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ABSTRACT

The solidification projections and 1000°C isothermal sections of the Ni-Pt-Ru and Co-Pt-Ru
systems were determined by characterising alloys of different using SEM and XRD on arc-
melted as-cast and annealed samples. Hardness measurements were undertaken and the hardness

indentations were also used to determine the preliminary toughness of the samples.

The solidification projection of the Ni-Pt-Ru system showed that the (Ni,Pt) solvus retreats to the
Pt corner in the ternary wherever (Ru) formed where it was not expected and a third phase
appeared after heat treatment on a locus from ~Nig: Pt3o: Rusg to ~Niyg: Ptso: Rugo. A possible
miscibility gap in the (Ni,Pt) phase was found in Alloy LG 10. Alloys LG 1 underwent the
ordering after heat treatment. The other alloys softened after annealing. Reasonable toughness
was exhibited by all the alloys because of the fcc phase that occur in all of them. The Co-Pt-Ru
system showed that the a—¢ transformation that took place in two of the component binaries
was stabilised in the ternary system, in both the as-cast and annealed alloys. The L + (Ru) — fcc
(Co,Pt) peritectic reaction was demonstrated by many of the annealed alloys. During heat
treatment (Ru) precipitates formed and this indicated that the fcc (Co,Pt) solvus was sloping and
retreating towards lower Ru contents at lower temperatures. The hardnesses of the alloys did not
change very much after heat treatment, with the exception of Alloys LG 11 and LG 15. Alloy
LG 11 showed ordering and Alloy LG 15 showed a significant decrease in hardness due to the
coarsening of the microstructure. The toughness remained reasonable for al the alloys as a result

of the presence of the fcc phase in all of them.
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heat treated condition (at.%).

Figure 4.141. BEI of LG 12 (Nominal Coss:Ptrs:Rujg) after ordering heat
treatment and water quench.

Figure 4.142. XRD spectrum of LG 12 (Nominal Co1s:Pt75:Ruso)

in the as-cast condition with the Pt peaks overlaid.

Figure 4.143. EDS analyses of LG 12 (Nominal Coss:Pt75:Ruyp) in the
heat treated condition (at.%).

Figure 4.144. Hardness (HV1o) values of the as-cast Ni-Pt-Ru alloys
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superposed on the 1000°C isothermal section.

Figure 4.146. Micrographs of the hardness indentations in the Ni-Pt-Ru
alloys (as-cast), showing the mode of slip.

Figure 4.147. Mode of slip of the as-cast Ni-Pt-Ru alloys superposed on
the solidification projection.

Figure 4.148. Micrographs of the hardness indentations in the heat
treated Ni-Pt-Ru alloys, showing the mode of slip.

Figure 4.149. Mode of slip of the heat treated Ni-Pt-Ru alloys superposed
on the 1000°C isothermal section.
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Figure 4.154. Micrographs of the hardness indentations in the heat treated
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Figure 5.1. Solidification projection for the Ni-Pt-Ru system.

Figure 5.2. 1000°C isothermal section of the Ni-Pt-Ru system.
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Figure 5.3. Solidification projection of the Co-Pt-Ru system.
Figure 5.4. 1000°C Isothermal section for the Co-Pt-Ru system.
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1. INTRODUCTION

1.1 Rationale for the project

Superalloys were developed for use at elevated temperatures where high yield stresses and high
resistance to environmental attack are essential. Various superalloys are in use of which the
nickel-based superalloys (NBSAs) are the most sophisticated and widely used. However,
NBSAs have almost reached their temperature limits for operation in high temperature
applications (e.g. turbine engines), because these operating temperatures are close to the melting
point of the NBSAs. Thus, the need for materials with increased operational temperatures is
apparent. Higher operating temperatures mean improved fuel efficiency, reduced pollution and
greater thrust-to-mass ratios, which in turn leads to greater economical and environmental
benefits [1987Sim]. Alloying additions and new processing techniques allow some of these
alloys to be used at about 1100°C (~90% of their melting temperatures). Oxidation resistance of
the alloys also places a limit on the maximum operational temperature. When NBSAs are
exposed to an oxidizing environment, they form an aluminium oxide film to protect the
underlying metal. Interdiffusion occurs at elevated temperatures between the coating and the
substrate metal that alters the properties of both materials, rendering the oxide film less effective

against further oxidation. [1987Sim, 1999Cle, 2001Siis, 2006Mal].

The high temperature strength of NBSAs arise mainly from the hardening of a y matrix by
cuboidal y' precipitates (Ni3(AlTi)), although there are other phases present, such as grain
boundary y’, carbides, borides and T.C.P.-type (topologically close packed) phases. The matrix
is a nickel-rich austenitic f.c.c. solid solution. NBSAs also contain several other alloying
elements that benefit the y’ phase:

e Nb, Ta combine with Ni to form intermetallic y precipitates;

e Mo, W, Cr, Ta provide solid solution strengthening to the y matrix;

e (o raises the y'-solvus temperature (too much Cr lowers it);

e B, C form grain boundary phases;

e Cr, Mo, Ta, Hf strengthen the grain boundary phases;

e Al Cr form oxides for oxidation protection;

e Cr, Ti enhances the hot corrosion resistance of NBSAs [1985Don)].



An analogue of a nickel-based superalloy has been conceived [2000Wol], developed and
optimised at Mintek and at the University of the Witwatersrand (Wits) [2001Hil, 2002Hil,
2002Siis1, 2004Cor, 2006Cor]. The superalloy is based on platinum, because of its higher
melting point and chemical and structural similarity to nickel, which allows the presence of the
v/y'" microstructure. The most optimum alloy to date is Ptgs:Al;1:Crp:Rus (at.%) [2001Hil],
although more work is in progress [2008Sho]. The advantage of this superalloy is that it has a
higher melting point and exceptional environmental resistance at high temperatures [2004Cor,
2003Gla, 2002Siis1, 2002Cor]. The higher environmental resistance arises from the formation
of a thin scale on the surface of the alloys. The combination of Pt, Al and Ru has a significantly
improved effect on the hot corrosion resistance of alloys containing the three elements

[2006Mal].

As well as the practical work, a Thermo-Calc™ thermodynamic database is being developed at
Mintek and Wits. Thermo-Calc™ uses phase diagram information as well as thermodynamic
data for the modelling of phases in simple and higher order alloys. This reduces experimental
work and is also a tool to facilitate alloy development. In Thermo-Calc™, the Parrot module is
being used to optimise coefficients and to extend the databases based on the data available in the
SGTE group [1985Sun, 1991Din].  Results from this phase diagram work will be input to

Thermo-Calc™ for optimization at a later stage.

Additionally, Pt is useful in strengthening the coatings on existing NBSAs [1996New]. Pt-
modified aluminide coatings on nickel-based superalloys have been used for over a decade. A
fundamental understanding of this mechanism and the degradation mechanism of these coatings
is needed to optimise the Pt-modified alumina coatings. This will make the application of the
coatings more cost effective and promote the use of it in other applications. Ruthenium
additions are also beneficial to the coatings on NBSAs. Ru forms a solid solution with Pt
[1990Mas, 1990ASM] and has a strengthening effect in the bulk form. It has been reported that
the strengthening effect increases the tensile strength by a factor of 2-4 at low temperatures
[1978Sav] and Ru additions decrease the creep rate at temperatures up to 1300°C by two orders

of magnitude [1981Usi, 2004Hyu].

Although Pt-Al-Cr and Pt-Al-Ru alloys are very strong, they can be formed by heat treatment
and hot rolling [2002Siis2]. It has been shown that Co additions increase the room temperature

ductility of these alloys [2003Cho]. The motivation behind Co additions to Pt-Al-Cr-Ru alloys is

2



to facilitate the manufacturing process, and by possibly utilising thinner cross-sections, provide a

lighter, more affordable high temperature Pt-based alloy.

Between 10-15 wt% cobalt in NBSAs provides solid solution strengthening and decreases the
solubility of aluminium. This increases the volume fraction of y’ precipitate in the y matrix
[2004Key]. Cobalt, with its slightly higher melting point, also increases the temperature range of

nickel-based superalloys.

1.2 Reasons for interest in the Ni-Pt-Ru and Co-Pt-Ru systems

Ni-Pt-Ru system

The Pt-Ni-Ru system is one system that was studied here to understand and optimise the coatings
and bulk material with both Pt and Ru additions. The binary systems are well known
[1990Mas], but no literature on the ternary was found. The Pt-Ru and Ru-Ni binary phase
diagrams are simple peritectic systems, whereas the Ni-Pt binary is a continuous solid solution
with some ordering [1990Mas]. The ternary is expected to contain a simple peritectic, with the
ordering extending into the ternary system from the Ni-Pt binary. The extent of the phases in the

ternary and extent of the ordering needs to be established.

Co-Pt-Ru system

The Pt-Co system has some ordering in the continuous solid solution, whereas Co-Ru and Pt-Ru
systems are simple peritectic systems [1990Mas]. No literature on the ternary was found. The
extents of all the phases into the ternary need to be investigated. Additionally, the system needs

to be checked for ternary phases, which might be deleterious to the properties.

1.3 Benefits that could arise from the investigation (SA, PDI and CSIR)

South Africa is the largest producer of platinum group metals (PGMs) in the world and
traditionally exports most of its platinum without adding much value. If more value-addition
was done in South Africa, there would be more profit and job creation, which would help the

South Africa economy grow.



The Platinum Development Initiative (PDI) was a project between the three major platinum
producers (Angloplat, Lonmin and Implats) and Mintek to perform research into new industrial

uses for platinum between 1998 and 2007.

A project called the “Platinum Beneficiation Initiative” was run by a CSIR-based consortium, in
which Mintek was a member, funded by the Innovation Fund between 2004 and 2006. Part of
this project aimed to “Develop a fundamental understanding of Pt-aluminide crystal structures
and bonding mechanisms of Pt-based coatings to nickel-based superalloy substrates through ab
initio considerations to advance mechanical modeling methods, based on fundamental

experimental research” [2004nml]. The current work was initiated within that project.



2. Literature Review

2.1 Introduction

Pt-based alloys are being developed to possibly replace nickel-based superalloys (NBSAs). Pt-
based alloys have a similar microstructure to that of the NBSAs and consist of a Pt-based matrix
with ~Pt3Al precipitates. Pt-based alloys are more chemically inert than NBSAs because of the
high Pt content and Pt is more noble than Ni. The melting point is also higher and the Pt-based
alloys can be used in environments which require exceptional environmental resistance at higher

temperatures [2001Siis3].

2.2 General Platinum Alloys

2.2.1 Autocatalysts

The largest portion of platinum produced is used by the autocatalysts industry [2008Pla]. A
catalytic converter is installed in the exhaust line of a vehicle. The converter contains a fine
honeycomb structure that is coated with a catalyst. The most common catalysts are the
heterogeneous type where pure platinum (and other PGMs) are placed on a support. The support
consists of a single metal oxide or a combination of different oxides; examples are Pt/SiO,,

Pt/Co04/S10; and Pt/MnO,/Si0, [2008Pla, 2003 Twi].

Exhaust gases from vehicles contain pollutants such as CO, NOy gases, hydrocarbons and
particulates. Autocatalysts convert approximately 90% of these pollutants to CO,, N, and water
vapour and 30-40% of the particulates to CO, and water vapour. A large proportion of all
vehicles sold annually are fitted with catalytic converters. The consumption of platinum in
autocatalysts is increasing as more vehicles are sold annually and governments are introducing

stricter emission control standards through lower limits [1981Diw, 1988Sea, 1999Twi].

2.2.2 Jewellery

The platinum jewellery industry is the second largest consumer of Pt in the world. Most
jewellery alloys consist of 95 wt% Pt and they are usually alloyed with other PGMs like Ru or
Cu. The alloying additions are made to optimise the workability and wear resistance of the
alloys. The main attraction of platinum as a jewellery alloy is its strength and resistance to

tarnishing. These qualities allow for designs beyond the scope of gold alloys. Platinum



jewellery is also perceived to have a more modern style by young people in the East and Europe.

In North America its appeal as bridal jewellery is also growing rapidly [2008P1a].

2.2.3 Electrical

Palladium is mostly used for electronic components but platinum is used in sensors. Platinum
wire is used in sensors detecting CO, NOy and O; concentrations in several different
applications. Oxygen sensors are used in engine control systems to optimise the air to fuel ratio
and in vehicle inspection and maintenance systems [1997Mil]. Carbon monoxide and NOy
sensors are used in the climate control systems of vehicles. These detect CO and NOy
concentrations inside the vehicle and adjust the ventilation system accordingly and these sensors
are also part of certain specialised autocatalysts to minimise emission levels to the atmosphere.
Air-mass flow sensors are placed at the cylinders in engines to measure the airflow to each
cylinder. A fine platinum wire coated with explosives can be found in sensors in air bags to
facilitate the release of the air bag in the event of an accident. Platinum wire containing CO
detectors are situated in homes and industrial buildings as a safety feature. Platinum wire, foil

and discs are present in medical detectors for the analyses of blood gases [1993Lei].

2.2.4 Chemical Industry

2241 Petroleum
Platinum catalysts are being used in the upgrading of low octane petroleum to high-quality
products and in converting petrochemical feedstock to plastics, synthetic rubber and polyester

fibres [1957Cur].

2.24.2 Fuelcells

Fuel cells use platinum catalysts to produce electricity by combining hydrogen and oxygen. Fuel
cells need no recharging and will run indefinitely when supplied with fuel and can be use to
supply electrical power to industrial plants, to mobile phone and laptop computers. They can
also be a replacement for internal combustion engines in vehicles. The replacement of
conventional power stations and internal combustion engines will lead to a significant reduction
in environmentally harmful emissions (CO, NOy and CO,). However, the largest obstacle is the
cost of commercialisation of this method of electricity production. It is also difficult to up-scale

the process successfully.



2.2.5  Glass Industry

Platinum and its alloys are widely used in the glass production industry because these materials
react very slowly with glass, oxidise or form scale at the melting temperatures of the different
minerals that glass contains (up to 1700°C). The largest proportion of platinum is used in the
manufacture of reinforcement fibre (glass fibre). The molten glass is poured in a platinum alloy
container with precisely shaped holes through which the fibres are drawn. The molten glass is
stirred using components made out of pure Pt, Pt-Ru, Pt-Ru DPH and Pt-Rh-Au alloys. Liquid
crystal displays (LCDs), for use in digital watches and laptops require high quality glass (0.5mm
thickness) and is the most intensive user of platinum. In these instances pure Pt or Pt-5%Au
DPH alloys are used. Rhodium oxides can form when the molten glass is in contact with the Rh-
containing alloy and so contaminate the glass. Cathode ray tubes (CRTs), previously used as
television and computer screens, optical and ophthalmic glasses are manufactured using
platinum and rhodium alloys in the melting, conditioning and forming phases

[1975Loe,1965Sel].
2.3 Ni-Pt - Ru (Nickel — Platinum - Ruthenium)
There are no data available on the Ni-Pt-Ru system. However, there are a few articles on the

three binary systems.

2.3.1 Binary Ni-Pt system
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Figure 2.1. Binary Ni-Pt equilibrium phase diagram [1990Mas].



The most recent data available in the literature on the Ni-Pt phase diagram is by Nash
[1991Nas1] in Figure 2.1. The phase diagram is unchanged from the diagram given by Hansen
[1958Han]. Table 2.1 shows the solid fcc phases occurring in the Ni-Pt system shown in Figure
2.1. There are four phases known: (Ni,Pt), NizPt and NiPt and NiPt;. Although this is a mainly
solid solution phase diagram, there are three ordered phase regions that can be found at ~ 21-31
at.% Pt (Ni3Pt), at ~ 40-50 at.% Pt (NiPt) and at ~ 65-74 at.% Pt (NiPt;). According to Orani et
al. [19530ra], the disordering temperature of a Ni3Pt is ~ 580°C and it has the CuzAu (L1;)-type
structure [1958Han]. NiPt, at the equiatomic composition, has a disordering temperature of ~
645°C and has a tetragonal CuAu (L1y) structure [1958Han]. NiPt; has a congruent formation
temperature that is slightly lower than that of NisPt [1985Dah]. The phase equilibria are shown
in Table 2.2. The system was determined through X-ray diffraction and microscopy [1978Ste].
Activities of Ni in the system were determined using electrical measurements [1931Kur], e.m.f.

measurements [1965Sch] and the torsion-effusion vapour-pressure technique [1970Wal].

Table 2.1. Solid phases in the Ni-Pt binary phase diagram.

