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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 FePd3 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 A1 (γFe, αCo, Pd) phase. 

 

The samples were also annealed at 650°C. The ordered α’ peaks were difficult to identify by XRD, and FePd 

and FePd3 were difficult to distinguish from A1 (γFe, αCo, Pd). There was a A1 (γFe, αCo, Pd) miscibility 

gap in the system, around Co71:Fe16:Pd13 – Co31:Fe22:Pd47. 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, 1981Osh, 2012Kau], 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, 
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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. 

• To draw the solidification projection and isothermal sections for 650C and 1000C. 
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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. L12, L10, 

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 A1 fcc solid solution 

for FePd which has the L12 structure, and FePd3 which has L10 structure.  
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a)  b)  

Figure 2.1. a) Fe-Pd binary diagram with disordered and ordered FePd phase structure [2018Lau] and b) schematic representation 
of ordered FePd3 ordered alloy [2012Kva]. 

 

Figure 2.2 [2018Pei] shows the ordering of α’, (αFe) transforms by second-order reaction to ordered α’ 

[1982Kub].  A review by Raynor [1988Ray] found three ordered phases in the Co-Fe binary diagram, 

although a later review by [2008Oka] had only one ordered phase, which is accepted now. 

 

Figure 2.2. Schematic representation of the ordered and disordered α’ phase [2018Pei]. 
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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: Cu3Au (L12), CuAu (L10) and CuAu3 (L12), 

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 XB). The degree of ordering can be quantified by defining a SRO parameter S (Equation 2.1) 

[2009Por]. 

 

𝑆 =  
𝑃𝐴𝐵 − 𝑃𝐴𝐵(𝑟𝑎𝑛𝑑𝑜𝑚) 

𝑃𝐴𝐵(max) − 𝑃𝐴𝐵 (𝑟𝑎𝑛𝑑𝑜𝑚)
 …........................................................... Equation 2.1 

where PAB(max) and PAB(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]. 

 

𝐿 =  
𝑟𝐴 − 𝑥𝐴

1 − 𝑥𝐴
  or 𝐿 =  

𝑟𝐵 − 𝑥𝐵

1 − 𝑥𝐵
……………………………………………………………..Equation 2.2 

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 Cu3Au. There is also a discontinuous 

change in enthalpy corresponding to the evolution of a latent heat of transformation. For second order 
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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 β → β’ (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 Tc (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 [1973Iva, 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 



  

7 
 

both thin film device applications (high density magnetic recording media) [2006Iss] 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 [2008Oka] is shown in Figure 2.3, and is based on the assessment 

of Massalski [1990Mas] and later lower temperature work of Ohnuma [2002Ohn]. The solid phases 

present have the following structures: bcc (δFe and αFe), fcc (αCo, γFe) and bct (α’). Across the Co-Fe 

system, the liquidus and solidus temperatures were very close. 

 

 

Figure 2.3. Binary diagram for Co-Fe system [2002Ohn]. 

 

The peculiar shape of the α/γ phase boundary in Figure 2.3 is mainly due to the magnetic contribution 

[2002Ohn]. There are two regions where the magnetic transformation takes place (Tc for the fcc Co solid 

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

they are fairly similar to those accepted now), which gave another reason to update the ternary system. 

 

 

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: (αCo,Pd), (εCo) and (αCo,Pd) + (εCo). The magnetic 

transformation temperature changes continuously from 1121°C to -266°C. Within the fcc phase, the 

system has L1o and L12 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 FePd3 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 FePd3 which, form congruently. These phases are 

also ordered structures with L10 and L12 structures [1992Rag]. There are two magnetic transformations at 

756°C and 490°C. Buschow [1983Bus] reported another ordered phase, fct (L20) for annealed Fe45Pd55. 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 [1981Osh].  

 

Additionally, there are two metastable martensite phases in binary Fe-Pd, based on γ’ 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) [1981Osh] 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 (γFe, Pd) fcc to γ’ fct transformation is weakly first-order.  The appearance 
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of the α’ (bct martensite) phase directly depends on the tetragonality of the γ’ (fct martensite phase) 

which irreversibly transforms to α’ (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 γ(Fe,Pd)/γ(Fe,Pd)+FePd and γ(Fe,Pd)/γ(Fe,Pd)+FePd3 phase boundaries. 

However, that disagreement was primarily due to highly off-stoichiometric compositions for congruent 

ordering of the FePd and FePd3 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 α 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]. 



  

13 
 

 

Figure 2.8. Co-Fe binary system previously accepted [1988Ray]. 
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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 α → α’ 

transition in Fe-Co-based alloys is a second-order reaction, there are no α + α’ 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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a)  

 

b)  

Figure 2.10. Liquidus surfaces of Co-Fe-Pd: a) Kuprina and Grigorev [1958Kup], and b) Raghavan [1992Rag]. 
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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 Co50:Fe50-x:Pdx alloys 

substituted by up to 10 at.% Pd, which consisted mainly of α΄ phase with a B2 structure. They [2016Mat] 

added Pd to compositions based on Fe50:Co50, and the tensile tests showed that Fe40:Co50:Pd10 alloys were 

more ductile than Fe50:Co40:Pd10 and Fe50:Co50.  The binary alloy was α΄ (B2) and both ternary alloys were 

α΄ + A1 (γFe,αCo,Pd) (fcc).  With more compositions (up to 15 at.% Pd substituting for Fe), they [2016Mat] 

identified Fe40:Co50:Pd10 alloy as the most ductile, attributing this to the α΄ matrix, some A1 (γFe,αCo,Pd) 

with small amounts of L10 and L12 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 [1981Osh] 

 

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. [1982Osh], 
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and Tsuchiya [2003Tsu] found that the magnetisation was higher with added Co.  Also, the magnetisation 

curves were similar for both A1 (γFe,αCo,Pd) (fcc) and γ’ (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 Af and hence Ms 

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 Fe70Pd30 alloy to ~33% in the Fe67:Co3:Pd30 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 Fe10:Co90 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:      

 Fe70Co3-XPdX - for its ferromagnetic shape memory properties 

 Fe44Co56-PdX - for the L10 hard magnetic phase 

Fe30Co70-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. 

 

 

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]. 

 

wt % Ni =
at.% Ni ×at.wt of Ni

(at.% Ni ×at.wt of Ni)+ (at.% V ×at.wt of V)+ (at.% C ×at.wt of C) 
 ………………………Equation 3.1 

 

The compositions are given in Table 3.1.  

Table 3.1. Summary of composition of the alloys. 

Alloys 
Co 
(at.%) 

Fe 
(at.%) 

Pd 
(at.%) 

Co 
(wt%) 

Fe 
(wt%) 

Pd 
(wt %) 

Co (g) Fe (g) Pd (g) 

1 30 60 10 29 54 17 2.86 5.42 1.72 

2 6 44 50 4 30 65 0.43 3.02 6.54 

3 20 50 30 16 39 45 1.65 3.9 4.46 

4 10 15 75 6 9 85 0.63 0.89 8.48 

5 30 30 40 23 22 55 2.3 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 1.77 5.03 3.2 

12 60 20 20 52 16 31 5.21 1.65 3.14 

            TOTAL 24.35 32.47 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-O37, 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 

a tube 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. 
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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 A1 (γFe,αCo,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 A1 (γFe,αCo,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 (εCo) + (αCo,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 Co30:Fe60:Pd10 (at.%) 

 

For Alloy 1, Nominal Co30:Fe60:Pd10 (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 (αFe) (bcc) ferrite within A1 (γFe,Co,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 → A1 (γFe,Co,Pd) (cored). 

