizorev and Kupnina [13].

Table 1. Nominal composition of samples.

Alley  Fafat®) Cofa®) Pd(a%)

1 &0 E 1+ 19
2 L5 10 75
3 n i 40

\ V.Y {
FoEm B F B TR & & & Ep o to
Atarss Paranl Geaet
Figure 1. Co-Fe-Pd Isothermal saction at ~25°C (at. %)

141

Since Co-Fe-Pd alloys are being smudied to improve their magnetism [15], it is necessary to know
the extent of the promising Co-Fe phases into the ternary system. There are problems with the phase
diagram [14]. and so this stody was to identify the extents of those phases.

1. Experimental procedure
The composition of the samples shown in table 1 were determined by choosing three-phase regions
from the 25°C isothermal section of Faghavan [14], as well as compositions of interest for magnetic
properties [15]. The alloys were prepared from 99.99% pure elementsl powders of Fe, Co and Pd The
powders were weighed mixed and cold compactad (to hold the components together prior to melting)
and then melted in a button arc-furnace (BAF), according to standard preparation method PMD-50P-
037. An arpon atmosphere and a water-cooled copper hearth were used together with a titanium
oxygen-getter, which was melied before making each sample. The samples were cuf using a Struers
Anfomatic cutting machine with an Accutom cutting wheel, mounted in & mounfing press, ground and
polished. Grinding and polishing were done using a Saphire 520 automatic machine. One half of each
sample was stodied in the as-cast condition Omce the samples were polished, they were removed from
the polyfast resin and X-ray diffraction (KBD) was conducted using a Bruker D2 Phaser and the
Diffrac Plus EVA program with the 2018 database to analyse the data.

Due to the wide range of compositions of the samples (from 10-75 at.% Pd), different etching
technigues were mied, and the best results for each sample was nsed. The first etch med was using a
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steel wire cathode and a sohition of ®0m] water and 10ml hydrochloric acid [16]. The second etch was
immersion in & solotion of distilled water (50 ml), kydrochleric acid (%G 1.19, 100 ml) and nitric acid
(5G 14, 10ml) [16]. Once the samples were etched, they were analyzed on a Sigma Zeiss scanning
electon microscope (SEM) using backscattered (BSE) and secondary eleciron (SE) modes. Once the
microstmctures were visible, EDX analyses were done to determine the composition of the different
phases and the overall compositions of each sample.

3. Results

For Alloy 1 (Fesy:Con:Pdao (2t %4)), the low Pd content allowed a less aggressive etchant to be used:
electric etching with a steal wire cathode in & solution of water and hydrochloric acid. The dendrites in
figure 2a were due to coring frem the fast cooling from arc-melting, given the lack of a definite
tsble 1. There was also a finer, darker phase visible, which was too small (<2 pm) to analyse
accurately [17], without collecting X-rays from the swrounding phase The XBD results (fgure 3)
showed that the major phase was y (foc), and the minor phase was a (boc).

Alloy 2 (Fel5:Col0:Pd75 (at%:)) needed the most aggressive etchant method, 2, because of its
high Pd comtent. The microstmocture in figure 2b shows dendrites, and two-phase interdendritic regions,
where the second phase was darker. Cmnce again the smallest phases were too fine to amalyse
accurately [17], resulting in similar compositions of the dendritic and interdendritic areas, table 2. The
XEBD pattern (figure 4) indicated FePd3 and FePd

Figure 2. SEM-BSE images of as-cast 8) Allay] Fas CoyoPdy (3t %) showing dendrites (darker) and
b) Alloy 2 Feys:CoyePdys (at %) showing gamma dendrites (lighter) and two phase interdendritic area
(dark).
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Figare 3. XBD pattern for Alloy 1 FeseoCosacPdia{at %), as-cast condition.
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Figure 4. XRD pattern for nominal Alloy 2 Fe;<:Coy:Pdys (at.%%), as-cast condition.

Figure 5 of Alloy 3 (Fe30:Co30:Pd40 (at.%)) shows a single phase, with pores filled with debris
from grinding. The XRD pattern in figure 6§ shows one major phase which matched two different
compositions of v, with wide peaks, indicating a cored phase.

W ¥(yFe Pd)

Courmm

Ed » < =% L » = w
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Figure 6. XRD pattern for nominal Fey:Coyy:Pdy (at. %), as-cast condition.
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Table 2. SEM-EDS analyses of the sample overalls and the phases of different contrasts.

Allay COrverall Dak 1 Light t  Light FePd Duark: FePd

Fe 50.8 50,1401 548212

1 Co201 285503 25.1=13 - -
Pdll3 124203 200223
Fe 114 134204 145201

2 Cood - - 8204 101213
Pd 774 784205 744212
Fe282 287401 202401

3 Co283 28301 27701 - -

Bd43s 23.00.1 231401

4. Discussion

Due to the samples containing Pd. a high acceleration voltage (20kWV) had to be used on the SEM in
order to excite the Pd X-rays for EDS. Using a hizh KV canses the alecoon beam to spread out farther
[17], making the area for accurate EDS analysis larger (typically 22 microns), hence the samples with
fine microstmaciures could not be accurately analysed in the SEM.

Given the very wide y liguidus of the system and the few solid phases [10-14], it is not surprising
that the alloys were cored. None of the microstructures found to date was similar to those of the
previous workers [10-14], althongh the decomposition of Alloy 1 would be expected from the ~25°C
isothermal section of Faghavan [14] because the alloy composition lies im & two-phase region.
However, the phases found here were y and o, whereas Baghavan [14] showed that the phases should
be y and o' (Figare 1). Thos, Alloy 1 suggests a wider ¥ + @ phase field than Raghavan [14]. Alloy 2
shows that the y phase was more narrow than Faghavan [14] indicated (Figure 1). Conversely, Alloy 3,
iz 3 single-phase solid solotion of v, showed that this phase had 2 greater extent at this alloy
composition than in Baghavan’s isothermal section [14], Figure 1.

There was a better agreement of the as-cast samples with the 25°C isothermal section of Faghavan
[14] than with that of Euprina and Grigorev [11]. Strictly, the as-cast samples of this work should not
have been compared to the ~25°C isothermal sections of Kuprina and Grizorev [11] and Fhagavan
[14], but there was no other information available for comparizon.

The conng in Alloy 1 was nsed to assess the validity of the two liquidus surfaces [11, 14] since the
dendrites would form first and the interdendritic area would form next, and the direction fom the
former to the latter should follow the slope of the liguidus surface. The deduced liquidns slope agreed
with both of the lignidus surfaces [11, 14], so it was not possible to choose a better one. The XED
partemns showed very few peaks, making identification of the phases difficuls.

5. Conclusions

Three alloys of different compoesitions were manufactured by arc melting and smdied in the as-cast
condition. Alloy 1 comprised y and o, suzgesting a widar ¥ + o phase field than Raghavan [14]. Alloy
2 showed that the y phase was more namow than Faghavan [14], whereas Alloy 3, a single-phasze solid
solntion of v, showed a greater extent than Faghavan's isothermal section [14]. The results were in
better agreement with Faghavan’s [14] isothermal section at ~253°C The compositions of the cored
microstmactures of Alley 1 agreed with both published liquidus surfaces.
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