Phase/ Pearson Symbol/ .
Lattice Parameters
Temperature Range Space Group/ (nm) References
(°C) Prototype
(NiPY) cF4 a=0.29233 - (199 1Nas1]
1,Pt = as
Fm3m 0.35240
Cu
NisPt ch4
Pm3m - [1991Nasl]
AuCu;
NiPt a= 03873
TP4 [1991Nasl]
P4/mmm c=0.3589
AuCu
NiPt; ) - [1985Dah]




Table 2.2. Invariant equilibria for the Ni-Pt binary phase diagram.

Reaction T (°C) Type Phase Ni at.% Pt at.%o

(Ni,Pt)
(Ni,Pt) — NisPt| ~ 500 - 620 | Ordering NisPt

21 -31 69 -79

(Ni,Pt) 40-55 at 45-60 at

Ordering
(N1i,Pt) — NiPt | ~400 - 645 NiPt 400°C 400°C
(Ni,Pt)
. . . 20-40 60 - 80
(N1,Pt) — NiPt; Ordering NiPt;

2.3.2 Binary Pt-Ru system

The latest available information on the Pt-Ru binary phase diagram, shown in Figure 2.2, by
Massalski [1990Mas] is redrawn from Hutchinson [1972Hut]. Watson et al. [2007Wat]
calculated a phase diagram using Pandat and optimisation using WinPhaD that is shown in
Figure 2.3. They used data obtained by Hutchinson [1972Hut] for the Pandat calculations. It
shows a very shallow eutectic reaction but has a reasonable fit with the phase boundaries for the
two-phase field ((Ru) + (Pt)) of the experimental phase diagram in Figure 2.2. The solid phases
of the Pt-Ru system are shown in Table 2.3. At 1000°C, the solubility of Ru in Pt is ~62 at.%
and it increases to 70 at.% at 1900°C. The solubility of Pt in Ru at 1000°C is 20 at.% and there
is very little increase in solubility as the temperature rises. Above ~2000°C, the solidus and
liquidus lines are tentative. There is no intermediate phases present, so it is assumed that the

system is a simple peritectic. The phase equilibrium is shown in Table 2.4.
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Table 2.3. Solid phases in the Pt-Ru binary phase diagram.

Lattice
Phase Pearson Symbol/ References
Space Group/Prototype | Parameters (nm)
cF4
(P1) Fm3m a=23.82 [20051CD]
Cu
hP2 a=27
(Ru) P6:/mmc [2005ICD]
c=4.275
Mg

Table 2.4. Invariant equilibrium for the Pt-Ru binary phase diagram.

Reaction T (°C) Type Phase Pt at.% Ru at.%
L 47 53
L+ (Ru) — (Pt) | ~2100°C | Peritectic (Pt) 27 73
(Ru) 21 79

2.3.3 The binary Ni-Ru phase diagram

The Ni-Ru system (Figure 2.4) is also a simple peritectic system according to Nash [1991Nas2],
with the peritectic temperature at 1550°C and at 34.5 — 50 at.% Ru. The peritectic liquid
composition at 1550°C is 27 at.% Ru and experimental data is available up to 50 at.% Ru, after
which the liquidus is extrapolated to the melting point of Ru at 2334°C [1991Nas2]. The solidus
line was also experimentally determined up to ~70 at.% Ru and is extrapolated to the Ru melting
point. The solid phases are shown in Table 2.5. The (Ni) and (Ru) phases are wide at high
temperatures at high temperatures and become narrower as the (Ni) + (Ru) phase field increases
in width with lowering temperatures. Nash reported on Ni-Ru alloys in the range of 30-40 at.%
Ru that were melt spun and a metastable phase, and 1 (tetragonal) was synthesised [1991Nas2].

The phase boundaries have been determined through thermal analysis and microscopy [1961Rau,

1964Kor, 1937Mar, 1979Var]. The phase equilibrium is shown in Table 2.6.
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Table 2.5. Solid phases in the Ni-Ru binary phase diagram.
Pearson Symbol/Space Lattice Parameters R
eferences
Phase Group/Prototype (nm)
. cr4 a=0.3524
(Ni) Em3m [1991Nas2]
Cu
R hP2 a=0.27053 199 1Nas2]
u as
Pos/mme c=0.42814
Mg
a=10.45106
n [1991Nas2]
c=0.362016
Table 2.6. Invariant equilibrium for the Ru-Ni binary phase diagram.
Reaction T (°C) |Type Phase Ni (at.%) Ru (at.%0)
L 72 28
L+ (Ru) — (Ni) | 1500 | Peritectic (Ru) 65.5 34.5
(Ni) 50 50




2.4 Co - Pt - Ru (Cobalt - Platinum - Ruthenium)

There are no data available on the ternary phase diagram for the Co-Pt-Ru system, except what
was produced during the course of this work. However, there are data on the three binary

systems: Pt-Ru, Co-Pt and Co-Ru. The Pt-Ru system was described in the Ni-Pt-Ru section.

2.4.1 Binary Co-Pt system

The Co-Pt system is shown in Figure 2.5 [1952Kos] and the calculated phase diagram is shown
in Figure 2.6 [20010ik]. The binary diagram was established through thermal analysis
[1933Nem, 1940Geb]. Although this is mainly a solid solution phase diagram, there are five
reported phases that form below 1000°C: (aCo,Pt); two ordered phases (CosPt and CoPt); (aCo)
and (eCo) that forms through a martensitic transformation. The magnetic transformation line
starts at 1121°C (100 at.% Co), and it continues down to ~88 at.% Co at room temperature. The
influence that the magnetic ordering in the Co-Pt system has on the total Gibbs energy G, of the
FCC phase of Co-Pt system at 400°C is shown in Figure 2.7. The Co-Pt system has a negative
enthalpy and the FCC phase is chemically miscible (dashed line, Figure 2.7). Thus, Pt addition
to Co gradually decreases the Curie temperature and the magnetic moment. The result is that no
magnetically induced phase separation occurs [20010ik], and according to Oikawa et al. the

calculated phase diagram is in good accordance the experimental system.

The Pearson symbol, space group, prototype and lattice parameters are also shown in Table 2.7.
Table 2.8 gives the invariant equilibria for the different Co-Pt phases that form. The first
ordered region, forming CoPt, found in the range 41-75 at.% Pt, occurs from 825°C and the
second, forming CosPt, at 75 at.% Pt, occurs from ~750°C [1958Han]. CoPt and Cos;Pt have
AuCu (L1y) and AuCus (L1,) structures, respectively [1958Han]. Zhao described the (aCo) —
(eCo) transformation as a martensitic transformation [1999Zha]. The transformation starts at
422°C in pure cobalt and reaches a maximum at ~575°C and ~8 at. % Pt, after which it decreases
again. The binary diagram was established through thermal analysis [1933Nem, 1940Geb,
1951New, 1952Gei].
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Figure 2.7. The total Gibbs energy G, of the Fcc phase at 400°C with reference to Co and Pt in

the Co-Pt system. The dashed line shows the Gibbs energy curve without the magnetic

contribution term ™G, [20010ik].

Table 2.7. Solid phases in the Co-Pt binary phase diagram

Pearson Symbol/ | Lattice Parameters
Phase Space Group/ am References
Prototype (nm)
cF4 At 70 at.% Pt
(aCo,Pt) = a=3.829
Fm3m [1958Han]
Cu
(eCo) cP2 a=2514
P6s;/mmc [2005ICD]
> c=4.105
Mg
a=3.793
CoPt tP4
P4/mmm c=3.675 [1958Han]
AuCu c/a = 0.969
Cop ch4 At 70 at.% Pt
oPt 3 a=3.831A
3 Pm3m [1958Han]
AuCus;
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Table 2.8. Invariant Equilibria for the Co-Pt binary phase diagram.

Reaction T (°C) |Type Phases Co Pt
(aCo,Pt) |76-100 [0—14
(aCo,Pt)— (eCo) Martensitic
422°C (eCo) above 422° |above 422°
] (aCo,Pt)  |~26—58at|~42—74 at
(aCo,Pt)— CoPt [825°C  |Ordering
CoPt RT RT
] (aCo,Pt) |25 at 75 at
(aCo,Pt) — CoPt; |~750°C |Ordering
CoPt; ~750°C ~750°C

2.4.2

The binary Co-Ru phase diagram

The Co-Ru phase diagram (Figure 2.6) is a peritectic system with the lines extrapolated above

1200°C. There is a minimum in the liquidus temperature at ~90 at.% Ru. The phase field where

(aCo) and (eCo,Ru) are found is wide and stretches from ~16 at.% to 34 at.% Ru at ~1500°C.

The phase field where L and (Co,Ru) co-exists is also assumed to be wide. There are lines

representing the Curie temperature of (aCo) and (¢Co). The line starts at 100 at.% Co (1121°C)

and drops down to ~35 at.% Ru.

The Pearson symbol, space group, prototype and lattice

parameters are shown in Table 2.9. The invariant equilibrium is shown in Table 2.10. The

reaction is L + (¢Co,Ru)— (aCo).

~10 at.% Ru and just above 1400°C.

There is a minimum in the (aCo) liquidus which occurs at

16
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Figure 2.8. Binary Co-Ru equilibrium phase diagram [1990Mas].
Table 2.9. Solid phases in the Co-Ru binary phase diagram.
Pearson Symbol/ Lattice Parameters
Phase Comments
Space Group/Prototype (A)
o) cFa a=3.5447 [1990Mas]
aco
Fm3m [20051CD]
Cu
(sCoRu) hP2 a=26 [1990Mas]
€Co,Ru
Pey/mme c=4.165 [2005ICD]
Mg

Table 2.10. Invariant equilibrium for the Co-Ru binary phase diagram.

Reaction T (°C) Type Phase Co at.% Ru at.%
L 86 14
L + (aCo,Ru) — (aCo) | ~1450 | Peritectic (aCo,Ru) 85 15
(aCo) 67 33
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3. EXPERIMENTAL PROCEDURE

3.1  Sample Manufacture

The nominal Ni-Pt-Ru alloys are shown in Figure 3.1 and the nominal Co-Pt-Ru alloys are
shown in Figure 3.2. In each case, the phase boundaries within the ternaries were guessed. The
alloys for the two ternary systems were chosen to determine the extent of the two-phase field and
to establish how far the binary ordering extends into the ternary system. Some of the alloys were
chosen subsequently to determine the deflection of the phase boundaries that was observed in

this investigation.

Ru

100

Alloy 1
Alloy 2
Alloy 3
Alloy 4
Alloy 6
Alloy 7
Alloy 8
Alloy 9

50 Alloy 10

oeboo«q«dornoe

60

u) + (Ni,Pt)
v

40

10

Ni 0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 3.1. Compositions of nominal Ni-Pt-Ru alloys (at.%).
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Figure 3.2. Compositions of nominal Co-Pt-Ru alloys (at.%).

The different source metals in the alloys were chemically pure (at least 99.9 wt%). The
component metals for each 2g button were weighed out and arc-melted under a protective argon
atmosphere on a copper hearth, using titanium as an oxygen getter. The samples were melted
three times to make them as homogeneous as possible. The samples were cut in half with a
Struers Secotom-10® cutting wheel. One half of each sample was left in the as-cast condition
and the other half was heat treated at 1000°C for 1000 hours, except for the alloys that were
prepared for checking the extent of ordering in the ternary systems. These samples were heat

treated at 500°C for 1000 hours.
3.2  Metallography

The samples were all mounted and ground flat using 380, 800 and 1200 grit SiC paper.
Polishing was done to a 1um surface finish using a diamond suspension. No etching was done
as all the imaging was performed in back-scattered electron mode on the scanning electron
microscope. This was possible because the average atomic number of each different phase

differed significantly. The higher the average atomic number of the phase, the lighter it appears

19



in the image in backscattered electron mode. Low average atomic numbers thus corresponded to

darker areas on the image.

The phase proportions were determined using a 16 square grid. The grid was placed over the
micrographs and the corners what were overlaid by a specific phase were counted and a
percentage was calculated [1988Exn]. Five different counts were made for each micrograph and

a statistical error was determined. In each case this was 5% or less.
3.3  Characterisation
3.3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometry (EDS

The microstructures and compositions were examined on two different SEMs:

e JEOL JSM-840® scanning electron microscope (SEM) using a Tracor Northern® EDS
system with Vantage software. Images of the microstructure were taken in the back-
scattered electron imaging (BEI) mode. A Si p-n junction (divided annular type) was
used as a BSE detector.

e FEI Nova NanoSEM® using an EDAX EDS system. Images of the microstructure were
taken in the back-scattered electron imaging (BEI) mode. The detector is a solid state
BSE detector.

The EDS analyses were all normalised.
3.3.2 XRD

X-ray diffraction (XRD) analyses were done on the polished samples in both as-cast and heat
treated conditions. A Siemens D500 Kristalloflex with Mo Ko radiation using Diffrac Plus®

software was used. The peaks were compared against peaks of known and expected phases in

the database [20051CD].
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3.4  Mechanical Properties

3.4.1 Hardness and Toughness

Hardness can be used as a preliminary assessment of the mechanical properties of an alloy
[1991Fle]. The hardness can give an indication of the strength and the toughness can be
assessed by examining the hardness indentations. The appearance of the material around the
indentations can be classified using the following:

e (Cracks show that the alloy will be brittle;

e Planar slip and twinning shows a tougher alloy where the dislocation movement are

accommodated in certain slip systems only; and
e Wavy slip indicates good resistance to cracking and that dislocation movement are

accommodated in several slip systems.

The hardness measurements were performed on a Vickers (Ltd) Hardness Tester using a 10kg
load. Five indentations were made on each alloy and an average hardness value was obtained.
Micrographs of the hardness indentations were taken on an Olympus Vanox-T light microscope

connected to a JVC TK138E Colour Video Camera.
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4. RESULTS

4.1 Ni-Pt-Ru SYSTEM

4.1.1 As-Cast Alloys

LG1 (Nominal Ni47_5:Pt47_5:RU5)

The targeted composition for Alloy 1 (Nominal Ni;s:Pts75:Rus), (Figure 4.1) place it near the
ordered region on the Ni-Pt phase diagram. The alloy is single-phase and the XRD spectrum
(Figure 4.2) identified the alloy as the (Pt,Ni) solid solution since the peaks were between the
pure Pt and pure Ni lines. The spectrum is clear and shows a high signal to background ratio
with a good match for Ni and Pt peaks once they were shifted. The light and dark lumps are
unmelted Pt and Ru respectively. The EDS phase analyses is shown in Table 4.1 and the actual

composition is plotted in Figure 4.3.

The solidification sequence for the alloy is: L — (Ni,Pt).

Figure 4.1. BEI of LG 1 (Nominal Ni75:Pts75:Rus) showing single phase (Ni,Pt) with unmelted
Pt (light) and Ru (dark) (scale bar = 600xm).

Table 4.1. EDS analyses of LG 1 (Nominal Nig75:Pts47.5:Rus) in the as-cast condition.
Phase description Ni (at.20) | Pt (at.%0) | Ru (at.%0) Phase
Overall 477+03 | 47.7+£0.2 | 46+0.2 (Ni,Pt)
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Figure 4.3. EDS analyses of LG 1 (Nominal Nis7s:Pts75:Rus) in the as-cast condition (at.%).

24



LG 2 (Nominal Niyo:Pty3:Rue7)

LG 2 (Nominal Nij:Pty3:Rus7) had un-melted Ru and apparently comprised two phases of

different contrasts in the center of the sample, although both were in the Ru-rich (Ni,Pt) solid

solution area (Figure 4.4). This was confirmed by XRD (Figure 4.5), and the spectrum shows a

high signal to background ratio. There is an unidentified peak at 20 = 12°, which is too far from

the plasticine peak identified on other samples. The EDS analyses are shown in Table 4.2 and

plotted in Figure 4.6. The overall composition does not lie on the tie-line between the two

different compositional contrasted areas, showing that a phase had been missed.

The solidification sequence for the alloy is:

L — (Ni,Pt).

Figure 4.4. BEI of LG 2 (Nominal Nio:Pt23:Rug7) showing (Ni,Pt) of two different composition
contrasts in the as-cast condition (scale bar = 500um).

Table 4.2. EDS analyses of LG 2 (Nominal Niyo:Pt3:Rus7) in the as-cast condition.

Phase description Ni (at.%) | Pt (at.%) | Ru (at.%0) Phase
Overall 123+£0.6 |36.6+0.8 |51.1+1.3 -

Dark 214105 [344+04 |442+0.8 (Ni,Pt)

Light 21.3+0.9 |545+0.6 [242+0.7 (N1,Pt)

25



Counts

1800

120
1600 -
+ 100
1400 -
1200 - + 80
1000 A
+ 60
800 -
600 - - 40
400 -
- 20
200 -
OA‘LA,“L. “a .‘.AM.A‘J k‘/\l e s A.M‘AAAMJ‘.JLAA ‘ L AA‘A ‘ A nlnan A‘AA.‘A[LA‘.‘AA‘L okt ‘ thasMa ‘ 0
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

2 Theta

| Ni(4-850) — P1(4-802) |

Figure 4.5. XRD spectrum of LG 2 (Nominal Nijo:Ptz3:Rug7) in the as-cast condition.