 

a) b)
Figure 4.1. SEM-BSE images of as-cast Co30:Fe60:Pd10 (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 A1 (γFe,Co,Pd). One other 

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

being fine. 

 

Table 4.1. EDX phase analyses for nominal Co30:Fe60: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 (γFe,Co,Pd) 

Light 25.8 ± 0.1  55.5 ± 0.1  18.7 ± 0.1  Cored (γFe,Co,Pd) 

 

 

Figure 4.2. EDX analyses of nominal Co30:Fe60:Pd10 (at.%), Alloy 1 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.3. XRD patterns for nominal Co30:Fe60:Pd10 (at.%), Alloy 1 as-cast condition: a) raw, and b) labelled. 
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4.1.2. Alloy 2: Nominal Co6:Fe44:Pd50 (at.%) 

 

Figure 4.4 shows that Alloy 2, Nominal Co6:Fe44:Pd50 (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 γ, a solid solution of A1 (γFe,αCo,Pd). Figure 4.6 shows very few 

peaks, because there was only the fcc A1 (γFe,αCo,Pd) phase present. 

 

The phase formed by the following reaction: 

L → A1 (γFe,αCo,Pd) (cored). 

 

a) b)  

Figure 4.4. SEM images of as-cast Co6:Fe44:Pd50 (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 Co6:Fe44:Pd50 (at.%), Alloy 2, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 5.9 ± 0.1 41.2 ± 0.1 52.9 ± 0.1 - 

Dark 5.8 ± 0.3 41.0 ± 0.3 53.2 ± 0.2  Cored A1 (γFe,αCo,Pd)    

Light 5.9 ± 0.4 41.0 ± 0.3 53.1 ± 0.3 Cored A1 (γFe,αCo,Pd)  
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Figure 4.5. EDX analyses of nominal Co6:Fe44:Pd50 (at.%), Alloy 2 as-cast condition. (■ Overall composition; ● phases) 

 

 

 

 

 



  

27 
 

a)  

 

b)  

Figure 4.6. XRD patterns for nominal Co6:Fe44:Pd50 (at.%), Alloy 2 as-cast condition: a) raw, and b) labelled.  
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4.1.3. Alloy 3: Nominal Co20:Fe50:Pd30 (at.%) 

 

Figure 4.7 (Alloy 3, Nominal Co20:Fe50:Pd30 (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 A1 (γFe,αCo,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 → A1 (γFe,αCo,Pd) (cored). 

 

a)  b)  

Figure 4.7. a) SEM-SE, and b) SEM-BSE images of as-cast Co20:Fe50:Pd30 (at.%), Alloy 3 showing grains and different contrasts. 

 

Table 4.3. EDX phase analyses for nominal Co20:Fe50:Pd30 (at.%), Alloy 3, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 18.8 ± 0.2 48.4 ± 0.2 32.8 ± 0.1 - 

Dark 18.8 ± 0.1 49.1 ± 0.4 32.1 ± 0.4 Cored A1(γFe,αCo,Pd)  

Light 18.9 ± 0.2 48.4 ± 0.4 32.7 ± 0.2 Cored A1(γFe,αCo,Pd)   

 

 



  

29 
 

 

Figure 4.8. EDX analyses of nominal Co20:Fe50:Pd30 (at.%), Alloy 3 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.9. XRD patterns for nominal Co20:Fe50:Pd30 (at.%), Alloy 3 as-cast condition: a) raw, and b) labelled. 
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4.1.4. Alloy 4: Nominal Co10:Fe15:Pd75 (at.%) 

 

Alloy 4, Nominal Co10:Fe15:Pd75 (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 FePd3 and A1 

(Fe,αCo,Pd) were present. 

The phases formed by the following reactions: 

L → A1 (Fe,αCo,Pd)    

 

a)  b)  

Figure 4.10. SEM-BSE images of as-cast Co10:Fe15:Pd75 (at.%), Alloy 4 showing: a) dendrites (lighter), and interdendritic areas (dark) 
and b) higher magnification. 

 

Table 4.4. EDX phase analyses for nominal Co10:Fe15:Pd75 (at.%), Alloy 4, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 9.0 ± 0.1 13.7 ± 0.1  77.3 ± 0.1  - 

Dark 11.1 ± 1.3 14.5 ± 0.1   74.4 ± 1.2 ~FePd3  

Light 8.2 ± 0.4 13.4 ± 0.4  78.4 ± 0.5   (Fe,αCo,Pd) 
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Figure 4.11. EDX analyses of nominal Co10:Fe15:Pd75 (at.%), Alloy 4 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.12. XRD patterns for nominal Co10:Fe15:Pd75 (at.%), Alloy 4 as-cast condition: a) raw, and b) labelled.  
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4.1.5. Alloy 5: Nominal Co30:Fe30:Pd40 (at.%) 

 

The microstructure of Alloy 5, Nominal Co30:Fe30:Pd40 (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 A1 (γFe,αCo,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 → A1 (γFe,αCo,Pd).  

 

 

Figure 4.13. SEM-SE image of as-cast Co30:Fe30:Pd40 (at.%), Alloy 5 showing a single phase with pores. 

 

Table 4.5. EDX phase analyses for nominal Co30:Fe30:Pd40 (at.%), Alloy 5, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 28.1 ± 0.2  28.8 ± 0.2   43.1 ± 0.1  - 

Dark 28.3 ± 0.2 28.7 ± 0.1  43.0 ± 0.1 Cored A1 (γFe,αCo,Pd)  

Light 27.7 ± 0.1  29.2 ± 0.1  43.1 ± 0.1  Cored A1 (γFe,αCo,Pd)     
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Figure 4.14. EDX analyses of nominal Co30:Fe30:Pd40 (at.%), Alloy 5 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)     

Figure 4.15. XRD patterns for nominal Co30:Fe30:Pd40 (at.%), Alloy 5 as-cast condition: a) raw, and b) labelled.  
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4.1.6. Alloy 6: Nominal Co50:Fe20: Pd30 (at.%) 

 

For Alloy 6, Nominal Co50:Fe20:Pd30 (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 (αCo,Pd) 

in Figure 4.18. 

The phase formed by the following reaction: 

L → A1 (Fe,αCo,Pd) (cored). 

 

a)     b)  

Figure 4.16. SEM-BSE images of as-cast Co50:Fe20:Pd30 (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 Co50:Fe20:Pd30 (at.%), Alloy 6, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

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 (Fe,αCo,Pd) 

Light 46.3 ± 0.1  18.7 ± 0.1  35.0 ± 0.1  Cored (Fe,αCo,Pd) 
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Figure 4.17. EDX analyses of nominal Co50:Fe20:Pd30 (at.%), Alloy 6 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.18. XRD patterns for nominal Co50:Fe20:Pd30 (at.%), Alloy 6 as-cast condition: a) raw, and b) labelled.  
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4.1.7. Alloy 7: Nominal Co10:Fe30:Pd60 (at.%) 

 

Figure 4.19 a) (Alloy 7, Nominal Co10:Fe30:Pd60 (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 A1 (Fe,αCo,Pd) and ~FePd3 (where ~ denotes that the phase was not stoichiometric, or 

having at least some Co). 

The phases formed by the following reactions: 

L → A1 (Fe,αCo,Pd) 

A1 (Fe,αCo,Pd) → A1 (Fe,αCo,Pd) + ~FePd3 (precipitation of ~FePd3). 