Relative Intensity (%)

26



Ni

7/ 7 7 7 7 7 7 7 7 7 7 0

0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 4.6. EDS analyses of LG 2 (Nominal Niyo:Pty3:Rus7) in the as-cast condition (at.%).
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LG 3 (Nominal Nizo:Ptzo:RUBO)

LG 3 (Nominal Niyg:Ptyo:Rugp) 1s single phase and lies in the Ru-rich (N1,Pt) solid solution area.

The microstructure is shown in Figure 4.7 and two different compositional contrasts can be seen.

The XRD spectrum is shown in Figure 4.8 and has a high signal to background ratio and is a

good match for (Ni,P) and (Ru). The EDS analyses are given in Table 4.3 and are plotted in

Figure 4.9. The overall composition of the alloy did not lie near the tie-line between the

compositions of the different contrasted areas and was at a higher Ru content, suggesting that a

phase had been missed.

The solidification sequence for the alloy is: L — (Ni,Pt).

200 um

Figure 4.7. BEI of LG 3 (Nominal Nizo:Ptz:Ruep) showing two different composition contrasts,

both of the (Ni,Pt) phase, but with different atomic weights in the as-cast condition (scale bar =

Table 4.3. EDS analyses of LG 3 (Nominal Niyo:Ptyg:Rusp) in the as-cast condition.

700m).

Phase description Ni (at.20) | Pt (at.%0) | Ru (at.%0) Phase
Overall 282+04 [304£09 [414+0.2 -

Dark 26.1£0.6 |47.4+£0.5 [265+£09 (Ni,Pt)

Light 346+04 |33.5+0.8 |31.9+£0.5 (Ni,Pt)
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Figure 4.9. EDS analyses of LG 3 (Nominal Niyo:Pty:Rugp) in the as-cast condition (at.%).
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LG4 (Nominal Ni35IPt13IRU52)

The microstructure of LG 4 (Nominal Niss:Pt;3:Rus;) is shown in Figure 4.10. It consists of a light

grey, cored matrix with dark irregular dendrites. The dendrites were identified as consisting of (Ru)

and the matrix of (N1,Pt). The irregular dendrites confirm a peritectic formation of the matrix. The

XRD spectrum is shown in Figure 4.11 and shows a high signal to background ratio. The peaks

matched (Ni) with a shift and (Ru) where no shift was made. The EDS analyses is given in Table

4.4 and the actual compositions are plotted in Figure 4.12, with the overall composition lying on the

tie-line between the two phases.

The solidification sequence for the alloy is as follows:
L — (Ru);
L + (Ru) —> (Ni,Pt).

s

Figure 4.10. BEI of LG 4 (Nominal Niss:Pti3:Rusy) with dark, irregular (Ru) dendrites and light
(Ni,Pt) cored matrix in the as-cast condition (scale bar = 24m).

Table 4.4. EDS analyses of LG 4 (Nominal Niss:Pti3:Rus,) in the as-cast condition.

Phase description | Ni (at.%) | Pt (at.%) | Ru (at.%0) | Phase | Proportions (%o)
Overall 440+13 | 16.1£1.5 | 39.9+£0.5 - -
Light phase 59.1£1.6 | 204+£2.0 | 20.5£1.3 | (Ni,Pt) 60%
Dark phase 23.8£1.0 | 99+1.1 | 66309 | (Ru) 40%
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Figure 4.12. EDS analyses of LG 4 (Nominal Niss:Pti3:Rus) in the as-cast condition (at.%).
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LG5 (Nominal Ni50:Pt5:RU45)

LG 5 (Nominal Nisg:Pts:Rugs) consists of (Ru) dendrites in a cored, (Ni,Pt) matrix (Figure 4.13).
The dendrites in this alloy is less irregular than in the previous alloy and are also lighter in
contrast here, whereas those before were darker. The XRD spectrum in Figure 4.14 shows a
good match with (Ru) and (Ni,Pt) with a shift, and has a high signal to background ratio. The
EDS analyses are shown in Table 4.5 and the actual compositions are plotted in Figure 4.15.
The overall compositions were on the tie-line between the two phases and the compositions of

the coring in the dark matrix were lying on top of each other.

The solidification sequence for the alloy is as follows:

L — (Ru);

L + (Ru) — (Ni,Pt).

Figure 4.13. BEI of LG 5 (Nominal Nis:Pts:Rugs) with light, (R) dendrites and dark, cored
(Ni,Pt) matrix in the as-cast condition (scale bar = 24m).

Table 4.5. EDS analyses of LG 5 (Nominal Nisg:Pts:Rugs) in the as-cast condition.

. _ Pt Proportions (%)
Phase description Ni (at.%) Ru (at.%) | Phase
(at.%)
Overall 622+03 | 59+0.7 | 31.9+2.0 - -
Light phase 38.0+03 | 33408 | 58703 | (Rw 40%
Dark phase (light coring) | 69.6+0.5 | 7.1+ 1.2 | 23.3+0.8 | (Ni.PY) 40%
Dark phase (dark coring) | 69.3+0.6 | 7.0+ 0.2 | 23.7+0.5 | (NLPY 20%
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Figure 4.15. EDS analyses of LG 5 (Nominal Nisp:Pts:Rugs) in the as-cast condition (at.%).
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LG 6 (Nominal Nigo:Pts:Russ)

The microstructure of LG 6 (Nominal Nigy:Pts:Russ) consists of white (Ru) dendrites in a dark,
cored (Ni,Pt) matrix (Figure 4.16). The dendrites in the alloy are also less irregular than that of
LG 4. The phases were confirmed by XRD and the spectrum is shown in Figure 4.17 although
the peaks had shifted with respect to the pure elements. The spectrum shows a high signal to
background ratio. There were some minor unidentified peaks at 20 = 20°, 23°, 26° and 31°. The
EDS analyses are shown in Table 4.6 and the actual compositions are plotted in Figure 4.18

showing that the overall composition was on the tie-line of the component phases.

The solidification sequence for the alloy is as follows:
L — (Ru);
L + (Ru) - (Ni,Pt).

SUoum

Figure 4.16 BEI of LG 6 (Nominal Nigo:Pts:Russ) with light, (Ru) dendrites and cored, dark

(Ni,Pt) matrix in the as-cast (scale bar = 50.m).

Table 4.6. EDS analyses of LG 6 (Nominal Nigo:Pts:Russ) in the as-cast condition.

Phase description Ni (at.%0) (afé/o) Ru (at.%0) | Phase | Proportions (%)
Overall 66.0£05 | 54+£0.1 | 28.6x1.0 B B
Light phase 46.1+0.6 | 32402 | 50.7+06 | (Rw 24%
Dark phase (light coring) | 73.9+0.4 | 6.5+0.9 | 19.6+0.6 | (NLPY 8%
Dark phase (dark coring) | 78.8+0.6 | 7.2+0.5 | 14.0+£0.3 (Ni,Pt) 68%
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Figure 4.18. EDS analyses of LG 6 (Nominal Nigo:Pts:Russ) in the as-cast condition (at.%).
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LG 7 (Nominal Nigs:Ptys:Rusp)

LG 7 (Nominal Niss:Ptys:Rusg) appears to be a single-phase alloy with, barely discernable, small
dark particles and the microstructure is shown in Figure 4.19. The matrix is identified as (Ni,Pt)
and the XRD spectrum can be seen in Figure 4.20. However, Ru peaks have also been identified
in the XRD spectrum. The (Ru) phase could be due to solid state precipitates (too small for EDS
analyses) formed during cooling after solidification. The XRD spectrum shows a high signal to
background ratio. The EDS analyses are given in Table 4.7 and the actual compositions are

plotted in Figure 4.21.

The solidification sequence for the alloy is as follows:
L — (Ni,Pt);
L + (Ni,Pt) > (Ru).

Figure 4.19. BEI of LG 7 (Nominal Niss:Ptys:Rusp) showing (Ni,Pt) in the as-cast condition with

some pores (scale bar = 16 xm).

Table 4.7. EDS analyses of LG 7 (Nominal Nigs:Ptys:Rusp) in the as-cast condition.
Phase description Ni (at.%0) Pt (at.%) Ru (at.%) Phase
Overall 344+0.1 21.4+0.3 442 +0.2 (Ni,Pt)
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Figure 4.21. EDS analyses of LG 7 (Nominal Nigs:Ptzs:Rusp) in the as-cast condition (at.%).
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LG8 (Nominal Ni35:Pt35:RU3o)

The microstructure of LG 8 (Nominal Niss:Pt3s:Rus) (Figure 4.22) appears to be two-phase, with

lighter dendrites in a darker matrix. The phases were confirmed by XRD (Figure 4.23) with

larger (Ni,Pt) peaks, and also small Ru peaks. Some shift in the peaks was noticed. It is not

clear how the (Ru) formed but it must have been on solidification because it is located at the

edges of the dendrites (the edges of the dendrites are lighter compared to the rest of the dendrite,

indicating a higher atomic mass). The spectrum shows a high signal to background ratio and the

EDS analyses are shown in Table 4.8 with the actual compositions plotted in Figure 4.24. The

overall did not lie on the tie-line between the phases.

The solidification sequence for the alloy is as follows:
L — (Ni,Pt);
L — (Ruw).

SRR = 2

Figure 4.22. BEI of LG 8 (Nominal Niss:Ptss:Rusp), in the as-cast condition showing small (Ru)

regions inside the cored (Ni,Pt) dendrites (scale bar = 120um).

Table 4.8. EDS analyses of LG 8 (Nominal Niss:Ptss:Rusp) in the as-cast condition.

Phase description | Ni (at.2%0) | Pt(at.%) | Ru (at.%) | Phase | Proportions (%)
Overall 361406 | 372405 | 26.7+08 - -
Dark 550+3.9 | 390+1.1 | 6.0+28 | (NLPY 28%
Light 302+7.1 | 389+19 | 21.9+8.9 | (Ni,Pt) 2%
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Figure 4.23. XRD spectrum of LG 8 (Nominal Niss:Ptss:Rusp) in the as-cast condition.
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Figure 4.24. EDS analyses of LG 8 (Nominal Niss:Ptss:Rusp) in the as-cast condition (at.%).
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LG9 (Nominal Ni25ZPt45ZRU30)

The microstructure of LG 9 (Nominal Ni,s:Ptss:Rusg) appears to be a two-phase alloy (Figure

4.25) with dark dendrites in a light matrix. The XRD spectrum in Figure 4.26 confirmed that the

alloy mainly consists of (Ni,Pt). However some of the Ru peaks are present in the spectrum.

This might be due to solid state precipitation of Ru from (Ni,Pt). The spectrum shows a high

signal to background ratio.

The EDS analyses are shown in Table 4.9 and the actual

compositions plotted in Figure 4.27. The overall composition lies just under the tie-line between

the phases.

The solidification sequence for the alloy is as follows:
L — (Ni,Pt);
L - (Ru).

Figure 4.25. BEI of LG 9 (Nomlnal N|25 Ptys:
dendrites (scale bar = 40.m) in the as-cast condltlon

Table 4.9. EDS analyses of LG 9 (Nominal Nis:Ptss:Rugp) in the as-cast condition.

Phase description | Ni (at.%) | Pt (at.%) | Ru (at.%0) | Phase Proportions (%)
Overall 24.0+0.6 |46.0+0.5 |30.0+0.5 - -
Light 233484 |453+48 [31.4+5.1 | (Ni,Pt) 32%
Dark 134+£0.6 [39.2+0.2 |474+0.8 (Ru) 68%
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Figure 4.26. XRD spectrum of LG 9 (Nominal Nizs:Ptss:Rusg) in the as-cast condition.
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Figure 4.27. EDS analyses of LG 9 (Nominal Nis:Ptss:Rusg) in the as-cast condition (at.%).
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LG 10 (Nominal Ni15ZPt55:RU3o)

LG 10 (Nominal Ni;s:Ptss:Rusg) appeared to be a two-phase alloy consisting of a cored dark and
light phase (Figure 4.28). The XRD spectrum in Figure 4.29 confirmed that this is a single phase
consisting of (N1,Pt). No Ru peaks were present in the XRD spectrum, as in the previous alloys.
The spectrum shows a high signal to background ratio. The EDS analyses are given in Table
4.10 and the actual compositions are plotted in Figure 4.30. It can be seen that a phase is

missing, because the overall analysis does not lie on the tie-line joining the two phases.

The solidification sequence for the alloy is as follows:

L — (Ni,Pt).

Figure 4.28. BEI of LG 10 (ominal N1.5:Pt55:Ru3o) in the as-cast condition, showing a matrix
with different contrasts of (Ni,Pt) (scale bar = 40m).

Table 4.10. EDS analyses of LG 10 (Nominal Niys:Ptss:Rusp) in the as-cast condition.

Phase description | Nij (at.9%) | Pt (at.%) | Ru (at.%) | Phase | Proportions (%)
Overall 16.9+03 (440403 |39.1£0.3 - -
Light 155+1.1 |585+43 [260+50 | (NiPt) 16%
Dark 10.8+4.6 [526+1.2 |36.6+80 | (NiPt) 84%
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Figure 4.29. XRD spectrum of LG 10 (Nominal Nijs:Ptss:Rus) in the as-cast condition.
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Figure 4.30. EDS analyses of LG 10 (Nominal Niss:Ptss:Ruso) in the as-cast condition (at.%)
(® =phases and M= overall.
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4.1.2 Alloys after Heat Treatment at 1000°C for 1000 hours and water quench

LG 2 (Nominal Niy:Pt23:Ruse7)

After annealing the alloy for 1000 hours at 1000°C, the microstructure of LG 2 (Nominal
Nijo:Pt23:Rug7) changed from being single phase to an apparent three-phase alloy (Figure 4.31).
The overall composition had also changed significantly, suggesting that the unmelted Ru,
previously seen, dissolved and was incorporated fully in the sample. The main structures present
were the (Ni,Pt), (Ru) and what could be an oxide that formed during heat treatment in air,
according to XRD (Figure 4.32). The spectrum was much more complicated than before
annealing (Figure 4.5) where a single-phase solid solution of Ni and Pt were identified, once the
peaks were shifted. After annealing the (Ru) and nickel oxide peaks were present. The oxide
was formed during the heat treatment of the alloy and was found on the outer surface of the
sample. The needles were the darkest phase. Its identity is most likely to be (Ru). The lightest
contrast phase should be (Ni,Pt) and the medium phase is either a new phase or a modulation of
the local composition caused by the precipitation of (Ru), thus a depletion of Ru. The EDS
analyses are given in Table 4.11 and the actual compositions are plotted in Figure 4.33. The
overall analyses are very near the tie-line which is within acceptable error. The EDS analyses
were all normalised and if oxygen was present, it would not be shown in the results. The phase

proportions are given in Table 4.11.

Figure 4.31: BEI of LG 2 (Nominal Niyo:Pt23:Rue7) after heat treatment and water quench
showing (Ni,Pt) (light), with coring and dark (Ru) needles (scale bar = 24 um).
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Table 4.11. EDS analyses of LG 2 (Nominal Niyo:Pty3:Rug7) in the annealed condition.

Phase description | Ni (at.%) | Pt (at.%) | Ru (at.%) | Phase | Proportion (%)
Overall 10.0+£03 | 27.8+0.5 | 62.2+£0.9 - -
Light Phase 183+13 | 384+1.2 | 43.3+1.9 | (N,PY) 40%
Medium Phase 12.0+£0.6 | 29.1+£0.8 | 58.9+£0.7 (Ru) 32%
Dark Phase 35£1.0 153+£09 |81.2+14 (Ru) 28%

53



1400 300

1200 -
+ 250
1000 -
+ 200
2
800 1 >
£ 2
c (]
§ T 150%
>
600 e
(0]
x
+ 100
400 -
+ 50
200 - u
W M

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
2 Theta

| ——Pt(4-802) Ru (6-663) —— Nickel Oxide (44-1977) |

Figure 4.32. XRD scan of LG 2 (Nominal Niqo:Pt23:Rusy) after heat treatment and water quench.
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Figure 4.33. EDS analyses of LG 2 (Nominal Niyo:Pt3:Rugy) after heat treatment and water
quench (at.%).
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LG 3 (Nominal Nizo:Ptzo:RUGO)

LG 3 (Nominal Niy:Ptyo:Ruep) changed after heat treatment and water quenching, from a single-
phased alloy to what seems like a three-phase alloy (Figure 4.34). The medium phase consisted
of fine dark (Ru) needles in a lighter (N1,Pt) matrix. The overall composition had changed; thus
some homogenisation had occurred (since there was no sign of the unmelted Ru). According to
the XRD scan (Figure 4.35), the main structures present were (Ni,Pt), (Ru) and NiO when the
peaks were shifted. Again, the XRD pattern had become more complex after heat treatment than
in the as-cast state (Figure 4.8), but compared to the XRD spectrum from LG 2, the spectrum
contains fewer peaks. However, the lightest contrast phases could both have been (Ni,Pt), with
the local differences caused by the precipitation of the (Ru) needles. The EDS analyses are
shown in Table 4.12 and the actual compositions are plotted in Figure 4.36. The sample might
contain some oxygen in the form of a metal oxide (which formed on the surface of the sample

during heat treatment), thus the overall composition lies outside the composition triangle. The

phase proportions are shown in Table 4.12.

Figure 4.34: BSE |mage of LG 3 (Nomlnal ngo Ptzo Ruso) after heat treatment and water
quench showing (Ni,Pt) (light) with (Ru) needles (dark) and the medium contrast regions are fine
needles (scale bar = 16m).

Table 4.12: EDS analyses of LG 3 (Nominal Niy:Pt2o:Rugo) in the annealed condition.

Phase description | Ni (at.%) | Pt (at.%) | Ru (at.%) Phase Proportion (%)
Overall 264+0.6 | 20.8+0.2 | 52.8+0.8 - -
Light Phase 428+05 | 42.1+0.6 | 15104 (Ni,Pt) 20%
Medium Phase | 14.1+0.5 | 36.0£0.9 | 49.9+0.7 | (Ni,Pt), (Ru) 16%
Dark Phase 72409 | 132+1.1 | 79.6+0.8 (Ru) 64%
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Figure 4.35: XRD spectrum of LG 3 (Nominal Niyo:Pt2o:Rugo) after heat treatment and water quench.
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Figure 4.36: EDS analyses of LG 3 (Nominal Niyo:Ptyo:Ruep) after heat treatment and water

guench (at.%).
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LG4 (Nominal Ni35:Pt13:RU52)

In LG 4 (Nominal Niss:Pt;3:Rus;), the proportions of the different phases that were present in the
as-cast state changed after annealing the alloy for 1000 hours at 1000°C (Figure 4.37). The
overall composition had changed after annealing, which was strange considering that no
unmelted (Ru) had been observed before. However, before metallographic sample preparation, a
layer of Ni-oxide was visible on the surface. The black spots visible in Figure 4.37 could be
remnants of this oxide layer. These spots were too small to analyse correctly. The three main
phases present are (Ni,Pt), (Ru) and NiO according to XRD (Figure 4.38), after shifting the
peaks. The oxide formed during heat treatment and was mainly found on the outside surface of
the sample. On comparing the as-cast (Figure 4.11) and heat-treated results (Figure 4.38), some
peaks seemed to grow and others seemed to shrink. Once again, the XRD spectrum was more
complex, suggesting more than two phases are present. However, microstructurally, the third
phase was more difficult to resolve than in LG 2 (Nominal Nijo:Pty3:Rus7) and LG 3 (Nominal
Niyo:Ptyo:Rugp). The EDS analyses are shown in Table 4.13 and the actual composition is plotted
in Figure 4.39. The overall composition lies away from the composition line and could be the
result of the presence of oxygen as a metal oxide or due to another phase that was missed. The
effect of precipitation in both phases skews the positions of the overall on the tie line in Figure
4.39. The EDS analyses were all normalised and if oxygen was present, it would not be shown

in the results. The phase proportions are shown in Table 4.13.

Figure 4.37: BEl of LG 4 NomiNigs:Pt13:Ru52 after heat treatment and water quench
showing (Ni,Pt) (light) and (Ru) (dark) (scale bar = 17um).

Table 4.13: EDS analyses of LG 4 (Nominal Nigs:Pti3:Rus,) in the annealed condition.

Phase description | Ni (at.%) | Pt (at.%0) | Ru (at.%) | Phase | Proportion (%0)
Overall 28.840.1 | 16.2+0.4 | 55.0£0.2 - -
Light Phase 61.8+0.3 | 27.3+0.6 | 109+ 0.9 | (N1,Pt) 56%
Dark Phase 16.5+0.6 | 7.0+£0.5 | 76.5+0.5 | (Ru) 44%
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Figure 4.38: XRD spectrum of LG 4 (Nominal Niss:Pti3:Rus,) after heat treatment and water quench.
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Figure 4.39: EDS analyses of LG 4 (Nominal Niss:Pti3:Rus,) after heat treatment and water
quench (at.%).
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LG5 (Nominal Ni50:Pt5:RU45)

The phase proportions in Alloy LG 5 (Nominal Niso:Pts:Russ) changed after heat treating the
alloy for 1000 hours at 1000°C (Figure 4.40) and the dendrites were more decomposed, giving a
lower proportion of (Ru) dendrites. There was also no trace of coring in the (Ni,Pt). There are
some dark spots that are pores. The two main structures present were the (Ni,Pt) and the (Ru),
according to XRD (Figure 4.41), once the peaks are shifted. The (Ru) peaks seem to have grown,
and the (Ni,Pt) seem to have shrunk, and NiO peaks appeared after the heat treatment. A black
pores lay mostly within the light (Ru) phase. The EDS analyses are shown in Table 4.14 and are
plotted in Figure 4.42. The overall composition lies very close to the compositional triangle and
is within experimental error. The EDS analyses were all normalised and if oxygen was present,
it would not be shown in the results. The phase proportions are shown in Table 4.14, 4% being

holes.

= =

Figure 4.40. BEI of LG 5 (Nominal Niso:Pts:Ruas) after heat treatment and water quench
showing light (Ru) dendrites and dark (Ni,Pt) matrix and pores (scale bar = 24um).

Table 4.14. EDS analyses of LG 5 (Nominal Niso:Pts:Ruys) after heat treatment and a water

Phase description | Ni (at.%0) | Pt ?autefr’z)h Ru (at.%0) | Phase | Proportions
Overall 543+03 | 72+03 | 38.5+04 - -
Light Phase 114+08 | 08+04 | 87.8+06 | Ru 36%
Dark Phase 77.9+0.6 | 9105 | 13.0+£0.6 | (NLPY 60%
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Figure 4.41: XRD scan of LG 5 (Nominal Niso:Pts:Rugs) after heat treatment and water quench.
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Figure 4.42: EDS analyses of LG 5 (Nominal Nisg:Pts:Ruys) after heat treatment and water
quench (at.%).
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LG 6 (Nominal NisoZPt5:RU35)

The phase proportions in LG 6 (Nominal Nigy:Pts:Russ) had changed less after heat treatment

(Figure 4.43) than in the other alloys. However, the (Ru) phase had become more rounded and

the coring in (Ni,Pt) had disappeared. XRD identified the two main structures as (Ni,Pt) and

(Ru) and some of the peaks were identified as NiO (Figure 4.44) as compared to the XRD

spectrum for the as-cast sample in Figure 4.17. The peaks have shifted due to the solid solution

of the elements in each other. The Ru peaks became more prominent and the (Ni,Pt) peaks

became smaller after annealing. The spectrum showed a high signal to background ratio.

EDS analyses are shown in Table 4.15 and the compositions are plotted in Figure 4.45.

overall composition lies right on the tie-line between the two phases.

&F

Figure 4.43: BEI of L 6 (Nominal Niso:Pts:legs) ar heat t

. &
o5 -
¥ ~ L

=

reatment and water guench
showing (Ru) (light) and (Ni,Pt) (dark) (scale bar = 16m).

Table 4.15: EDS analyses of LG 6 (Nominal Nigo:Pts:Russ) after heat treatment and water

The
The

Phase description | Ni (at.%) | Pt (a?.g/ir;Ch'Ru (at.%) | Phase | Proportions (%)
Overall 62.8+06 | 54+09 | 31.8+0.3 } }
Light Phase 121403 | 0.6+05 | 87.3+0.6 | (Ru 28%
Dark Phase 79.8+02 | 74+0.7 | 12804 | (NLPY 72%
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Figure 4.44: XRD scan of LG 6 (Nominal Nieo:Pts:Russ) after heat treatment and water quench.
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Figure 4.45: EDS analyses of LG 6 (Nominal Nigo:Pts:Russ) after heat treatment and water
quench (at.%).
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LG 7 (Nominal Ni45:Pt25:RU3Q)

LG 7 (Nominal Nigs:Ptys:Ru3p) shows three phases (Figure 4.46). The black phase is a newly-
precipitated phase that was too small to be analysed by EDS. Figure 4.47 shows the XRD
spectrum of LG 7 (Nominal Nigs:Ptys:Rusp) in the heat treated state. The XRD spectrum for the
as-cast sample in Figure 4.20 shows a single-phase and from this it can be ascertained that LG 7
(Nominal Nigs:Ptys:Rusp) is a single phase alloy before heat treatment. It is likely that the
needles were (Ru) according to the XRD spectrum (Figure 4.47). More peaks are visible after
heat treatment, and those are identified to be NiO (after shifting the peaks). The light phase is
the (N1,Pt) and the dark phase is the (Ru). The EDS analyses are shown in Table 4.16 and the
actual compositions are plotted in Figure 4.48. The EDS analyses were all normalised and if

oxygen was present, it would not be shown in the results. The phase proportions are shown in

Table 4.16.

a b
Figure 4.46: Microstructure of LG 7 (Nominal Nigs:Ptys:Rusp) after heat treatment containing a
light (Ru) matrix, dark regions consisting of fine (Ni,Pt) needles and black (Ni,Pt) precipitates.
(The micron markers are 100 and 30xm respectively.)

Table 4.16: EDS analyses of LG 7 (Nominal Nigs:Ptas:Rusg) after heat treatment and water

Phase description | Pt (at.%) | Ru (atc.lfl’gmh.l\li (at.%) | Phase | Proportions (%)
Overall 255140 | 36.1£1.9 | 38.4+5.8 - -
Light Phase 322+1.1 | 11.9+44 | 559+£3.5 (Ru) 40%
Dark Phase 74+04 | 848+1.1 | 7.8+£0.7 | (NiPt) 28%
Black Phase | 41+09 | 93.5+1.1 | 24+06 | (NLPD 32%
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Figure 4.47: XRD spectrum LG 7 (Nominal Niss:Ptys:Rusg) after heat treatment and water quench.
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Figure 4.48: EDS analyses of LG 7 (Nominal Niss:Ptos:Rusg) after heat treatment (at.%).
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LG8 (Nominal Ni35:Pt35:RU3o)

LG 8 (Nominal Nijs:Pt3s:Rujzg) was very similar to LG 7. It had three phases: dark, newly

precipitated, Ru-rich (Ru) needles and light (Ni,Pt), and medium (Ru) phases. The

microstructure is shown is Figure 4.49. Figure 4.49a is at a lower magnification to show the

appearance of the dendrites. The XRD spectrum of the as-cast sample is shown in Figure 4.23

and shows that LG 8 (Nominal Niss:Pt3s:Rusp) is single phase before heat treatment. After heat

treatment, the (Ni,Pt) peaks have grown and that there are more peaks on the XRD spectrum

which have been identified as NiO, once the peaks were shifted. The peak at 26 = 13° is from

the plasticine that the sample was mounted in. The light phase is (Ni,Pt) and the medium phase

is (Ru). The EDS analyses are shown in Table 4.17 and the actual compositions are plotted is

Figure 4.51. The EDS analyses were all normalised. The phase proportions are shown in table

4.17.

Figure 4.49:

b

BEI showing the microstructure of LG 8 (Nominal Nigs:Ptss:Rusp) after heat

treatment and water quench containing a light (Ru) matrix, dark regions consisting of fine
(Ni,Pt) needles and black (Ni,Pt) precipitates. The micron markers are 100 and 30zm
respectively.

Table 4.17: EDS analyses of LG 8 (Nominal Niss:Ptss:Rusp) after heat treatment and water

Phase description | Pt (at.%) | Ru (atc.léﬁ)n(:h.l\li (at.%) | Phase | Proportions (%)
Overall 342+1.7 | 351+ 1.4 | 30.7+1.2 - -
Light Phase 41.9+0.1 | 135402 | 44.6+0.1 | (Ru) 44%
Medium Phase | 275+ 17 | 51.1+22 | 214+ 1.3 | (Ni,Pt) 28%
Dark Phase 56+29 [91.0£3.0 | 34426 | (Ni,Pt) 28%
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Figure 4.50: XRD spectrum of LG 8 (Nominal Niss:Ptss:Rusg) after heat treatment and water quench.
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Figure 4.51: EDS analyses of LG 8 (Nominal Niss:Ptss:Rugp) after heat treatment and water
quench (at.%).
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LG 9 (Nominal Nizs:Ptss:Rus)

LG 9 (Nominal Niys:Ptss:Rusg) was a single phase alloy in the as-cast condition and did not

change much after heat treatment. The microstructure of LG 9 after heat treatment is shown in

Figure 4.52 coring is still visible. The XRD spectrum (Figure 4.26) of the as-cast sample shows

(N1,Pt) with a small amount of Ru present. The XRD spectrum (Figure 4.53) of the heat treated

sample shows the same peaks, but in different proportions. There are peaks that have appeared

after heat treatment that correspond to (Ru), after shifting of the peaks. The shift was due to

large amounts of Ni and Pt in solution. The peak at 20 = 13° is from the plasticine holding the

sample. The EDS analyses are shown in Table 4.18 and the compositions are plotted in Figure

4.54. The phase proportions are shown in Table 4.18.

Figure 4.52: BEI of LG 9 (Nominal Ni,s:Ptss:Rusp) showing a cored single-phase after heat

treatment and water quench containing a light (Ru) matrix, dark (Ni,Pt) dendrites. (micron

Table 4.18. EDS analyses of LG 9 (Nominal Niys:Ptys:Ruzp) after heat treatment and water

marker = 90m).

Phase description | Pt(at.%) | Ru ?:'EQ/?)]. Ni (at.%0) Phase | Proportions
Overall 46.5+2.0 | 299+2.0 | 23.6+34 - -
Light Phase 496+12 | 16.6£4.0 | 33.8+3.0 (Ru) 55%
Dark Phase 40.6+03 | 43512 | 159+ 1.2 | (Nipy) 45%
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Figure 4.54: EDS analyses of LG 9 (Nominal Nizs:Ptss:Rusp) after heat treatment and water
quench (at.%).
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LG 10 (Nominal Ni15:Pt55:RU3o)

LG 10 (Nominal Ni;s:Ptss:Rujz) is similar to LG 9 (Nominal Ni,s:Ptss:Rusp). The microstructure

of the heat treated sample is shown in Figure 4.55 (single phase with coring). The XRD spectra

of the as-cast and heat treated samples show a good fit after shifting and are shown in Figures

4.29 and 4.56 and show a single phase (Ni,Pt), since all the peaks are the same and the alloy lies

in the (Ni,Pt) phase field. The EDS analyses are shown in Table 4.19 and the compositions are

plotted in Figure 4.57.

220 unm

Figure 4.55: BEI of the microstructure of LG 10 (Nominal Nijs:Ptss:Rugp) after heat treatment
and water quench, consisting of different contrast regions of (Ni,Pt), (micron markers =220.m).

Table 4.19: EDS analyses of LG 10 (Nominal Niys:Ptss:Rusp) after heat treatment and water

Phase description | Pt(at.%) | Ru %;Eg/if)l- Ni (at.%0) Phase | Proportions
Overall 559+1.2 | 29.1£1.7 | 15.0£0.7 - -
Light Phase 60.8+29 | 17.1£6.3 | 22.1+3.5 (Ni,Pt) 30%
Dark Phase 53.6+05 | 385+1.6 | 79+12 | (Nipy 70%
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Figure 4.57: EDS analyses of LG 10 (Nominal Niys:Ptss:Rusp) after heat treatment and water
quench (at.%).
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4.1.3 Ordering Heat Treatment at 500°C

LG1 (Nominal Ni47_5:Pt47_5:RU5)

LG 1 (Nominal Ni47 5:Pts75:Rus) experienced some changes after the heat treatment at 500°C to

promote ordering, as shown by the peaks in the XRD spectra of the as-cast and heat treated

samples (Figures 4.2 and 4.59). Some peaks are larger and a few are smaller (Figure 4.59)

compared to the as-cast sample (Figure 4.2) which could be expected from a change in texture on

annealing. Ordering has occurred, because there is an increase in the number of peaks, showing

that some superlattice peaks are appearing. The peaks in Figure 4.59 correspond to the ordered

phase NiPt. Only one peak at 20 = 19.5° has not been identified. The EDS analyses are shown

in Table 4.20 and are plotted in Figure 4.60.