  

a)  b)  

Figure 4.19. SEM-BSE images of as-cast Co10:Fe30:Pd60 (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 Co10:Fe30:Pd60 (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 8.9 ± 0.3 28.4 ± 0.3   62.7 ± 0.3 (Fe,αCo,Pd) 

Light 8.8 ± 0.3 28.5 ± 0.1  62.7 ± 0.4   (Fe,αCo,Pd) 

Area of inhomogeneity 9.2 ± 0.4  28.4 ± 0.2  62.3 ± 0.4   (Fe,αCo,Pd) + ~FePd3 
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Figure 4.20. EDX analyses of nominal Co10:Fe30:Pd60 (at.%), Alloy 7 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.21. XRD patterns for nominal Co10:Fe30:Pd60 (at.%), Alloy 7 as-cast condition: a) raw, and b) labelled. 
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4.1.8. Alloy 8: Nominal Co25:Fe20:Pd55 (at.%) 

 

For Alloy 8, Nominal Co25:Fe20:Pd55 (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 ~FePd3. The phases were surmised to be A1 (γFe,αCo,Pd) and 

~FePd3. The second largest peak on the XRD pattern was likely to be due to preferred orientation.  

The phases formed by the following reactions: 

L → A1 (γFe,αCo,Pd)    

A1 (γFe,αCo,Pd) →A1 (γFe,αCo,Pd) + ~FePd3. 

 

a)  b)   

Figure 4.22. SEM-BSE images of as-cast Co25:Fe20:Pd55 (at.%), Alloy 8 showing: a) scratches surrounded by darker phase, and b) 
etched out particles surrounded by a light phase. 

 

Table 4.8. EDX phase analyses for nominal Co10:Fe25:Pd55 (at.%), Alloy 8, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 22.7 ± 0.1 18.9 ± 0.2  58.4 ± 0.1 - 

Light 21.9 ± 0.4 18.8 ± 0.1   59.3 ± 0.5 A1 (γFe,αCo,Pd)    

Particles 21.3 ± 0.5 18.8 ± 0.1  59.9 ± 0.5    ~FePd3 
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Figure 4.23. EDX analyses of nominal Co25:Fe20:Pd55 (at.%), Alloy 8 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.24. XRD patterns for nominal Co25:Fe20:Pd55 (at.%), Alloy 8 as-cast condition: a) raw, and b) labelled.  
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4.1.9. Alloy 9: Nominal Co10:Fe50:Pd40 (at.%) 

 

The microstructure of Alloy 9, Nominal Co10:Fe50:Pd40 (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 A1 (γFe,Pd) phase was detected, showing the sample was the A1 

(γFe,Co,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 → A1 (γFe,Co,Pd). 

a)  b)  

Figure 4.25. SEM-BSE images of as-cast Co10:Fe50:Pd40 (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 Co10:Fe30:Pd40 (at.%), Alloy 9, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 9.0 ± 0.1 48.1 ± 0.1  42.9 ± 0.1 - 

Dark 8.9 ±  0.2 47.8  ± 0.3   43.3 ± 0.3 A1 (γFe,Co,Pd) 

Light 8.9 ± 0.2 47.9 ± 0.2  43.2 ± 0.2  A1 (γFe,Co,Pd) 

Precipitates 8.9 ± 0.2  47.9 ± 0.3  43.2 ± 0.3  A1 (γFe,Co,Pd) 

Matrix 8.8 ± 0.2  48.1 ± 0.6  43.1 ± 0.4  A1 (γFe,Co,Pd) 
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Figure 4.26. EDX analyses of nominal Co10:Fe50:Pd40 (at.%), Alloy 9 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.27. XRD patterns for nominal Co10:Fe50:Pd40 (at.%), Alloy 9 as-cast condition: a) raw, and b) labelled.  
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4.1.10. Alloy 10: Nominal Co40:Fe30:Pd30 (at.%) 

 

Alloy 10, Nominal Co40:Fe30:Pd30 (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 A1 (Fe,αCo,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: 

L → A1 (Fe,αCo,Pd). 

 

a)  b)  

Figure 4.28. SEM-BSE images of as-cast Co40:Fe30:Pd30 (at.%), Alloy 10 showing: a) coring, and b) etched patch with particles 
surrounded by a matrix. 

 

Table 4.10. EDX phase analyses for nominal Co40:Fe30:Pd30 (at.%), Alloy 10, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 37.5 ± 0.1 29.0 ± 0.1  33.5 ± 0.1 - 

Dark 38.5 ± 0.1 29.5 ± 0.3   32.0 ± 0.3 A1 (Fe,αCo, Pd) 

Light 35.6 ± 0.5 27.7 ± 1.0  36.7 ± 0.7   A1 (Fe,αCo, Pd) 

Globules 37.1 ± 0.8  28.6 ± 0.7  34.3 ± 0.9   A1 (Fe,αCo, Pd) 

Matrix 28.4 ± 0.2  29.1 ± 0.4  32.5 ± 0.3   A1 (Fe,αCo, Pd) 
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Figure 4.29. EDX analyses of nominal Co40:Fe30:Pd30 (at.%), Alloy 10 as-cast condition. (■ Overall composition; ● phases) 
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a)            

 

b)  

Figure 4.30. XRD patterns for nominal Co40:Fe30:Pd30 (at.%), Alloy 10 as-cast condition: a) raw, and b) labelled.  
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4.1.11. Alloy 11: Nominal Co20:Fe60:Pd20 (at.%) 

 

Figure 4.31 (Alloy 11: Nominal Co20:Fe60:Pd20 (at.%)) shows dendrites surrounded by a matrix. The 

dendrites appear to have a phase etched out of them, leaving irregular Widmanstätten 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: 

L → A1 (Fe,αCo,Pd). 

 

a)  b)  

Figure 4.31. SEM-BSE images of as-cast Co20:Fe60:Pd20 (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 Co20:Fe60:Pd20 (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  A1 (Fe,αCo, Pd) 

Matrix (light) 18.6 ± 0.2 56.6 ± 0.8  24.8 ± 1.0    A1 (Fe,αCo, Pd) 
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Figure 4.32. EDX analyses of nominal Co20:Fe60:Pd20 (at.%), Alloy 11 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.33. XRD patterns for nominal Co20:Fe60:Pd20 (at.%), Alloy 11 as-cast condition: a) raw, and b) labelled. 
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4.1.12. Alloy 12: Nominal Co60:Fe20:Pd20 (at.%) 

 

For Alloy 12, Nominal Co60:Fe20:Pd20 (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 A1 peak. 

The phases formed by the following reactions: 

L → A1 (Fe,αCo,Pd) 

A1 (Fe,αCo,Pd) → A1 (Fe,αCo,Pd) + (αFe) 

 

a)  b)     

Figure 4.34. SEM-BSE images of as-cast Co60:Fe20:Pd20 (at.%), Alloy 12 showing dendrites surrounded by a lighter grey phase and 
porosity. 

 

Table 4.12. EDX phase analyses for nominal Co60:Fe20:Pd20 (at.%), Alloy 12, as-cast condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 58.2 ± 0.2 19.4 ± 0.2  22.4 ± 0.1 - 

Light  52.7 ± 0.5 18.5 ± 0.1   28.8 ± 0.5 A1 (Fe,αCo,Pd) 

Inner dendrite 63.3 ± 0.3 19.1 ± 0.1  17.6 ± 0.3 A1 (Fe,αCo,Pd) + (αFe) 
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Figure 4.35. EDX analyses of nominal Co60:Fe20:Pd20 (at.%), Alloy 12 as-cast condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.36. XRD patterns for nominal Co60:Fe20:Pd20 (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 Co30:Fe60:Pd10 (at.%) 

 

Figure 4.37 (Alloy 1, Nominal Co30:Fe60:Pd10 (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 (αFe) (bcc) and (γFe, Pd) (fcc), actually 

A1 (γFe,Co,Pd). The 1000°C annealed phases identified by XRD results were the same as the as-cast 

results for this alloy. 