Figure 4.58. BEI of LG 1 (Nominal Nis7s:Pts75:Rus) after ordering heat treatment and water

quench consisting of single phase (Ni,Pt), (micron markers =40um).

Table 4.20. EDS analyses of LG 1 (Nominal Nis75:Pts475:Rus) after ordering heat treatment.

Phase description

Ni (at.%)

Pt (at.%)

Ru (at.%)

Phase

Overall

453 £0.6

495+04

52+03

(Ni,Pt)
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Figure 4.60: EDS analyses of LG 1 (Nominal Ni475:Pt475:Rus) ordering heat treatment at 500°C for
a 1000 hours (at.%).
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4.2 Co-Pt-Ru System
4.2.1 As-cast alloys
LG 11 (Nominal Coy49:Ptso:Ruyg)

The composition of alloy LG 11 (Nominal Coaso:Ptso:Ru;jg) was chosen to be close to the CoPt
ordered region in the adjacent Co-Pt binary to test the extent of ordering into the ternary diagram.
The microstructure (Figure 4.61) consisted of a grey matrix without any visible second phase
although a difference in contrast consistent with coring is visible. A very good XRD spectrum was
obtained for the alloy, showing a high signal to background ratio with neat, narrow peaks.
Although there are significant shifts in the peaks, the XRD spectra in Figure 4.62 a) and b) show a
possible fit for both fcc Co and Pt peaks, indicating a single phase. The Co peaks were shifted to
the left and the Pt peaks were shifted to the right to match the spectrum as shown in Figure 4.63 a)
and b) and are shown together on the spectrum in Figure 4.64. The alloy consists of (aCo,Pt) as
shown by the XRD results. There are some small peaks shown in Table 4.22 that could not be
identified. No peaks were found for the ordered phase, but this is expected in the as-cast condition.
Table 4.21 gives the EDS phase analyses for the nominal Cog4o:Ptso:Rujo alloy in the as-cast

condition and the actual compositions are plotted in Figure 4.65.

The solidification sequence for the alloy is: L — fcc(Co,Pt).

Figure 4.61. BEI of LG 11 (Nominal Cogo:Ptsp:Rujo) in the as-cast condition showing a single-
phase (Co,Pt) matrix.

Table 4.21. EDS analyses of LG 11 (Nominal Co4:Ptso:Rujp) in the as-cast condition (at.%).
Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)

Overall 448+0.2 | 89+04 |463+0.2 | fcc(Co,Pt) ~100 fee(Co,Pt)
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Figure 4.62. XRD spectrum of LG 11 (Nominal Cogo:Ptso:Ruyp) in the as-cast condition showing a

comparison with both a) fcc Co and b) Pt peaks.
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Figure 4.63. XRD spectrum of LG 11 (Nominal Coao:Ptso:Rujp) in the as-cast condition showing the
a) fcc Co and b) Pt peaks after shifting.
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Figure 4.64. XRD spectrum of LG 11 (Nominal Cogo:Ptso:Rusp) in the as-cast condition, with both shifted fcc Co and Pt peaks overlaid.
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Figure 4.65. EDS analyses of LG 11 (Nominal Co4:Ptso:Rujp) in the as-cast condition (at.%).

Table 4.22. Unidentified peaks in the as-cast condition.

20 (°) Intensity
22 150
31.2 25
37 50
45 100




LG 12 (Nominal Coys:Pt75:Ruyg)

The composition of LG 12 (Nominal Co;s:Pt;s:Rujg) was chosen to lie near the CoPt; ordering
phenomenon in the Co-Pt system. As with alloy LG 11, this was done to check the extent of
ordering into the ternary system. The microstructure is shown in Figure 4.66 and consists of a grey
matrix with no evidence of coring. Table 4.23 gives the EDS phase analyses for the nominal
Cois:Ptys:Ruyg alloy in the as-cast condition, showing that there is almost no Co present in the alloy
and most of the Co had been lost due to an error while weighing out the different elements. The
actual composition is plotted in Figure 4.68. The XRD spectrum shows that only Pt was detected
(Figure 4.67), with no need to shift the peaks. There was a high signal to background ratio with
neat, narrow peaks, although some small, unidentified peaks (shown in Table 4.24) were visible.

The peaks were compared to the oxides of the elements of the alloy but no match was found.

The solidification sequence for the alloy is as follows: L — fce(Co,Pt).

Figure 4.66. BEI of LG 12 (Nominal Coss:Pt75:Rusp) in the as-cast condition, showing the grey
(Co,Pt) matrix.

Table 4.23. EDS analyses of LG 12 (Nominal Co;s:Ptzs:Rujp) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)

Overall 941+0.7 | 54+0.2 0.5+0.5 | fee(Co,Pt) ~100 fee(Co,Pt)
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Figure 4.67. XRD spectrum of LG 12 (Nominal Co;s:Pt;5:Rusp) in the as-cast condition, with the Pt peaks overlaid.
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Figure 4.68. EDS analyses of LG 12 (Nominal Coss:Ptrs:Rusp) in the as-cast condition (at.%).

Table 4.24. Unidentified peaks in the as-cast condition.
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LG 13 (Nominal Coyy:Pts:Rus)

LG 13 (nominal Cog:Pts:Rus) appears to be a single-phase alloy (Figure 4.69), and Table 4.25
gives the EDS phase analyses in the as-cast condition. The actual composition is plotted in Figure
4.73. A very good XRD spectrum was obtained for this alloy, with a high signal to background
ratio with peaks that were fairly broad, indicating a range of compositions. Some small unidentified
peaks can be seen and are shown in Table 4.26. In Figure 4.70 hcp €¢Co and fcc Co peaks were
identified, thus two phases were identified, even though a second phase was not clearly seen in the
microstructure. After shifting of the lines, the spectra in Figure 4.71 show a good fit for the fcc Co

and €Co. Both the cubic and hexagonal Co lines are shown on the spectrum in Figure 4.72.

The solidification sequence for the alloy is: L + hep eCo — fee (Co,Pt)

2 i

Figure 4.69. BEI of LG 13 (nominal Cogo:Pts:Rus) in the as-cast condition showing a grey (Co,Pt)
matrix.

Table 4.25. EDS analyses of LG13 (hominal Cogy:Pts:Rus) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)

Overall 50+06 | 5.1+£0.5 | 89.9+0.8 fce (Co,Pt) ~100 fcc (Co,Pt)
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Figure 4.70. XRD spectrum of LG 13 (nominal Cogo:Pts:Rus) in the as-cast condition showing a

comparison with both a) fcc Co and b) hcp €Co peaks.
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Figure 4.71. XRD spectrum of LG 13 (nominal Cogy:Pts:Rus) in the as-cast condition showing the

a) fcc Co and b) hcp eCo peaks after shifting.
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Figure 4.72. XRD spectrum of LG 13 (nominal Cogo:Pts:Rus) in the as-cast condition, with the shifted fcc Co and hcp eCo peaks overlaid.
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Figure 4.73. EDS analyses of LG 13 (nominal Cog:Pts:Rus) in the as-cast condition (at.%).

Table 4.26. Unidentified peaks in the as-cast condition.
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LG 14 (Nominal Cogy:Pt19:Rujyg)

LG 14 (Nominal Cogy:Pt;o:Rujo) is a two-phase alloy with dark dendrites in a light matrix (Figure
4.74). Very fine porosity was visible through out the alloy. Table 4.27 gives the EDS phase
analyses for the LG 14 (Nominal Cogy:Pt;9:Ruy) alloy in the as-cast condition and the composition
is plotted in Figure 4.77. The XRD results confirmed the presence of mainly single phase, hcp éCo
(Figure 4.75), and barely discernable fcc (Co,Pt) peaks (e.g. at ~ 19.5°, 23° and 32°) some small,
unidentified peaks were visible and are shown in Table 4.28. A comparison was made with the
oxide peaks for the elements present but no match was found. Figure 4.76 shows the spectrum with
the identifying lines overlaid on the hcp €¢Co peaks. The XRD spectrum showed a fairly high
signal to background ratio with fairly neat narrow peaks.

The solidification sequence for the alloy is: L + hep eéCo — fec (Co,Pt)

%

Figure 4.74. BEI of LG 14 (nominal Cogo:Pti9:Rusp) in the as-cast condition showing cored £Co)
dendrites in a light fcc(Co,Pt) matrix.

Table 4.27. EDS analyses of LG 14 (nominal Cogy:Pti0:Ruip) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)
Overall 83+03 | 85+04 | 83.2+0.3 - -
Dark 7.8+09 | 11.2+0.3 | 81.0+0.7 hep €(Co) ~75
Light 104+£0.5| 72+0.8 | 82.4+0.7 fce(Co,Pt) ~25
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Figure 4.75. XRD spectrum of LG 14 (nominal Cogo:Ptip:Ruip) in the as-cast condition showing a

comparison with hexagonal hcp ¢Co.
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Figure 4.76. XRD spectrum of LG 14 nominal (Cogo:Pt10:Ru1p) in the as-cast condition, showing the shifted peak matches for hcp & Co.
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Figure 4.77. EDS analyses of LG 14 nominal (Cogo:Ptio:Ruso) in the as-cast condition (at.%).

Table 4.28. Unidentified peaks in the as-cast condition.

20 Intensity

19 10
20.5 25
21.5 35
28.5 50

32 25
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LG 15 (Nominal Co3¢:Pt39:Rusg)

The microstructure of as-cast LG 15 (nominal Cosp:Pty:Rusp) shows a two-phase structure
(Figure 4.78), consisting of dark dendrites in lighter matrix. The (Ru) dendrites formed first, and
then the fcc (Co,Pt). Very fine porosity is visible. The XRD spectrum that was obtained for the
alloy is very clear, showing a high signal to background ratio with a good match for Ru and Pt
(Figure 4.79). The peaks were not as narrow as for the previous alloys, which suggest some
coring in the phases. Figure 4.80 show the spectra with the Pt peaks that were shifted to the right
and the Ru peaks that were shifted to the left. Some of the smaller peaks shown in Table 4.30
were not identified. All known peaks for different combinations of the elements and their oxides
were made but no match was found. Judging from the height of the peaks, there are almost equal
amounts of the (Ru) and fcc(Co,Pt) phases present in the alloy. Comparing this to the
microstructure, it can be seen that there was more fcc(Co,Pt). The EDS phase analyses for the
alloy is shown in Table 4.29 and the actual composition is plotted in Figure 4.82. The overall

did not lie on the tie-line between the two phases, but is nearly within experimental error.

The solidification sequence for the alloy is: L + (Ru) —» fcc (Co,Pt)

2 |

Figure 4.78. BEI of LG 15 (nomin-al Co30:Pty0:Rusp) in the as-cast condition showing dark, (Ru)
dendrites in a lighter, fcc(Co,Pt) matrix.

Table 4.29 EDS analyses of LG 15 (nominal Coso:Ptyo:Rusp) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)
Overall 204+0.3|557+0.5| 23.9+0.5 - -
Dark 18540563604 | 17.9+0.6 (Ru) ~40
Light 26.6+0.8 |434+0.7| 30.0+0.3 fce(Co,Pt) ~60
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Figure 4.79. XRD spectrum of LG 15 (nominal Coso:Ptyo:Rusp) in the as-cast condition showing

a comparison with a) Pt and b) Ru.
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Figure 4.80. XRD spectrum of LG 15 (nominal Coso:Ptyo:Rusp) in the as-cast condition showing the
a) Pt and b) Ru peaks after shifting.
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Figure 4.81. XRD spectrum of LG 15 (nominal Coso:Pt20:Rusp) in the as-cast condition, with both Pt and Ru peaks overlaid.
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Figure 4.82. EDS analyses of LG 15 (nominal Coszo:Pt2o:Rusp) in the as-cast condition (at.%).

Table 4.30. Unidentified peaks in the as-cast condition.

20 Intensity
19 50
20 100
25 25
31 50
32 25
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LG 16 (Nominal Cogo:Pt29:Ruy)

The microstructure of alloy LG 16 (Nominal Cogo:Pt20:Ruyp) (Figure 4.83) shows a single-phase matrix

with a few very fine pores are visible. The XRD spectrum (Figures 4.84 — 4.85) is very good and

shows a high signal to background ratio with very narrow peaks.

The peaks on the spectrum

correspond well with ¢Co with a small amount of (Co,Pt) present (Figure 4.84). The spectrum is

shown again in Figure 4.85 with the €Co lines shifted to the left and the Pt lines shifted to the right. In

Figure 4.86, both ¢Co and Pt lines are combined on the same spectrum. Judging by the height of the

€(Co) and Pt peaks, there is <10% (Co,Pt) present. The small unidentified peaks are shown in Table

4.32 The EDS phase analyses for this alloy is shown in Table 4.31 and the actual composition is

plotted in Figure 4.87.

The solidification sequence for the alloy is:

| 72612007 HV

L+ €Co — (Co,Pt)

spot| mag WD

dat — 100 pm —

1 11:46:32 AM 20.00 kV| 4.0 |500 % 6.0 mm DualBSD

Figure 4.83. LG 16 (Nominal Cogo:Pt20:Ruyp) in the as-cast condition showing a single (Co,Pt) phase
structure.

Table 4.31. Analyses LG 16 (Nominal Cogo:Pt20:Ruyp) in the as-cast condition (at.%).

Phase description

Pt (at.%)

Ru (at.%)

Co (at.%)

Phase

Phase Proportion
(%)

Overall

20.3+0.2

19.8+0.9

59.910.8

€Co + small amount
(Co,Pt)

<90 ¢Co (XRD)
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Figure 4.84. XRD spectrum of LG 16 (Nominal Cogo:Pt20:Ruy) in the as-cast condition showing a

comparison with a) éCo and b) Pt.

106



LG16

4000 =
3000 —|
£
S 4
=] 1
L
=
= o0
1000
P TP —— o | \.wm_-{f\.-,..-ﬁ.m‘-#‘—:‘.l_w-ru%r.r:,. ﬂ’\";\m@’ L
" 0 0 % =
2-Theta - Scale
ERILG16 - File: 316 ranw - Type: ThTH loched - Star. 10.000 * - End: 55 000 - Siep: 010507 - Step me: 3.8 - Temp. 25 °C {Roo) - Time Started: 16 5 - 2-Theta. 10000 * - Theta 5000 * - O 50.00" - P 000° - X B0 mm - Y. 00 rm - Z 0
_ Oporations: Background 1.000,1.000 | St kidpha2 0.500 | impor
[L1060.00.0727 (N} - Cobal - Co - ¥- 100.00 % - o x by 1.0437 - WL 07083 - Maxagonal - 3 2 50310 - b 2 60310 - ¢ 4 05050 - aipha 50 000 - bata 90,000 - gamema 120000 - Primtrvs - PEVmme {194) - 2 - 22,0926 - F10= 10{0.1020,10) a)
000 —
000 —
w
=
= 1
= -
o 1
Q
=
= ]
= 2o
1000 =
LI e e e e R e B e e R e et
40

0 mn k) =

2-Theta - Scale

EA085 - Fi: L6516 v - Typar ZTRITh bt - Stat: 10 001 * - Endl 55 00 * - Stopr 01050 ” - St temc 3. - Taerps - 26 °C (Reoorm) - Tima Startnet 16 5 - 2-Thata: 10,000 * - Theta §.000 * - Che 9000 * - Phe 000" - DO mm- ¥ Q0mm- 20
Opurations: Backgreurd 1.000,1.000 | S¥ip kijphaZ 0,500 | mport
[Lonome-23a3 () - PLatinum - P1- ¥ 117 50 % < x by, 09205 - WL 0 7093 - Cusbuc - 2 3 57000 - B3 97000 - £ 3 7000 - 3ipha 90 000 - beta 0 000 - gamma 50 000 - F ace-camarnd - Fm-3m (225) - 4 - 62 5700 - Ulc POF 746 501000 % - F b)

Figure 4.85. XRD spectrum of LG 16 (Nominal Cogo:Pt20:Ruy)in the as-cast condition showing a

comparison with a) éCo and b) Pt after shifting.
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Figure 4.86. XRD spectrum of LG 16 (Nominal Cogo:Pt20:Ruzp) in the as-cast condition with both ¢ Co and Pt overlaid.
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Figure 4.87. EDS analysis of LG 16 (Nominal Cogo:Pty:Ruy0) in the as-cast condition (at.%).

Table 4.32. Unidentified peaks in the as-cast condition.