 

a)  b)  

Figure 4.37. SEM-BSE images of Co30:Fe60:Pd10 (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 Co30:Fe60:Pd10 (at.%), Alloy 1, annealed at 1000°C condition. 

Phase 
description 

Co Fe Pd Phase 

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  (αFe) + A1 (γFe,Co,Pd) 

Fine lamellae 28.9 ± 0.1  59.2 ± 0.2  11.9 ± 0.2  (αFe) + A1 (γFe,Co,Pd)  
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Figure 4.38. EDX analyses of nominal Co30:Fe60:Pd10 (at.%), Alloy 1 1000°C annealed condition. (■ Overall composition;                             
● phases). 
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a)  

 

b)  

Figure 4.39. XRD patterns for nominal Co30:Fe60:Pd10 (at.%), Alloy 1 1000°C annealed condition: a) raw, and b) labelled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0
6
0
0

1
2
0
0

1
8
0
0

2
4
0
0

C
o
u
n
ts

20 30 40 50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1.54060

   (γFe,Pd)    

   (αFe) 

    



  

61 
 

4.2.2. Alloy 2: Nominal Co6:Fe44:Pd50 (at.%) 

 

For Alloy 2, Nominal Co6:Fe44:Pd50 (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 A1 (γFe,αCo,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. 

 

a)  b)  

Figure 4.40. SEM-BSE images of Co6:Fe44:Pd50 (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 Co6:Fe44:Pd50 (at.%), Alloy 2, annealed at 1000°C condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 5.9 ± 0.1 41.0 ± 0.2  53.1 ± 0.2 - 

Dark 5.9 ± 0.1 41.6 ± 0.1  52.5 ± 0.1   Cored A1 (γFe,αCo,Pd)  

Light 6.0 ± 0.1  41.6 ± 0.1  52.4 ± 0.2  Cored A1 (γFe,αCo,Pd) 
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Figure 4.41. EDX analyses of nominal Co6:Fe44:Pd50 (at.%), Alloy 2 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

  

b)  

Figure 4.42. XRD patterns for nominal Co6:Fe44:Pd50 (at.%), Alloy 2 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.3. Alloy 3: Nominal Co20:Fe50:Pd30 (at.%) 

 

Alloy 3, Nominal Co20:Fe50:Pd30 (at.%) shown in Figure 4.43 had fine two-phase areas surrounded by the 

A1 (γFe,αCo,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 A1 solid solution. The XRD results, Figure 4.45, showed that there was 

A1 (γFe,αCo,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. 

 

a)  b)  

Figure 4.43. SEM-BSE images of Co20:Fe50:Pd30 (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 Co20:Fe50:Pd30 (at.%), Alloy 3, annealed at 1000°C condition. 

Phase description Co Fe Pd Phase 

Overall 18.7 ± 0.1 48.5 ± 0.2  32.8 ± 0.1 - 

Two-phase region 7.3 ± 0.7 39.5 ± 1.1  53.2 ± 1.8  (αFe)  + A1 (γFe,αCo,Pd) 

Surrounding area 18.9 ± 0.1  48.2 ± 0.2  32.9 ± 0.1  A1 (γFe,αCo,Pd) 
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Figure 4.44. EDX analyses of nominal Co20:Fe50:Pd30 (at.%), Alloy 3 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.45. XRD patterns for nominal Co20:Fe50:Pd30 (at.%), Alloy 3 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.4. Alloy 4: Nominal Co10:Fe15:Pd75 (at.%) 

 

The microstructure of Alloy 4, Nominal Co10:Fe15:Pd75 (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, 

A1 (Fe,αCo,Pd). 

 

a)   b)  

Figure 4.46. SEM-BSE images of Co10:Fe15:Pd75 (at.%), Alloy 4 annealed at 1000°C for 1000 h showing: a) grains of different 
contrast, and b) grain boundaries, ~FePd3 precipitates and a region of different composition. 

 

Table 4.16. EDX phase analyses for nominal Co10:Fe15:Pd75 (at.%), Alloy 4, annealed at 1000°C condition. 

 

 

Phase 
description 

Co Fe Pd Phase 

Overall 9.1 ± 0.0 14.0 ± 0.1  76.9 ± 0.1 - 

Dark 8.9 ± 0.2 13.6 ± 0.2  77.5 ± 0.4  A1 (Fe,αCo,Pd) 

Light 8.9 ± 0.2  14.0 ± 0.2  77.1 ± 0.2 A1 (Fe,αCo,Pd) 



  

68 
 

 

Figure 4.47. EDX analyses of nominal Co10:Fe15:Pd75 (at.%), Alloy 4 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)    

Figure 4.48. XRD patterns for nominal Co10:Fe15:Pd75 (at.%), Alloy 4 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.5. Alloy 5: Nominal Fe30:Co30:Pd40 (at.%) 

 

Alloy 5, Nominal Co30:Fe30:Pd40 (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, A1 (γFe,αCo,Pd). 

 

a)  b)  

Figure 4.49. SEM-BSE images of Co30:Fe30:Pd40 (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 Co30:Fe30:Pd40 (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  42.9 ± 0.2  A1 (γFe,αCo,Pd) 

Surrounding area 28.7 ± 0.2  28.6 ± 0.2  42.7 ± 0.2 A1 (γFe,αCo,Pd) 

Dark matrix 28.5 ± 1.9 27.6 ± 0.5 43.9 ± 1.6 A1 (γFe,αCo,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. 

 

Figure 4.50. EDX analyses of nominal Co30:Fe30:Pd40 (at.%), Alloy 5 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.51. XRD patterns for nominal Co30:Fe30:Pd40 (at.%), Alloy 5 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.6. Alloy 6: Nominal Co50:Fe20:Pd30 (at.%) 

 

Figure 4.52b (Alloy 6, Nominal Co50:Fe20:Pd30 (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, A1 (Fe,αCo,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. 

 

a)   b)  

Figure 4.52. SEM-BSE images of Co50:Fe20:Pd30 (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 Co50:Fe20:Pd30 (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 ± 0.5 A1 (Fe,αCo,Pd) 

Surrounding area 47.9 ± 0.8  19.2 ± 0.1  32.9 ± 0.8  A1 (Fe,αCo,Pd) 
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Figure 4.53. EDX analyses of nominal Co50:Fe20:Pd30 (at.%), Alloy 6 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

 

c)  

Figure 4.54. XRD patterns for nominal Co50:Fe20:Pd30 (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 Co10:Fe30:Pd60 (at.%) 

 

Alloy 7, Nominal Co10:Fe30:Pd60 (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, A1 (γFe,Co,Pd), Figure 4.57. 

 

a)  b)  

Figure 4.55. SEM-BSE images of Co10:Fe30:Pd60 (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 Co10:Fe30:Pd60 (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  A1 (γFe,Co,Pd)  

Surrounding area 9.0 ± 0.1  28.3 ± 0.1  62.7 ± 0.1 A1 (γFe,Co,Pd) 
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Figure 4.56. EDX analyses of nominal Co10:Fe30:Pd60 (at.%), Alloy 7 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.57. XRD patterns for nominal Co10:Fe30:Pd60 (at.%), Alloy 7 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.8. Alloy 8: Nominal Co25:Fe20:Pd55 (at.%) 

 

The microstructure of Alloy 8, Nominal Co25:Fe20:Pd55 (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 A1 

(γFe,Co,Pd) was the only phase present, although the peaks were shifted, especially at higher angles. 

 

a)  b)  

Figure 4. 58. SEM images of Co25:Fe20:Pd55 (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 Co10:Fe25:Pd55 (at.%), Alloy 8, annealed at 1000°C condition. 

Phase description Co Fe Pd Phase 

Overall 22.8 ± 0.1 18.9 ± 0.1  58.3 ± 0.1 - 

Circular region 22.8 ± 0.2 18.9 ± 0.2  58.3 ± 0.1   A1 (γFe,Co,Pd) 

Bulk area 22.9 ± 0.1  18.8 ± 0.1  58.3 ± 0.1   A1 (γFe,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. 

 

Figure 4.59. EDX analyses of nominal Co25:Fe20:Pd55 (at.%), Alloy 8 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.60. XRD patterns for nominal Co25:Fe20:Pd55 (at.%), Alloy 8 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.9. Alloy 9: Nominal Co10:Fe50:Pd40 (at.%) 

 

Figure 4.61 shows that Alloy 9, Nominal Co10:Fe50:Pd40 (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 A1 (γFe,αCo,Pd), and there 

was one peak which was very large, probably due to preferred orientation, which was not reduced on 

annealing.  

 

 

Figure 4.61. SEM-BSE image of Co10:Fe50:Pd40 (at.%), Alloy 9  annealed at 1000°C for 1000 h showing differently etched lighter 
grey particles. 

 

Table 4.21. EDX phase analyses for nominal Co10:Fe30:Pd40 (at.%), Alloy 9, annealed at 1000°C condition. 

Phase description Co Fe Pd Phase 

Overall 9.0 ± 0.1 48.1 ± 0.1  42.9 ± 0.1 - 

Bulk area 9.0 ± 0.1  48.0 ± 0.2  43.0 ± 0.2 A1 (γFe,αCo,Pd) 

Light grey particles 8.9 ± 0.1  47.9 ± 0.3  43.2 ± 0.2 A1 (γFe,αCo,Pd) 
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Figure 4.62. EDX analyses of nominal Co10:Fe50:Pd40 (at.%), Alloy 9 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.63. XRD patterns for nominal Co10:Fe50:Pd40 (at.%), Alloy 9 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.10. Alloy 10: Nominal Co40:Fe30:Pd30 (at.%) 

 

Figure 4.64 shows that Alloy 10, Nominal Co40:Fe30:Pd30 (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, A1 (γFe,Co,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 A1 peak. 

 

 

Figure 4.64. SEM-BSE image of Co40:Fe30:Pd30 (at.%), Alloy 10 annealed at 1000°C for 1000 h showing contrasting grains. 

 

Table 4.22. EDX phase analyses for nominal Co40:Fe30:Pd30 (at.%), Alloy 10, annealed at 1000°C annealed condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 37.7 ± 0.3 29.0 ± 0.2  33.3 ± 0.2 - 

Dark 37.8 ± 0.3 28.9 ± 0.1  33.3 ± 0.2   A1 (γFe,Co,Pd) 

Light 37.7 ± 0.1  28.9 ± 0.2  33.4 ± 0.2 A1 (γFe,Co,Pd) 
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Figure 4.65. EDX analyses of nominal Co40:Fe30:Pd30 (at.%), Alloy 10 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.66. XRD patterns for nominal Co40:Fe30:Pd30 (at.%), Alloy 10 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.11. Alloy 11: Nominal Co20:Fe60:Pd20 (at.%) 

 

For Alloy 11, Nominal Co20:Fe60:Pd20 (at.%), light and dark regions are shown in Figure 4.67, which 

appeared to grow in a Widmanstätten 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:  A1 (Fe,αCo,Pd), although there were two peaks at ~63 and ~80 (2 Theta) which could not be 

identified with the phases: (αFe), ~FePd3 or α’, using the database [2018Dif], however they actually do 

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

 

a)  b)  

Figure 4.67. SEM-BSE images of Co20:Fe60:Pd20 (at.%), Alloy 11 annealed at 1000°C for 1000 h showing: a) contrasting regions with 
grain boundaries) and b) fine precipitates. 

 

Table 4.23. EDX phase analyses for nominal Co20:Fe60:Pd20 (at.%), Alloy 11, annealed at 1000°C condition. 

Phase 
description 

Co Fe Pd Phase 

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  A1 (Fe,αCo,Pd) 

Light 19.1 ± 0.1  58.9 ± 0.1  22.0 ± 0.1 A1 (Fe,αCo,Pd) 
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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. 

 

Figure 4.68. EDX analyses of nominal Co20:Fe60:Pd20 (at.%), Alloy 11 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.69. XRD patterns for nominal Co20:Fe60:Pd20 (at.%), Alloy 11 1000°C annealed condition: a) raw, and b) labelled. 
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4.2.12. Alloy 12: Nominal Co60:Fe20:Pd20 (at.%) 

 

Alloy 12, Nominal Co60:Fe20:Pd20 (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 (γFe,Co,Pd). 

 

 

Figure 4.70. SEM-BSE image of Co60:Fe20:Pd20 (at.%), Alloy 12 annealed at 1000°C for 1000 h showing light and dark grains. 

 

Table 4.24. EDX phase analyses for nominal Co60:Fe20:Pd20 (at.%), Alloy 12, annealed at 1000°C condition. 

Phase 
description 

Co Fe Pd Phase 

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  A1 (γFe,Co,Pd) 

Light grains 58.2 ± 0.3  18.9 ± 0.1  22.9 ± 0.3  A1 (γFe,Co,Pd) 
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Figure 4.71. EDX analyses of nominal Co60:Fe20:Pd20 (at.%), Alloy 12 1000°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.72. XRD patterns for nominal Co60:Fe20:Pd20 (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 Co30:Fe60:Pd10 (at.%) 
 

Figure 4.73 a) shows that Alloy 1, Nominal Co30:Fe60:Pd10 (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 α' and A1 

(γFe,Co,Pd).  

 

a)  b)  

Figure 4.73. SEM-BSE images of Co30:Fe60:Pd10 (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 Co30:Fe60:Pd10 (at.%), Alloy 1, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 25.8 ± 0.1 56.9 ± 0.1  17.3 ± 0.1 - 

Dark 33.5 ± 2.0 62.4 ± 1.4  4.1 ± 3.4  
Mainly α' with A1 

(γFe,Co,Pd) 

Light 13.2 ± 4.0  49.2 ± 2.9  37.6 ± 6.9  
Mainly A1 

(γFe,Co,Pd) with α' 
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Figure 4.74. EDX analyses of nominal Co30:Fe60:Pd10 (at.%), Alloy 1 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.75. XRD patterns for nominal Co30:Fe60:Pd10 (at.%), Alloy 1 650°C annealed condition: a) raw, and b) labelled. 
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4.3.2. Alloy 2: Nominal Co6:Fe44:Pd50 (at.%) 

 

For Alloy 2, Nominal Co6:Fe44:Pd50 (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 A1 (γFe,Co,Pd). 

 

 

 

Figure 4.76. SEM-SE image of Co6:Fe44:Pd50 (at.%), Alloy 2 annealed at 650°C for 1000 h showing light and dark grains. 