20 Intensity
21.5 50

31 100
32.2 300
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LG 17 (Nominal Coy¢:Pt39:Rugp)

The micrograph in Figure 4.88 shows the microstructure of LG 17 (Nominal Cojo:Pt30:Rug). Two
phases are visible: a light phase that was identified as fcc(Co,Pt), and a dark phase that was identified
as €(Ru). The XRD spectrum shows a quite poor signal to background ratio. The peaks are narrow and
show a good fit to Ru and Pt (Figure 4.89). Figure 4.90 shows the spectrum with the lines shifted.
Figure 4.91 shows the XRD spectrum with the Ru and Pt peaks overlaid. Judging from the height of
the peaks it appears that there is slightly more (Ru) than fcc(Co,Pt) present, although the microstructure
shows that there is over 80% (Ru). Two unidentified peaks are shown in Table 4.34. The EDS phase
analyses for this alloy is shown in Table 4.33 and the actual composition is plotted in Figure 4.92. The

overall was on the tie-line between the two phases.

The solidification sequence for the alloy is: L + (Ru) — fcc(Co,Pt)

Figure 4.88. BEI of LG 17 (Nominal Cojo:Pt30:Rugp) in the as-cast condition showing dark (Ru) and
fcc (Co,Pt) light phase.

Table 4.33. EDS analyses LG 17 (Nominal Co19:Pt3:Rugp) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) Co (at.%) Phase Phase Proportion (%)
Overall 303£1.2 | 63.8+1.1 59+1.0 - -
Dark 323+1.5 | 60.6+£1.0 7.1£0.9 (Ru) ~80
Light 509+13 | 19.7+1.1 29.4+0.9 fce(Co,Pt) ~20
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Figure 4.89. XRD spectrum of LG 17 (Nominal Coyo:Pt30:Rugp) in the as-cast condition showing a

comparison with a) Pt and b) Ru.
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Figure 4.90. XRD spectrum of LG 17 (Nominal Co10:Ptso:Rusp) in the as-cast condition showing a

comparison with a) Pt and b) Ru after shifting.
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Figure 4.91. XRD spectrum of LG 17 (Nominal Co19:Pt30:RuUso) in the as-cast condition with both Ru and Pt overlaid.
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Figure 4.92. EDS analyses of LG 17 (Nominal Coyo:Pt3o:Rus) in the as-cast condition (at.%).

Table 4.34. Unidentified peaks in the as-cast condition.
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LG 18 (Nominal Co¢:Pt39:Rusg)

The micrograph in Figure 4.93 shows the as-cast microstructure of LG 18 (Nominal Coyy:Pt3o:Rusp).

Two phases are visible: a light phase that is identified as fcc(Co,Pt) and a dark phase that is identified

as (Ru). The XRD spectrum (Figures 4.94 and 4.95) shows a fair signal to background ratio. There are

two unidentified peaks that are shown in Table 4.36. The peaks are quite wide and show a good fit to

Ru and Pt. Judging from the height of the peaks it appears that there is 75% fcc(Co,Pt) and 25% (Ru)

present, although the microstructure shows a more even distribution. The EDS phase analyses for this

alloy is shown in Table 4.35 and the actual composition is plotted in Figure 4.97. The overall

composition was on the tie-line.

The solidification sequence for the alloy is:

4
Figure 4.93. LG 18 (Nominal Coy:Ptso:Rusg) in the as-cast condition showing dark (Ru) and light fcc
fce(Co,Pt) phase.

L+ (Ru) — fcc(Co,Pt)

[

Table 4.35. Analyses LG 18 (Nominal Coz:Ptso:Rusp) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%)
Overall 202+1.2 58612 | 122+0.5 - -
Dark 264+£3.6|64.6+2.5 9+23 (Ru) ~25
Light 41122 |31.2+7.2 | 27.7+5.0 | fce(Co,Pt) ~75
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Figure 4.94. XRD spectrum of LG 18 (Nominal Cozo:Pt30:RuUsp) in the as-cast condition showing a

comparison with a) Pt and b) Ru.
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Figure 4.95. XRD spectrum of LG 18 (Nominal Cozo:Pt30:RuUsp) in the as-cast condition showing a

comparison with a) Pt and b) Ru after shifting.
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Figure 4.96. XRD spectrum of LG 18 (Nominal Cogo:Ptso:Rusp) in the as-cast condition with both Ru and Pt overlaid.
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Figure 4.97. EDS analyses of LG 18 (Nominal Co,:Pt3:Rusp) in the as-cast condition (at.%).

Table 4.36. Unidentified peaks in the as-cast condition.
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LG 19 (Nominal Cosp:Pt2o:Rusp)

The micrograph in Figure 4.98 shows the as-cast microstructure of LG 19 (Nominal Cosy:Ptyo:Rusp).

There are two phases visible that were identified as (Ru) and fcc (Co,Pt). The XRD spectrum (Figures

4.99 and 4.100) shows a fair signal to background ratio and the peaks are quite wide and show a good

fit to Ru and Pt. Judging from the height of the peaks on the XRD spectrum, it appears that there are

roughly equal amounts of fcc(Co,Pt) and g(Ru) present, although the micrograph shows that there is

more fcc (Co,Pt). The EDS phase analyses for this alloy is shown in Table 4.37 and the actual

composition is plotted in Figure 4.102. The alloy overall was not on the tie-line joining the two phases.

The solidification sequence for the alloy is:

%

L + (Ru) — fce(Co,Pt)

—

Figure 4.98. BEI of LG 19 (Nominal Coso:Ptyo:Rusp) in the as-cast condition showing dark (Ru) and

light fce(Co,Pt).

Table 4.37. EDS analyses LG 19 (Nominal Cos:Ptyg:Rusp) in the as-cast condition (at.%).

Phase description | Pt (at.%) | Ru (at.%0) | Co (at.%0) | Phase Phase Proportion (%0)
Overall 25.1 27.6 473 - -
Dark 16.8 49.3 33.9 (Ru) ~40
Light 25.0 23.5 51.5 | fee(Co,Pt) ~60
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Figure 4.99. XRD spectrum of LG 19 (Nominal Coso:Pt20:Rusp) in the as-cast condition showing a

comparison with a) Ru and b) Pt.
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Figure 4.100. XRD spectrum of LG 19 (Nominal Cosp:Ptyo:Rusp) in the as-cast condition showing a
comparison with a) Ru and b) Pt after shifting.
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Figure 4.101. XRD spectrum of LG 19 (Nominal Coso:Pto:Rusp) in the as-cast condition with both Ru and Pt overlaid.
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Figure 4.102. EDS analyses of LG 19 (Nominal Coso:Pt2o:Rusp) in the as-cast condition (at.%).
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4.2.2 Alloys after Heat Treatment at 1000°C for 1000 hours and Water Quenching

LG13 (Nominal Cog:Pts:Rus)

The heat treated LG13 (Nominal Cog:Pts:Rus) appeared to consist of a single phase or a very fine two-
phase microstructure as shown in Figure 4.103. The EDS analyses are shown in Table 4.38 and plotted
in Figure 4.107. However, the XRD spectrum shows that there are two phases present (Figure 4.104).
The peaks on the XRD spectrum are identified as €(Co) and a small amount of fcc(Co,Pt). In Figure
4.105, the identifying lines were shifted and show a good fit for ¢(Co) and Pt. Unidentified peaks were
visible and are shown in Table 4.39. Figure 4.106 shows the XRD spectrum with both the shifted
€(Co) and Pt peaks overlaid. The signal to background ratio for the spectrum is high and the peaks are

neat and narrow.

6262007 HV spot| mag WD det | — 20 pm ——
11:47:28 AM 2000 kV 4.0 3000x 5.8 mm DualBSD BSD

Figure 4.103. BEI of LG13 (Nominal Cog:Pts:Rus) in the heat treated and water quenched condition
showing an apparent (Co,Pt) single phase matrix, or fine two-phase microstructure.

Table 4.38. Analyses of LG13 (Nominal Cogp:Pts:Rus) in the heat treated condition (at.%).

Phase description | Pt (at.%0) | Ru (at.%0) | Co (at.%0) Phase Phase Proportion (%0)

Overall 76+15 | 50+1.3 | 87.4+2.0 | hep £Co + fee(Co,Pt) -
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Figure 4.104. XRD spectrum of LG13 (Nominal Cogo:Pts:Rus) in the heat treated condition showing a

comparison with a) Pt and b) £Co.
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Figure 4.105. XRD spectrum of LG13 (Nominal Cog:Pts:Rus) in the heat treated condition showing a

comparison with a) Pt and b) £Co after shifting.
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Figure 4.106. XRD spectrum of LG13 (Nominal Cogg:Pts:Rus) in the heat treated condition with both ¢Co and Pt overlaid.
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Figure 4.107. EDS analyses of LG13 (Nominal Cogo:Pts:Rus) in the heat treated condition (at.%).

Table 4.39. Unidentified peaks formed after heat treatment.
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LG 14 (Nominal Cogp:Ptio:Ruip)

LG 14 (Nominal Coso:Ptjo:Ru;9) appears as a single phase alloy, with just discernable fine

precipitates (Figure 4.108) but was identified as containing both ¢(Co) and fcc (Co,Pt) by XRD

analyses (Figure 4.109). The two-phase microstructure could be very fine. Figure 4.110 show a

good fit for eCo and Pt after shifting the identifying lines. Some unidentified peaks were found and

are shown in Table 4.41. Figure 4.111 shows the XRD spectrum with the shifted peaks overlaid,

where Pt peaks were used for the fcc solid solution. The signal to background ratio is fairly high

and the peaks are quite wide. The EDS analyses is shown in Table 4.40 and plotted in Figure 4.112.

Figure 4.108. BEI of LG 14 (Nominal Cogo:Pti0:Rus0) in the heat treated and water quenched
condition showing a grey matrix containing &Co)and fcc(Co,Pt).

Table 4.40. Analyses of LG14 (Nominal Cogy:Ptio:Ru;p) in the heat treated condition (at.%).

Phase description

Pt (at.%)

Ru (at.%0)

Co (at.%)

Phase

Phase Proportion (%0)

Overall

109+1.2

7.5+1.3

81.6+1.5

€(Co) + fce(Co,Pt)
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Figure 4.109. XRD spectrum of LG14 (Nominal Cosy:Pt;o:Ruy0) in the heat treated condition

showing a comparison with a) Pt and b) eCo.
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Figure 4.110. XRD spectrum of LG14 (Nominal Cogo:Ptjo:Ruj) in the heat treated condition

showing a comparison with a) Pt and b) £Co after shifting.
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Figure 4.111. XRD spectrum of LG 14 (Nominal Cogo:Pti0:Ru10) in the heat treated condition with both eCo and Pt overlaid.
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Figure 4.112. EDS analyses of LG 14 (Nominal Cogo:Pti9:Ru1p) in the heat treated condition (at.%).

Table 4.41. Unidentified peaks formed after heat treatment.

20 Intensity

22 100
22.5 25
26.2 25
31.5 50
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LG 15 (Nominal C0303Pt202RU50)

LG 15 (Nominal Cosp:Pty:Rusp) consisted of two phases as shown in the micrograph in Figure
4.113. The black shapes visible in the micrograph are porosity. The dark phase was identified as
the (Ru) phase, and appeared mostly as a needle-like structure. The light matrix consisted of
fcc(Co,Pt). The needles varied considerably in size as shown in Figure 4.113. The phases were
identified through XRD analyses as (Ru) and fcc(Co,Pt) as shown in the Figure 4.114. Figure 4.115
shows the XRD spectrum with the shifted lines. Figure 4.116 shows the XRD spectrum with the
(Ru) and fcc(Co,Pt) peaks overlaid. Unidentified peaks are visible and shown in Table 4.43. The
peak at 20 = 13° is associated the plasticene in which the sample was mounted for XRD analysis.
The EDS analyses are shown in Table 4.42 and the actual compositions are plotted in Figure 4.117.
The medium phase in Table 4.42 consists of a fine mixture of the light matrix and the dark needles.
The overall composition did not lie on a tie-line, which shows, together with the unidentified XRD

lines, that there might be a third phase (perhaps the fine needles).

spot | mag WD | det |
18.00 kV| 4.0 10000x 5.6 mm DualBSD BSD

—_—5 gm —

Figure 4.113. BEI of LG 15 (Nominal Cosp:Ptyg:Rusp) in the heat treated condition showing light
matrix fcc(Co,Pt) with dark second phase (Ru).

Table 4.42. EDS analyses of LG15 (Nominal Coso:Pt20:Rusp) in the heat treated condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%0)
Overall 204+0.6 | 55.7+0.5 | 23.9+0.7 - -
Light 44.1+12 | 11.6+13 | 443+1.6 fee(Co,Pt) ~30
Medium 33.6+0.1 [31.3+0.4 | 35.1+0.3 | (Ru)+fec(Co,Pt) ~30
Dark 154419 | 703+2.1 | 14.3+2.3 (Ru) ~40
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ure 4.114. XRD spectrum of LG 15 (Nominal Cosp:Pt2o:Rusp) in the heat treated condition
showing a comparison with a) Pt and b) Ru.
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Figure 4.115. XRD spectrum of LG 15 (Nominal Cosp:Pto:RuUsp) in the heat treated condition

showing a comparison with a) Pt and b) Ru after shifting.
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Figure 4.116. XRD spectrum of LG 15 (Nominal Cozo:Pt2:Rusp) in the heat treated condition with both Ru and Pt overlaid.
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Figure 4.117. EDS analyses of LG 15 (nominal Coso:Pty:Rus) in the heat treated condition
(at.%).

Table 4.43 Unidentified peaks formed after heat treatment.

20 Intensity
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LG 16 (Nominal COsoIPtzoZRUzo)

LG 16 (NominalCogo:Pty0:Ruyo) consisted of two phases as shown in the micrograph in Figure
4.118: dark needle-like (Ru) in a light fcc(Co,Pt) matrix. This was confirmed by XRD, and the
spectrum is shown in Figure 4.119. Figure 4.120 shows the spectrum with the shifted Ru and Co
lines, and Figure 4.121 shows the XRD spectrum with the Ru and Co peaks overlaid. Unidentified
peaks are visible and can be seen in Table 4.45. The peak visible at 26 =~ 13.5 was identified as
plasticene. The EDS analyses are shown in Table 4.44 and the actual compositions are plotted in
Figure 4.122. However, the dark phase was too small to analyse (< 3um across) and these results
can only be used as an indication. The higher errors in the analyses for the overall and light phase

are likely to be due to fine precipitation in the matrix, which can be discerned from Figure 4.118.

Figure 4.118. BEI of LG 16 (Nominal Coso:Pt20:Ru2 ) heat treated condition showing a dark
second phase (Ru) in a light matrix fcc(Co,Pt).

Table 4.44. EDS analyses of LG16 (Nominal Cogo:Pt20:RuUyp) in the heat treated condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%0) Phase Phase Proportion (%o)

Overall 246+22 | 148+1.4 | 60.6+1.0 - -
Light 251413 | 162+13 | 58.7+0.6 | fec(Co,Pt) ~70
Dark 11.6+0.6 | 46.6+13 | 41.8 £0.3 (Ru) ~30
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b)
Figure 4.119. XRD spectrum of LG16 (Nominal Cogso:Pt20:Ruy0) in the heat treated condition

showing a comparison with a) Pt and b) Ru.
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b)

Figure 4.120. XRD spectrum of LG 16 (Nominal Cogso:Pt0:Ruy0) in the heat treated condition
showing a comparison with a) Pt and b) Ru after shifting.
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Figure 4.121. XRD spectrum of LG 16 (Nominal Coso:Ptyo:Ruy0) in the heat treat condition with both Pt and Ru overlaid.
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Figure 4.122. EDS analyses of LG 16 (Nominal Cogo:Pt20:Ruyp) in the heat treated condition (at.%).

Table 4.45. Unidentified peaks formed after heat treatment.
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LG 17 (Nominal Co1o:Pts0:Rueo)

The microstructure of LG 17 (Nominal Coo:Pt30:Rugg) appeared to consist of three phases as shown
in Figure 4.123. XRD analyses confirmed only two phases ((Ru) and fcc(Co,Pt)) and the spectrum
is shown in Figure 4.124. The light phase is Pt-rich fcc(Co,Pt) and the darkest phase is (Ru), which
mainly formed in the light phase. The medium dendrites consist of a mixture of the light matrix and
fine (Ru) needles. Although most of the structure of the dendrites was very fine, there were some
needles that could be analysed. They had the same composition as the larger dark needles (Figure
4.123).
4.126 shows the XRD spectrum with the (Ru) and fcc(Co,Pt) peaks overlaid. The signal to

The XRD spectrum in Figure 4.125 shows the peaks after the lines were shifted. Figure

background ratio is high and the peaks neat and narrow. A plasticene peak is visible at 20 = 13.5.
Some unidentified peaks are shown in Table 4.46. The EDS analyses are shown in Table 4.45 and
the actual compositions are plotted in Figure 4.127. There were fairly high errors on some of the

analyses

2 |

Figure 4.123. BEI of LG 17 (Nominal Co;9:Pt3p:Rugp) heat treated condition showing a dark second
phase (Ru) in a light matrix fcc(Co,Pt) and dark Ru needles.