 

Table 4.26. EDX phase analyses for nominal Co6: Fe44:Pd50 (at.%), Alloy 2, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 5.9 ± 0.1 41.0 ± 0.1  53.1 ± 0.1 - 

Dark 6.0 ± 0.4 41.0 ± 0.3  53.0 ± 0.2 A1 (γFe,Co,Pd) 

Light 5.9 ± 0.2 41.2 ± 0.1  52.9 ± 0.2 A1 (γFe,Co,Pd) 
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Figure 4.77. EDX analyses of nominal Co6:Fe44:Pd50 (at.%), Alloy 2 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.78. XRD patterns for nominal Co6:Fe44:Pd50 (at.%), Alloy 2 650°C annealed condition: a) raw, and b) labelled.  
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4.3.3. Alloy 3: Nominal Co20:Fe50:Pd30 (at.%) 

 

Figure 4.79 (Alloy 3, Nominal Co20:Fe50:Pd30 (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, (αFe) and A1 (γFe,Co,Pd). 

 

a)  b)  

Figure 4.79. SEM-BSE images of Co20:Fe50:Pd30 (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 Co20:Fe50:Pd30 (at.%), Alloy 3, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 14.1 ± 0.1 46.3 ± 0.1  39.6 ± 0.1 - 

Dark 7.6 ± 1.4 86.0 ± 0.1 6.4 ± 1.5   (αFe) 

Light 9.5 ± 1.5  44.0 ± 0.7  46.5 ± 2.2 A1 (γFe,Co,Pd) 
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Figure 4.80. EDX analyses of nominal Co20:Fe50:Pd30 (at.%), Alloy 3 650°C annealed condition. (■ Overall composition; ● phases). 
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a)  

 

b)  

Figure 4.81. XRD patterns for nominal Co20:Fe50:Pd30 (at.%), Alloy 3 650°C annealed condition: a) raw, and b) labelled.  
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4.3.4. Alloy 4: Nominal Co10:Fe15:Pd75 (at.%) 

 

The microstructure of Alloy 4, Nominal Co10:Fe15:Pd75 (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 A1 (γFe,αCo,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 ~FePd3 phase was also 

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

 

a)  b)  

Figure 4.82. SEM-SE and SEM-BSE images of Co10:Fe15:Pd75 (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 Co10:Fe15:Pd75 (at.%), Alloy 4, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 9.1 ± 0.1 13.8 ± 0.1 
 77.1 ± 

0.1 
- 

Dark 8.9 ± 0.2 13.8 ± 0.1 
 77.3 ± 

0.2  
A1 (Fe,αCo,Pd) 

Light 9.1 ± 0.1  13.9 ± 0.1  77.0 ± 0.1 A1 (Fe,αCo,Pd)  
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Figure 4.83. EDX analyses of nominal Co10:Fe15:Pd75 (at.%), Alloy 4 650°C annealed condition. (■ Overall composition; ● phases). 
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a)  

 

b)
Figure 4.84. XRD patterns for nominal Co10:Fe15:Pd75 (at.%), Alloy 4 650°C annealed condition: a) raw, and b) labelled. 
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4.3.5. Alloy 5: Nominal Co30:Fe30:Pd40 (at.%) 

 

Alloy 5, Nominal Co30:Fe30:Pd40 (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 (αFe) and A1 (Fe,αCo,Pd).  The ~FePd and ~FePd3 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. 

 

a)  b)  

Figure 4.85. SEM-BSE images of Co30:Fe30:Pd40 (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 Co30:Fe30:Pd40 (at.%), Alloy 5, annealed at 650°C condition. 

Phase description Co Fe Pd Phase 

Overall 23.9 ± 0.1 28.6 ± 0.1  47.5 ± 0.1 - 

Fine two-phase 23.9 ± 0.3 28.2 ± 0.2  47.9 ± 0.3 (αFe) + A1 (Fe,αCo,Pd) 
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Figure 4.86. EDX analyses of nominal Co30:Fe30:Pd40 (at.%), Alloy 5 650°C annealed condition. (■ Overall composition; ● phases). 
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a)  

b)  

Figure 4.87. XRD patterns for nominal Co30:Fe30:Pd40 (at.%), Alloy 5 650°C annealed condition: a) raw, and b) labelled.  
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4.3.6. Alloy 6: Nominal Co50:Fe20:Pd30 (at.%) 

 

For Alloy 6, Nominal Co50:Fe20:Pd30 (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, 

A1 (γFe,αCo,Pd), but with different spacings, suggesting two A1 phases with different compositions. The 

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

 

a)  b)  

Figure 4.88. SEM images of Co50:Fe20:Pd30 (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 Co50:Fe20:Pd30 (at.%), Alloy 6, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

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 A1 (γFe,αCo,Pd) 

Dark 57.5 ± 1.3 16.8 ± 0.2 25.7 ± 1.5 A1 (γFe,αCo,Pd) 
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Figure 4.89. EDX analyses of nominal Co50:Fe20:Pd30 (at.%), Alloy 6 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.90. XRD patterns for nominal Co50:Fe20:Pd30 (at.%), Alloy 6 650°C annealed condition: a) raw, and b) labelled.
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4.3.7. Alloy 7: Nominal Co10:Fe30:Pd60 (at.%) 

 

For Alloy 7, Nominal Co10:Fe30:Pd60 (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: ~FePd3 and A1 

(γFe,Co,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. 

 

 

Figure 4.91. SEM-BSE image of Co10:Fe30:Pd60 (at.%), Alloy 7  annealed at 650°C for 1000 h showing different grains. 

 

Table 4.31. EDX phase analyses for nominal Co10:Fe30:Pd60 (at.%), Alloy 7, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

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  A1 (γFe,Co,Pd) 

Light 9.0 ± 0.1  28.7± 0.3 62.3 ± 0.3 A1 (γFe,Co,Pd) 
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Figure 4.92. EDX analyses of nominal Co10:Fe30:Pd60 (at.%), Alloy 7 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.93. XRD patterns for nominal Co10:Fe30:Pd60 (at.%), Alloy 7 650°C annealed condition: a) raw, and b) labelled.  
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4.3.8. Alloy 8: Nominal Co25:Fe20:Pd55 (at.%) 

 

Alloy 8, Nominal: Co25:Fe20Pd55 (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 A1 (γFe,αCo,Pd), 

as shown in the XRD pattern in Figure 4.96, there was also (αFe), but it only matched one small peak which 

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

 

 

Figure 4.94. SEM-BSE image of Co25:Fe20:Pd55 (at.%), Alloy 8 annealed at 650°C for 1000 h showing coring. 

 

Table 4.32. EDX phase analyses for nominal Co10:Fe25:Pd55 (at.%), Alloy 8, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

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  A1 (γFe,αCo,Pd)  

Dark 22.5 ± 0.2  19.1 ± 0.1  58.4 ± 0.2 A1 (γFe,αCo,Pd) 
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Figure 4.95. EDX analyses of nominal Co25:Fe20:Pd55 (at.%), Alloy 8 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.96. XRD patterns for nominal Co25:Fe20:Pd55 (at.%), Alloy 8 650°C annealed condition: a) raw, and b) labelled.  
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4.3.9. Alloy 9: Nominal Co10:Fe50:Pd40 (at.%) 

 

The microstructure of Alloy 9, Nominal Co10:Fe50:Pd40 (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 (αFe) and A1 (γFe,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 A1 (γFe,Co,Pd), and the dark phase was (αFe).  

 

a)  b)  

Figure 4.97. SEM-BSE images of Co10:Fe50:Pd40 (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  Co10:Fe30:Pd40 (at.%), Alloy 9, annealed at 650°C condition. 