Table 4.45. EDS analyses of LG 17 (Cogo:Pty:Ruy) in the heat treated condition (at.%).

Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) Phase Phase Proportion (%0)
Overall 352+12| 55.0+0.6 | 9.8+0.2 - -
Light 463+13| 422403 | 11.5+03 fce(Co,Pt) ~40
Medium 314+0.6| 626+1.6 | 6.0+1.0 | (Rw+fec(Co,Pt) ~50
Dark needles  [21.5+02| 73.6+13 | 4923 (Ru) ~10
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Figure 4.124. XRD spectrum of LG 17 (Cogo:Pt20:Ruzp) in the heat treated condition showing a
comparison with a) Pt and b) Ru.
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Figure 4.125. XRD spectrum of LG 17 (Coeo:Pt20:Ruzo) in the heat treated condition showing a
comparison with a) Pt and b) Ru after shifting.
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Figure 4.126. XRD spectrum of LG 17 (Cogo:Pt20:Ruz0) in the heat treat condition with both Pt and Ru overlaid.
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Figure 4.127. EDS analyses of LG 17 (Coso:Pt20:Ruyp) in the heat treated condition (at.%).

Table 4.46. Unidentified peaks formed after heat treatment.

20 Intensity
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21.9 20
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41.5 25
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LG 18 (Nominal COzoIPt3o:RU5o)

The microstructure of LG 18 (Nominal Coyg:Pt3p:Rusp) is shown in Figure 4.128. There appeared to

be three phases and they were identified through XRD analyses (Figure 4.129). The XRD spectrum

in Figure 4.130 shows the peaks with the shifted lines and Figure 4.131 shows the XRD spectrum

with the peaks overlaid. The large peak visible at 20 =13.5 is the plasticene in which the sample

was mounted for XRD analysis. The unidentified peaks in the spectrum are shown in Table 4.48.

The dark needle-like structures consists of (Ru), the medium dendrites consist of very fine (Ru)

needles the light fcc(Co,Pt) matrix and the light, interdendritic phase is Pt-rich fcc(Co,Pt). The

EDS analyses are shown in Table 4.47 and the actual compositions are plotted in Figure 4.132.

dendrites containing a mixture of (Ru) and fcc(Co,Pt) in a light matrix fcc(Co,Pt) with dark (Ru)

needles.

Table 4.47. EDS analyses of LG18 (Nominal Coy:Ptso:RUsp) in the heat treated condition (at.%).

Phase description | Pt (at.%) | Ru (at.%0) | Co (at.%0) Phase Phase Proportion (%o)
Overall 48.7+0.2120.5+2.0 | 30.8+0.9 - -
Light 502+03|17.4+13| 324+23 fee(Co,Pt) ~20
Medium 30.6+0.9 | 56.6+1.2 | 12.8+1.5 |fcc(Co,Pt) + (Ru) ~60
Dark 18.0+£1.6|73.9+0.9| 81+0.2 (Ru) ~20
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b)
Figure 4.129. XRD spectrum of LG 18 (Nominal Co:Pt30:Rusp) in the heat treated condition

showing a comparison with a) Pt and b) Ru.
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Figure 4.130. XRD spectrum of LG 18 (Nominal Co:Pt3p:Rusp) in the heat treated condition
showing a comparison with a) Pt and b) Ru.
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Figure 4.131. XRD spectrum of LG 18 (Nominal Co2o:Pt30:Rusp) in the heat treat condition with both Pt and Ru overlaid.
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Figure 4.132. EDS analyses of LG 18 (Nominal Coyo:Pt30:RuUsp) in the heat treated condition (at.%).
Table 4.48. Unidentified peaks formed after heat treatment.

20 Intensity
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LG 19 (Nominal Cosp:Pt20:Rusp)

LG 19 (Nominal Coso:Pty9:Ru3g) also appears to consist of three phases, (Figure 4.133), but only
two phases, (Ru) and fcc(Co,Pt), were identified by XRD (Figure 4.134) and was quite different
from the previous samples. The light fcc(Co,Pt) phase lies between the medium phase, which was
actually a mixture of fine dark (Ru) needles and the light fcc(Co,Pt) phase, as a thin film
surrounding the dark (Ru) phase. The needles lie very clearly in the light phase. The XRD
spectrum is shown in Figure 4.134. In Figure 4.135 the Ru and Pt lines are shifted to fit the peaks
and in Figure 4.136 both the Ru and Pt peaks are overlaid which then shows a good fit for (Ru) and
fcc(Co,Pt). The spectrum shows a high signal to background ratio and has neat narrow peaks. The
peak visible at 20 =~ 13.5 is plasticene. Unidentified peaks are visible and shown in Table 4.50. The
EDS analyses are shown in Table 4.49 and the actual compositions are plotted in Figure 4.137.

Figure 4.133. BEI of LG 19 (Nominal Coso:Ptyo:Ruzg) heat treated condition showing a dark second
phase (Ru) in a light matrix fcc(Co,Pt) and dark (Ru) needles.

Table 4.49. EDS analyses of LG19 (Cosg:Ptyo:Rusp) in the heat treated condition (at.%).

Phase description | Pt (at.%0) | Ru (at.%0) | Co (at.%0) Phase Phase Proportion (%o)
Overall 254+16| 443+0.6 |303+1.9 - -
Light 404+13| 127+£02 | 469+2.6 fee(Co,Pt) ~20
Medium 274410 394+0.8 |33.2+23 | fcc(Co,Pt)+ (Ru) ~50
Dark 167419 | 65.7+1.6 | 17.6+1.0 (Ru) ~30
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Figure 4.134. XRD spectrum of LG 19 (Coso:Pt20:Rusp) in the heat treated condition showing a

comparison with a) Pt and b) Ru.
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Figure 4.135. XRD spectrum of LG 19 (Coso:Pt20:Rusp) in the heat treated condition showing a

comparison with a) Pt and b) Ru after shifting.
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Figure 4.136. XRD spectrum of LG 19 (Nominal Cosg:Pty:Rusp) in the heat treat condition with both Pt and Ru overlaid.
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Figure 4.137. EDS analyses of LG 19 (Nominal Coso:Pt20:Rusp) in the heat treated condition (at.%).

Table 4.50. Unidentified peaks formed after heat treatment.

20 Intensity
18.5 75
21.5 50
31.5 50
36.5 50
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4.2.4 Ordering Heat Treatment at 500°C
LG 11 (Nominal Cog9:Ptsp:Rujp)

LG 11 (Nominal Co40:Ptso:Ruyo) experienced some changes after the heat treatment at 500°C to
promote ordering. The microstructure in Figure 4.138 shows a single phase alloy, and the
microstructure had not changed after heat treatment. Compared to the as-cast spectrum in Figure
4.64 the XRD spectrum in Figure 4.139 show a good match with the ordered phase CoPt. There are
more peaks visible (some superlattice peaks are appearing during heat treatment) and they are
wider, which could be expected as a change in texture took place during heat treatment. The peak
at 20 = 13.5 is the plasticene in which the sample was mounted. The EDS analysis are shown in

Table 4.51 and the composition is plotted in Figure 4.140.

7] 612612007 | HV 'spot| mag 1
‘2| 1:04:19 PM 18.00 kV. 4.0 |6 000 x 5.9 mm DualBSD BSD

WD|[ T det — 10 ym—

Figure 4.138. BEI of LG 11 (Nominal Coao:Ptso:Ruig) after ordering heat treatment and water
guench consisting of the CoPt phase.

Table 4.51. EDS analyses of LG 11 (Nominal Co4:Ptso:Ru10) after ordering heat treatment.
Phase description | Pt (at.%) | Ru (at.%) | Co (at.%) | Phase | Phase Proportion (%o)
Overall 47.5+0.8 | 9.2+0.1 | 43.3+£0.6 CoPt -
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Figure 4.139. XRD spectrum of LG 11 (Nominal Coa4o:Ptso:Rusg) in the heat treated condition showing a comparison with CoPt
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Figure 4.140. EDS analyses of LG 11 (Nominal Co4o:Ptso:Rusp) in the heat treated condition (at.%).

Table 4.52. Unidentified peaks formed after heat treatment.

20 Intensity
21.8 100
35.2 300
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42.5 75
46.8 400
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LG 12 (Nominal C015:Pt75:RU10)

The microstructure of LG 12 (Nominal Co;s:Pt7s5:Ruy) (Figure 4.141) showed no change after the
ordering heat treatment. However, the XRD spectrum in Figure 4.142 showed that some change
took place. A large unidentified peak is visible at 20 = 21.8°. Several smaller peaks are also visible
and are shown in Table 4.54. The large unidentified peak could be related to the Pt-Ru system since
there is no data available from below 1000°C on the Pt-Ru phase diagram (Figure 2.2). The rest of
the peaks were identified as Pt. The EDS analyses are shown in Table 4.53 and the composition is

plotted in Figure 4.143.

|| 8M/2007 | HV |spot|mag | WD det  ————200pm
s 9056:06 AM 20,00 kV 4.0 500 x 6.0 mm DualESD |

Figure 4.141. BEI of LG 12 (Nominal Coss:Ptzs:Ruyg) after ordering heat treatment and water

guench consisting of single phase (Pt) .

Table 4.53. EDS analyses of LG 12 (Nominal Cos:Ptzs:Rusg) after ordering heat treatment (at.%).
Phase description | Pt (at.%0) | Ru (at.%0) | Co (at.%) | Phase | Phase Proportion (%)
Overall 93.6+04 | 6.2+0.3 0.2+0.0 fcc(Pt) -
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Figure 4.142. XRD spectrum of LG 12 (Nominal Coss:Pt7s:Ruyp) in the heat treated condition with the Pt peaks overlaid.
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Figure 4.143. EDS analyses of LG 12 (Nominal Coss:Pt75:Ru;p) in the heat treated condition (at.%).

Table 4.54. Unidentified peaks formed after heat treatment.

20 Intensity
19.2 100
21.8 5000
27.2 100

31 100

32 100
44.8 100

45 100
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4.3 Mechanical Properties

4.3.1 Ni-Pt-Ru Hardness and Toughness

The results of the hardness measurements on the as-cast alloys are shown in Table 4.55 and the

values are superposed on the solidification projection in Figure 4.144.

The hardest alloys are LG5, LG4, LG3, LG2 and LG 6. These alloys are two-phase and consist of

various amounts of (Ru) and (Ni,Pt), with very low Pt content. A second group of alloys (LG 2 and

LG 7) is single-phase and lie in the Ru-rich area of the (Ni,Pt) phase field and also have high
hardnesses. The softest alloys (LG 8, LG 9, LG 10 and LG 1) consisted of single-phase (Ni,Pt),

except LG 9 that was two-phase. It can be noted that these four alloys had the highest Pt content.
LG 1 is the softest and contains 47.7 at. % Pt and 4.5 at. % Ru.

Table 4.55. Hardness values of the as-cast Ni-Pt-Ru alloys.

Phase proportions

Alloy As-Cast Hardness (HV1) Phases (%)

LG 1 281 +26 (Ni,Pt) 100 (Ni,Pt)
LG2 483 + 21 (Ni,Pt) 100 (Ni,Pt)
LG3 551+ 11 (N1,Pt) 100 (Ni,Pt)

LG 4 564 + 38 (NLPt), (Ru) | ~60 (Ni,Pt): ~40 (Ru)
LGS 567 + 45 (Ni,Pt), (Ru) | ~60 (Ni,Pt): ~40 (Ru)
LG 6 446 + 67 (Ni,Pt), (Ru) | ~76 (Ni,Pt): ~24 (Ru)
LG 7 426 + 13 (Ni,Pt) 100 (Ni,Pt)
LG8 390 + 25 (Ni,Pt) 100 (Ni,Pt)
LG9 362 + 30 (NLPt), (Ru) | ~32 (Ni,Pt): ~68 (Ru)
LG 10 319+ 28 (N1,Pt) 100 (Ni,Pt)
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Figure 4.144. Hardness (HV1o) values of the as-cast Ni-Pt-Ru alloys superposed on the
solidification projection (at.%).
The results of the hardness measurements on the heat treated alloys are shown in Table 4.56 and the

values are superposed on the solidification projection in Figure 4.145.

The hardest alloys after heat treatment are LG 3, LG 4, LG 8 and LG 2. These alloys are located in
the two-phased area and can be considered Ru-rich, although the hardest alloy had a very fine
mixture of needles in the matrix (“mix” in Table 4.56). Alloys LG 7 and LG 9 were two-phase and
showed mid-range hardness. Alloy LG 10 is located in the single-phase (Ni,Pt) area that has a high
Pt content. Alloys LG 5 and LG 6 show the lowest hardness, and are nearest the Ni-Ru binary. The
alloys are located in the two-phase (Ru) and (Ni,Pt) area. They lie in the Ni-rich side of the two-

phase area.
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Table 4.56. Hardness values of the heat treated Ni-Pt-Ru alloys.

Alloy | Annealed Hardness (HV1o) Phases Phase Proportions (%)
LG 1 479 £ 23 (HT at 500°C) Ordered fcc 100 NiPt
LG2 401 + 40 (Ni,Pt), (Ru) ~40 (Ni,Pt): ~60 (Ru)
LG 3 526 + 22 (Ni,Pt), (Ru) | ~20 (Ni,Pt): ~16 (Mix): ~64 (Ru)
LG 4 464 + 47 (Ni,Pt), (Ru) ~56 (N1i,Pt): ~44 (Ru)
LG5 298 + 12 (Ni,Pt), (Ru) ~60 (Ni,Pt): ~40 (Ru)
LG 6 275 +23 (Ni,Pt), (Ru) ~72 (Ni,Pt): ~28 (Ru)
LG 7 390 + 46 (Ni,Pt), (Ru) ~40 (N1,Pt): ~60 (Ru)
LG 8 428 + 11 (Ni,Pt), (Ru) ~54 (Ni,Pt): ~44 (Ru)
LG9 348 + 17 (Ni,Pt), (Ru) ~45 (Ni,Pt), ~55 (Ru)
LG 10 319+ 18 (Ni,Pt) 100 (Ni,Pt)
Ru
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Figure 4.145. Hardness (HV1o) values of the heat treated Ni-Pt-Ru alloys superposed on the 1000°C
isothermal section (at.%).
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The various slip modes of the as-cast Ni-Pt-Ru alloys are shown in Figure 4.146 and are superposed
on the solidification projection in Figure 4.147. No specific trend could be observed between the
slip mode and the phase present in each sample. There was slight pin-cushioning on Alloys 2, 3, 5
and 6, which are in the two-phase region (although other alloys are in this region, and do not show
pin-cushioning). Some of the indentations had irregular edges (LG 7, LG 8 and LG 10), and two of
these (LG 7 and LG 8) had pile-up at the indentation edges.

Fiure 4.16. Micrographs of the hardness indentations in the Ni-Pt-Ru alloys (as-cast), showing

the mode of slip.
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Figure 4.147. Mode of slip of the as-cast Ni-Pt-Ru alloys superposed on the solidification projection
(at.%).

The various slip modes of the heat treated Ni-Pt-Ru alloys are shown in Figure 4.148 and is
superposed on the solidification projection in Figure 4.149. The indentations were much more
regular than those from the as-cast samples, and only LG 9 and LG 10 had slightly irregular
indentations, and had a high proportion of fcc. Material pile-up at the indentation edge was seen in

LG 7 and LG 8.
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Figure 4.148. Micrographs of the hardness indentations in the heat treated Ni-Pt-Ru alloys,
showing the mode of slip.
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Figure 4.149. Mode of slip of the heat treated Ni-Pt-Ru alloys superposed on the 1000°C isothermal
section (at.%).
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The hardness for the as-cast and annealed alloys is compared in Table 4.57.

Table 4.57. Comparison of as-cast and heat treated hardness values.