Phase 
description 

Co Fe Pd Phase 

Overall 5.6 ± 0.1 45.8 ± 0.1  48.6 ± 0.1 - 

Coarse two-phase 5.5 ± 0.1 45.6 ± 0.1  48.9 ± 0.2  (αFe) + A1 (γFe,Co,Pd)  

Fine two-phase 5.6 ± 0.2 46.0 ± 0.2  48.4 ± 0.3 (αFe) + A1 (γFe,Co,Pd)  

Dark spots 5.5 ± 0.2 45.3 ± 0.1 49.2 ± 0.3 Mainly (Fe) with A1 (γFe,Co,Pd) 

Large light 5.8 ± 0.6 48.0 ± 4.3 46.2 ± 4.9 Mainly A1 (γFe,Co,Pd) with (Fe)  
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Figure 4.98. EDX analyses of nominal Co10:Fe50:Pd40 (at.%), Alloy 9 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.99. XRD patterns for nominal Co10:Fe50:Pd40 (at.%), Alloy 9 650°C annealed condition: a) raw, and b) labelled. 
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4.3.10. Alloy 10: Nominal Co40:Fe30:Pd30 (at.%) 

 

Figure 4.100 (Alloy 10, Nominal Co40:Fe30:Pd30 (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, A1 (γFe,Co,Pd) and (αFe). The light phase was A1 (γFe,Co,Pd) (Table 4.34), the dark phase 

was surmised to be (αFe), and the fine phase mixture was (αFe) + A1 (γFe,Co,Pd). 

 

a)  b)  

Figure 4.100. SEM-BSE images of Co40:Fe30:Pd30 (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 Co40:Fe30:Pd30 (at.%), Alloy 10, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 34.3 ± 0.1 28.9 ± 0.1  36.8 ± 0.1 - 

Dark 65.3 ± 1.1 30.2 ± 0.1 4.5 ± 1.2  (αFe)  

Light 25.4 ± 1.9  28.1 ± 0.1  46.5 ± 1.9  A1 (γFe,Co,Pd) 

Fine phase 

mixture 
33.4 ± 0.8  28.5 ± 0.1  38.1 ± 0.8 (αFe) + A1 (γFe,Co,Pd) 
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Figure 4.101. EDX analyses of nominal Co40:Fe30:Pd30 (at.%), Alloy 10 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.102. XRD patterns for nominal Co40:Fe30:Pd30 (at.%), Alloy 10 650°C annealed condition: a) raw, and b) labelled.  
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4.3.11. Alloy 11: Nominal Co20:Fe60:Pd20 (at.%) 

 

Figure 4.103 a) shows that Alloy 11, Nominal Co20:Fe60:Pd20 (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, (αFe) and A1 (γFe,Co,Pd).  

 

a)  b)  

Figure 4.103. SEM images of Co20:Fe60:Pd20 (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 Co20:Fe60:Pd20 (at.%), Alloy 11, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 18.4 ± 0.1 57.7 ± 0.1  23.9 ± 0.1 - 

Dark 28.8 ± 0.4 66.7 ± 0.7  4.5 ± 1.1   (αFe) 

Light 15.6 ± 1.9  55.5 ± 1.5  28.9 ± 3.4 A1 (γFe,Co,Pd) 
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Figure 4.104. EDX analyses of nominal Co20:Fe60:Pd20 (at.%), Alloy 11 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

b)  

Figure 4.105. XRD patterns for nominal Co20:Fe60:Pd20 (at.%), Alloy 11 650°C annealed condition: a) raw, and b) labelled.  
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4.3.12. Alloy 12: Nominal Co60:Fe20:Pd20 (at.%) 

 

For Alloy 12, Nominal Co60:Fe20:Pd20 (at.%), the microstructure showed apparent dendrites, and at higher 

magnification (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 A1 (γFe,αCo,Pd), but with two different d-spacings, suggesting two 

different A1 phase compositions. 

 

a)  b)  

Figure 4.106. SEM-BSE images of Co60:Fe20:Pd20 (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 Co60:Fe20:Pd20 (at.%), Alloy 12, annealed at 650°C condition. 

Phase 

description 
Co Fe Pd Phase 

Overall 57.7 ± 0.1 19.1 ± 0.1  23.2 ± 0.1 - 

Dark 70.5 ± 2.8 16.4 ± 0.8  13.1 ± 2.0 A1 (γFe,αCo,Pd) 

Light 35.4 ± 3.8 23.5 ± 1.1  41.1 ± 2.7 A1 (γFe,αCo,Pd) 
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Figure 4.107. EDX analyses of nominal Co60:Fe20:Pd20 (at.%), Alloy 12 650°C annealed condition. (■ Overall composition; ● phases) 
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a)  

 

b)  

Figure 4.108. XRD patterns for nominal Co60:Fe20:Pd20 (at.%), Alloy 12 650°C annealed condition: a) raw, and b) labelled. 
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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 
(at.%) 

As-cast        
Hardness 
(HV)  

1000°C 
Annealed        
Hardness (HV)  

650°C 
Annealed        
Hardness (HV)  

Alloy1: Co30:Fe60:Pd10 241 ± 9 382 ± 3 285 ± 3 

Alloy 2: Co6:Fe44:Pd50 164 ± 7 216 ± 3 186 ± 5 

Alloy 3: Co20:Fe50:Pd30 238 ± 6 252 ± 7 252 ± 5 

Alloy 4: Co10:Fe15:Pd75 118 ± 6 119 ± 4 119 ± 5 

Alloy 5: F Co30:e30:Pd40 182 ± 6 213 ± 3 194 ± 6 

Alloy 6: Co50:Fe20:Pd30 189 ± 6 205 ± 6 200 ± 6 

Alloy7: Co10:Fe30:Pd60 171 ± 7 183 ± 7 172 ± 6 

Alloy 8: Co25:Fe20:Pd55 172 ± 1 176 ± 1 172 ± 7 

Alloy 9: Co10:Fe50:Pd40 189 ± 2 191 ± 6 173 ± 8 

Alloy 10: Co40:Fe30:Pd30 216 ± 9 220 ± 8 190 ± 2 

Alloy 11: Co20:Fe60:Pd20 526 ± 10 530 ± 7 529 ± 2 

Alloy 12: Co60:Fe20:Pd20 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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Figure 5.1. Ternary plot with microhardness values and errors for as-cast alloys. (■ Overall composition) 

 

 

Figure 5.2. Ternary plot with microhardness values and errors for alloys annealed at 1000°C. (■ Overall composition) 
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Figure 5.3.Ternary plot with hardness values and errors for alloys annealed at 650°C. (■ Overall composition) 
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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 A1 (γFe,αCo,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 A1 (γFe, αCo, 

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). 
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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 FePd3 (Appendix A, [2018Dif]) and α’ (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 H2O + HCl, with steel wire as a cathode. Alloys 2, 3, 4, 5, 6, 9, 10, 11 and 12 were 

immersion etched in a solution of H2O + HCl + HNO3, using steel wire as the cathode. Alloys 7 and 8 were 

electro-etched in a solution of H2O + HCl, 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 (γFe,αCo,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, A1 (Fe,Co,Pd). In some of the samples, there was so little difference 
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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 A1 (γFe,αCo,Pd) and (αFe), whereas Raghavan [1992Rag] deduced that the phases should 

be A1 (γFe,αCo,Pd) and α’. Thus, Alloy 1 suggests a wider A1 (γFe,αCo,Pd) + (αFe) 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 A1 (γFe,αCo,Pd) solid solutions, suggesting that the A1 (γFe,αCo, 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 A1 (γFe,αCo,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 A1 (γFe,αCo,Pd) phase was narrower than 

Raghavan [1992Rag] indicated near this composition. Conversely, Alloy 5, being a single-phase solid 

solution of A1 (γFe,αCo,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 ~FePd3 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 A1 (γFe,αCo,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 α’ +  A1 (γFe,αCo,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 α + A1 

(γFe,αCo,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, A1 (Fe,Co,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. (■ Overall composition; ● phases) 

 

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

Alloy number and 
nominal composition 
(at.%) 

Peak 
position 
(2 Theta) 

Intensity 
(I\I100) 

9: Co10:Fe50:Pd40 ~75° 3 

10: Co40:Fe30:Pd30 ~38° 3 

11: Co20:Fe60:Pd20 ~80° 67 

12: Co60:Fe20:Pd20  ~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 A1 (Fe,Co,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 A1 (γFe,αCo,Pd), therefore not much would have shown in 

the microstructure. Alloy 11 was one of the unusual samples that appeared to exhibit a Widmanstätten 

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 [1972Cha]. 

 

Apart from Alloys 1, 3 and 11 which had two phases (αFe) + A1 (γFe,αCo,Pd), all the other alloys comprised 

only A1 (γFe,αCo,Pd). These alloys showed that (αFe) 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.%). (■ 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 H2O + HCl, and for Alloys 8 and 

11 immersion etching in a solution of H2O + HCl + HNO3. 

 

It was determined that the ~FePd and ~FePd3 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 (αFe) and  
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(αFe) + A1 (γFe,αCo,Pd) regions are very speculative, although there was XRD evidence for (αFe) in Alloys 

1 (Figure 4.39)  and 11 (Figure 4.69), and microstructural evidence in Alloy 3 (Figure 4.43). The maximum 

for (αFe) 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 (αFe) 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. 

 

Figure 6.3.  Isothermal section at 1000°C for the Co-Fe-Pd system (at.%). (■ 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 A1 (Fe,Co,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.   

 

 

Figure 6.4. Results for the alloys annealed at 650°C for the Co-Fe-Pd system  (at.%). (■ 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 ~FePd3 regions were drawn near the Fe-Pd binary, because Alloys 2 and 7 were 

A1 (γFe,αCo,Pd), so it was deduced those phases would not extend beyond Alloys 2 and 7. Also, ~FePd 

and ~FePd3 were difficult to find and distinguish from the random A1 (γFe,αCo,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 (αFe) + A1 (γFe,αCo,Pd) region was determined by the composition of Alloys 3, 5 and 10, which had 

to join up to the Co-Fe binary. The A1 (γFe,αCo,Pd) miscibility gap indicated by the dashed line was placed 

there as it would not have fitted in with the (αFe) + A1 (γFe,αCo,Pd) region and Alloys 6 and 12 contained 

only A1 (γFe,αCo,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 (αFe) + A1 (γFe,αCo,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 (αFe) region was matched up using Alloys 

3, 10 and 11 and the Co-Fe binary; similarly, the α’ region was determined. There was no two-phase 

boundary between the (αFe) and α’, due to the order of transformation being first-order [2009Por]. 

Although Matsuda et al. [2016Mat] reported  in their Co50:Fe40:Pd10 alloy, this was not reflected in the 

650C isothermal section, because their sample was processed at a different temperature.   

 

Figure 6.5. Isothermal section at 650°C annealed for the Co-Fe-Pd system (at.%). (■ 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 α and α’ (patterns of peaks used to match the phases shown in 

Appendix A). The intensity of the ordered peaks for α’ 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 FePd3 phases are ordered L10 and L12 structures and FePd 

had reasonable peaks in the reference pattern [2012Kuv, 2018Lou, 2018Dif], whereas FePd3 had very 

small peaks [2018Dif] (Appendix A), which made it very difficult to distinguish from A1 (γFe,αCo,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 α and α’ were present in both samples, although it was not picked up by 

XRD. Alloys 2 and 4 had similar microstructures, and they both comprised A1 (γFe,αCo,Pd), although the 

XRD pattern for Alloy 2 had very few peaks, because it was fcc, A1 (γFe,αCo,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 (αFe) 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 (αFe) 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, A1 (γFe,αCo,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 Widmanstätten 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 A1 (γFe,αCo,Pd) and a peak from (αFe) 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 (αFe) + A1 (γFe,αCo,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 A1 (γFe,αCo,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 6.6.  Solidification projection with hardnesses for as-cast Co-Fe-Pd alloys. (■ Overall composition) 

 

Figure 6.7. Isothermal section at 1000°C for the Co-Fe-Pd system with hardnesses. (■ Overall composition) 
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Figure 6.8. Isothermal section at 650°C for the Co-Fe-Pd system with hardnesses. (■ Overall composition) 

 

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 A1 

(Fe,αCo,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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Figure 6.9. Comparison of hardnesses for all of the alloys in 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 A1 (γFe,αCo,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 Co30:Fe60:Pd10 (at.%) alloy suggested a wider A1 (γFe,αCo,Pd) + (αFe) phase field than Raghavan 

[1992Rag]. The alloys were fcc solid solutions, suggesting that the A1 (γFe,αCo,Pd) region extends further 

than that by Raghavan. The Co10:Fe15:Pd75 and Co25:Fe20:Pd55 (at.%) alloys showed that the A1 (γFe,αCo,Pd) 

phase was narrower than Raghavan’s isothermal [1992Rag] section at 25C. Conversely, the Co30:Fe30:Pd40 

(at.%) alloy, a solid solution of A1 (γFe,αCo,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 

Co10:Fe50:Pd40 (at.%) alloy did not agree with Raghavan’s three-phase field region, and the α’ + A1 

(γFe,αCo,Pd) two-phase region was much narrower in the current study. The Co10:Fe30:Pd60 and 

Co60:Fe20:Pd20 (at.%) samples agreed with Raghavan’s [1992Rag] regions of FePd3 + A1 (γFe,αCo,Pd) and 

(αFe) + A1 (γFe,αCo,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 A1 (γFe,αCo,Pd).  Only three alloys had two phases,                                   
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(αFe) + A1 (γFe,αCo,Pd), and all the other alloys comprised only A1 (γFe,αCo,Pd). The two-phase regions 

show that (αFe) is more stable in the ternary than the Co-Fe binary. The ~FePd and ~FePd3 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 Co30:Fe60:Pd10 and Co20:Fe60:Pd20 (at.%), 

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

 

There was a miscibility gap in the A1 (γFe,αCo,Pd) phase which had a range of Co31:Fe22:Pd47 – 

Co71:Fe16:Pd13 (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 Co20:Fe50:Pd30 and Co20:Fe60:Pd20 (at.%) alloys had significantly higher hardness values; 

Co20:Fe60:Pd20 (at.%) had the highest hardness, with an apparent Widmanstätten microstructure after 

being annealed at 1000C.  The local higher hardness for the Co6:Fe44:Pd50 (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. 
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Chapter 8: Recommendations for Future work 

 Undertake XRD measurements at different temperatures to ascertain the temperature of 

ordering or phase transformation, for Alloys 1, 2, 7, 9 and 11. 

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

 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. 

 Study more alloys around the region of the A1 (γFe,αCo,Pd) miscibility gap found at 650°C. 

 Study more alloys around the speculated (αFe) and (αFe) + A1 (γFe,αCo,Pd)  regions for 1000°C. 

 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 

 

a)   b)  

Figure 1. XRD peaks used to identify a) FePd and b) FePd3 [2018Dif]. 

 

a)   b)  

  Figure 2. XRD peaks used to identify a) (γFe, Pd) and b) (αCo, Pd) [2018Dif].       

                                                                                                                         

a)  b)  

Figure 3. XRD peaks used to identify a) (αFe) and b) α’ [2018Dif]. 
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