As-Cast Annealed Sli
Alloy Hardness | Phase | Slip Mode | Hardness Phase Modpe
(HV10) (HV10)
Alloy1 | 281+26 | (NiPt) Wavy 479 + 23 NiPt Wavy
Alloy2 | 483+21 | (Ni,Pt) | Not visible | 401+ 40 (IEIIIK,E;), Wavy
Alloy3 | 55111 | (Ni,Pt) | Notvisible | 52622 | (NLPY, | Planar/
(Ru) wavy
(Ni,Pt), . (Ni,Py), Not
Alloy 4 | 564 +38 (Ru) Not visible | 464 +47 (Ru) visible
(Ni,Pt), . (Ni,Py), Not
Alloy5 | 567 +£45 (Ru) Not visible | 298 + 12 (Ru) visible
(Ni,Pt), . (Ni,Pt), Not
Alloy 6 | 446 +67 (Ru) Not visible | 275+ 23 (Ru) visible
. (Ni,Pt),
Alloy 7 | 426+13 (N1,Pt) Wavy 390 + 46 (Ru) Wavy
Alloy8 | 390+25 | (Ni,Pt) | Not visible | 428+ 11 (TESL Wavy
(N1,Pt), Planar/ (Ni,Pt), Planar/
Alloy 9 362 + 30 (Ru) wavy 348 + 17 (Ru) Wavy
Alloyl0 | 319+£28 | (Ni,Pt) | Wavy | 319+18 | (NiPt) Pvlva;Vayr/

The following changes took place after heat treating the as-cast alloys at 1000°C for 1000 hours:

LG 1 was made to check the extent of ordering in the (Ni,Pt) phase and was annealed at 500°C. It
was relatively soft in the as-cast state (281 HV ). Ordering was observed in the XRD spectrum in

Figure 4.59.

The hardness of LG 2 decreased from 483 HV;y to 401 HV,o. The as-cast microstructure was
single-phase (Ni,Pt) but changed to two-phased (Ru) and (Ni,Pt) after annealing. The phase
proportions for the two phases are 40% (N1,Pt) and 60% (Ru).

LG 3 consisted of single-phase (Ni,Pt) and changed to two-phased (Ru) and (Ni,Pt) after annealing.
The hardness also decreased slightly from 551 HV o to 526 HVy. The slip mode became visible as
planer and wavy slip. The proportions of the phase were 20% (Ni,Pt), 64% (Ru) and 16% mixture
of fine (Ru) needles in a (Ni,Pt) matrix.
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LG 4 was a two-phased alloy in both the as-cast and annealed states, but after annealing had lost
considerable Ni. The hardness decreased from to 564 HV;y to 464 HV,. The (Ru) and (Ni,Pt)
structures coarsened during annealing and the slip mode was not visible in either condition. A new

phase, NiO, was deduced to exist, which would account for the loss of Ni and the XRD pattern.

The hardness of LG 5 decreased from 567 HVjy to 298 HV o during annealing. The two-phased
(Ru) and (Ni,Pt) structure coarsened and the slip mode was not visible in either condition. The

phase proportions are 60% (Ni,Pt) and 40% (Ru) before and after annealing.

The hardness of LG 6 decreased from 446 HV o to 275 HVy due to the coarsening of the two-
phased [(Ru), (Ni,Pt)] structure The slip mode was not visible in either the as-cast or annealed
conditions. The phase proportions changed significantly after annealing and would have contributed
to the large drop in hardness (60% (Ni,Pt) and 40% (Ru) in the as-cast state, to 72% (Ni,Pt) and 28%

(Ru) after annealing).

The hardness values of LG 7 decreased slightly from 426 HV,( to 390 HV},. The as-cast (Ni,Pt)
structure changed to a two-phase (Ru) and (Ni,Pt) structure. The slip mode remained wavy. The

phase proportions are 60% (Ni,Pt) and 40% (Ru).

The hardness values of LG 8 increased slightly from 390 HV,( to 428 HV),. The single-phase
(N1,Pt) became a two-phase (Ru) and (Ni,Pt) structure. The wavy slip mode remained unchanged.

The phase proportions were 56% (Ni,Pt) and 44% (Ru).

LG 9 had no significant change in hardness (362 HV to 348 HV ) and changed to (Ru) and (Ni,Pt)
during annealing. The slip mode showed both planar and wavy behaviour in the as-cast condition,
which remained unchanged after annealing. The phase proportions did not change significantly
during heat treatment (32% (Ni,Pt) and 68% (Ru) for as-cast, to 45% (Ni,Pt) and 55% (Ru) after

annealing).

LG 10 showed no change in hardness (319 HV o) since it remained a single-phase (Ni,Pt) alloy. As

in the as-cast condition, the slip mode showed planar and wavy behaviour after annealing.

No specific trend could be observed between the slip mode and the phase present in each sample.

The alloys in the Ni-Pt-Ru system are tough and stay tough after heat treatment. This is confirmed
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by the presence of the planar and wavy slip bands visible in most of the as-cast and heat treated

alloys and the absence of cracking.

4.3.2 Co-Pt-Ru Hardness and Toughness

The results of the hardness measurements on the as-cast alloys are shown in Table 4.58 and the

values are superposed on the solidification projection in Figure 4.150.

The alloys with the highest hardness are LG 15, LG 17, LG 18 and LG 19. These alloys all
consisted of (Co,Pt) and (Ru). The softest alloys are LG 11 and LG 12. They are lying in the low
Ru and high Pt/Co area of the (Co,Pt) phase. LG 13, LG 14 and LG16 are of mid-range hardness
and lie in the high Co, low Ru area of the (Co,Pt) phase. LG 13 and LG 14 consisted of (Co,Pt) and
€(Co) phases.

Ru

2 w268 7 m168 ,’/ < 10
100/ 303 / CoPt?

7/ 7 7 7 7

7

Co 0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 4.150. Hardness values (HV1o) of the as-cast Co-Pt-Ru alloys superposed on the
solidification projection (at.%).
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Table 4.58. Hardness values and phase proportions of the as-cast Co-Pt-Ru alloys.

Alloy Hardness (HV1o) Phase Phase Proportions (%)
LG 11 153+ 12 (Co,Pt) 100 (Co,Pt)

LG 12 168 +5 (Co,Pt) 100 (Co,Pt)

LG 13 303 +£43 (Co,Pt), e(Co) Higher proportion of ¢(Co)
LG 14 264 + 48 e(Co) 100 &(Co)

LG 15 552+ 16 (Co,Pt), (Ru) ~60 (Co,Pt): "40 (Ru)
LG 16 375+£29 (Co,Pt) 100 (Co,Pt)

LG 17 456 + 65 (Co,Pt), (Ru) ~20 (Co,Pt): ~80 (Ru)
LG 18 457 £ 25 (Co,Pt), (Ru) ~25 (Co,Pt): ~75 (Ru)
LG 19 434+ 12 (Co,Pt), (Ru) ~60 (Co,Pt): ~40 (Ru)

The results of the hardness measurements on the heat treated alloys are shown in Table 4.59 (where
“Mix” refers to a fine mixture of the two phases) and the values are superposed on the solidification

projection in Figure 4.151.

U

0
Co 0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 4.151. Vickers Hardness (HV1o) values for the heat treated Co-Pt-Ru alloys superposed on
the 1000°C isothermal section.
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Table 4.59. Hardness values of the heat treated Co-Pt-Ru alloys.

Alloy Hardness (HV1o) Phase Phase Proportions (%)

LG 11 420 + 43 CoPt 100 CoPt

LG 12 179 £ 23 (Co,Pt) 100 (Co,Pt)

LG 13 260 £+ 40 (Co,Pt), e(Co) Higher proportion of £(Co)
LG 14 294 + 14 (Co,Pt), €(Co) ~50 (Co,Pt): ~50 ¢(Co)

LG 15 290 + 36 (Co,Pt), (Ru) | ~30 (Co,Pt): ~30 (Mix): ~40 (Ru)
LG 16 406 +9 (Co,Pt), (Ru) ~70 (Co,Pt): ~30 (Ru)

LG 17 528 £15 (Co,Pt), (Ru) ~40 (Co,Pt): ~50 (Mix): ~10 (Ru)
LG 18 547+ 11 (Co,Pt), (Ru) | ~20 (Co,Pt): ~60 (Mix): ~20 (Ru)
LG 19 537 +41 (Co,Pt), (Ru) | ~20 (Co,Pt): ~50 (Mix): ~30 (Ru)

The hardness indentations and slip modes for the as-cast alloys are shown in Figure 4.152 and the

values are superposed on the solidification projection in Figure 4.153. The indentation for LG 14

shows a prior scratch. There were slightly irregular indentations for LG 11, LG 12, LG 16 and LG
19. Slight pin-cushioning was observed in LG 13, LG 14, LG 18 and LG 19.

177



i e i i

LG 11 =S 1G12 _ .
(planar/wavy) | 100 um] (planar/wavy) 100 pm
dh\‘\

\

@

LG 14 - LG 16
(planar/waxw

(planar/wavy)

LG 15
(wavy)

LG19 .

LG 17 LG 18 (wavy) - 100 um

(planar/wavy) ¢ ‘100 um (wavy) 3 M ks i i

Figure 4.152. Micrographs of the hardness indentations in the as-cast Co-Pt-Ru alloys showing the
mode of slip.
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Figure 4.153. Mode of slip of the as-cast Co-Pt-Ru alloys superposed on the solidification
projection (at.%).

The hardness indentations and slip modes for the heat treated alloys are shown in Figure 4.154 and

the values are superposed on the isothermal section in Figure 4.155.

The indentations for LG 13 and LG 14 show both planar slip and pin-cushioning. Alloys LG 15, LG
16, LG 17 and LG 18 and LG 19 show slight pin-cushioning. The crack on the diamond indentor
can be clearly seen in LG 13 and LG 14.
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Figure 4.154. Micrographs of the hardness indentations in the heat treated Co-Pt-Ru alloys showing

the mode of slip.
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Figure 4.155. Slip modes for the heat treated Co-Pt-Ru alloys superposed on the 1000°C isothermal
section (at.%).

A comparison of the as-cast and heat treated hardness values and slip modes is shown in Table 4.60.

The hardness values for alloys LG 13 and LG 14 changed slightly after heat treatment, while the slip

modes stayed the same. The microstructure of Alloy LG 15 coarsened after heat treatment, which

could have lead to the large drop in hardness, whilst the slip mode was the same.

Alloy LG 16 changed after heat treatment from a single phase alloy to a two-phased alloy. This

could explain the increase in hardness, while the slip mode stayed unchanged.
Alloys LG17, LG18 and LG19 stayed two-phased after heat treatment. The only difference was that

there was a very prominent dark needle-like (Ru) structure afterwards. This might be the cause of

the increase in hardness. No change in slip mode was observed.
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Table 4.60. Hardness values of the as-cast Co-Pt-Ru alloys.

Hardness Hardness
Alloy | (HVy), Phase Slip Mode | (HV1yp), Heat Phase Slip Mode
As-cast treated

LG 11 | 153£12 (Co,Pt) Planar/wavy 420 + 43 CoPt Planar/wavy
LG 12 168 £5 (Co,Pt) Planar/wavy 179 £23 (Co,Pt) Planar/wavy
LG 13 | 303+43 (Ni,Pt) Planar 260 £+ 40 (Co,Pt) Planar
LG 14 | 264 £48 (Co,Pt)) Planar 294 + 14 (Co,Pt)) Planar
LG 15 | 552+16 | (Co,Pt), (Ru) Wavy 290 + 36 (Co,Pt), (Ru) Wavy
LG 16 | 375+29 (Co,Pt) Planar/wavy 406 + 9 (Co,Pt), (Ru) | Planar/wavy
LG 17 | 45665 | (Co,Pt), (Ru) | Planar/wavy 528+ 15 (Co,Pt), (Ru) | Planar/wavy
LG 18 | 457+25 | (Co,Pt), (Ru) Wavy 547 +£11 (Co,Pt), (Ru) Wavy
LG 19 | 434+12 (Co,Pt) Wavy 537 £41 (Co,Pt), (Ru) Wavy
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5. Discussion
5.1 Solidification Projection of the Ni-Pt-Ru System

Figure 5.1 shows the solidification projection for the Ni-Pt-Ru system, i.e. the phase compositions
in the as-cast alloys. Both (Ru) and (Ni) phase boundaries show deflections and the directions are
consistent with each other. Alloys LG 3 and LG 7 were mainly single-phase fcc (Ni,Pt), but also
contained small amounts of (Ru). Alloy LG 8 consisted of a cored (Ni,Pt) matrix and also contained
a small amount of (Ru). The (Ru) was formed on solidification, at the edges of the dendrites. This
shows that the liquidus surface tilts towards the Ru corner. Whenever (Ru) is formed where it is not
expected, it shows that the (Ni,Pt) solvus moves back towards the Pt corner in the ternary. This is in
agreement with the Pt-Ru binary [1990Mas], where the solvus retreats ~8 at.% Pt after

solidification, and especially with the Ni-Ru binary [1990Mas] where the solvus retreats ~30 at.%.

In Alloys LG 2, LG 3, LG 8, LG 9 (minimally) and LG 10 all showed overall composition analyses
which were not on the tie-lines between the analysed phases as well as minor XRD peaks for (Ru).
Thus, (Ru) was present in small amounts, and these samples must lie in the (Ni,Pt) + (Ru) two-
phase field, and the projection is drawn showing this, with the boundary very close to LG 8, LG 9
and LG 10.

5.2 Isothermal section of the Ni-Pt-Ru system at 1000°C

The 1000°C isothermal section for the Ni-Pt-Ru system is shown in Figure 5.2. This was
established by heat treating Alloys LG 2 — LG 10 at 1000°C at 1000 hours and water quenching.
Alloys LG 2 - LG 3 and LG 7 — LG 9 were all single-phased in the as-cast condition and became
two-phased after heat treatment. Alloys LG 4 — LG 6 stayed two-phased despite the heat treatment.
LG 10 did not change after heat treatment and stayed single-phase and retained some of the coring.
Some of the previously single-phase as-cast alloys showed the presence of a third phase after heat
treatment. An explanation for this third phase could be a local change in microstructure caused by
the precipitation of (Ru) with a high Ru content or pure Ru needles in regions with higher Ru
content. These needles were very fine, and so beyond the capability of EDX to analyse accurately,
which would have lowered the Ru content since X-rays were also collected from the surrounding
matrix. This would have given values intermediate between (Ru) and (Ni,Pt), which could explain

the analyses around ~Nig: Pt3: Rusg to ~Niyg: Ptso: Rusg. However, all the XRD spectra showed
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Figure 5.1. Solidification projection for the Ni-Pt-Ru system (at.%), where filled circles are phases
and filled squares are overall alloy compositions.

extra peaks which did not match up with any of the phases from the component binaries, thus
showing that a new phase was present. The EDX spectrum showed small peaks for oxygen and so it
was deduced that the peaks were related to NiO since this would be the most easiest oxide to form
(Pt being more unreactive, and Ru having only a volatile oxide), even though the matches to the
XRD peaks were not perfect. One analysis of a larger dark phase needle in LG 8 showed that it was

(Ru), but this does not necessarily mean that the fine needles were (Ru).

Currently, it is accepted that the fine needles are probably an oxide related to Ni, although this does
not explain why the analyses lie between (Ni,Pt) and (Ru). One explanation could be that the fine
needles are (Ru), which explains their similar contrast to the larger (Ru) needles, and that the
analyses lie between (Ru) and (Ni,Pt). However, this does not explain why the sample overalls do
not lie on the tie-lines between the phase analyses. An explanation of this could be that the Ni oxide
lies on the surface of the (Ni,Pt) phase, and so would compromise the overall analyses and those of
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the (Ni,Pt) phases where the oxide is present. This would explain why the sample overall analyses

do not always lie on the tie-lines between the phases.

Alternatively, since the third phase analyses lie on the locus from ~Niyg: Pt3g: Rusp to

~Ni1o: Ptso: Rugo, this implies that a third phase is actually present here, although the analyses could
arise from a fine mixture of (Ru) and (Ni,Pt) (due to the fine structure as described above). Another
indication of a third phase is that it only appears in the samples with phase compositions crossing
the locus. If the phase was a Ni oxide, it should be more apparent at high Ni contents, e.g. LG 6, but
it was not. The microstructure of LG 9 should have been coarse enough to analyse accurately, but
this gave the darker phase as being within the locus of the third apparent phase. Interestingly, the
light (Ni,Pt) phase had larger errors (up to 4 at.%) than the dark phase (just over 1 at.%). One
interpretation is that a miscibility gap is present in (Ni,Pt).

LG 9 has the extra peaks, while LG 10, which has a similar and coarse microstructure, has only fcc
peaks, although they are fairly broad. The errors on the phase analyses of LG 10 are large, up to 6.3
at.%. This sample suggests that there is a miscibility gap in (Pt), so that two different phase
compositions are found, with only one fcc structure. If this was the case, then there would be a
three-phase field between the two fcc compositions and (Ru) at a higher Ni content, for example as
seen in LG 9. This would mean that the locus of the third phase would be: ~Nijg: Pts: Rusg to
~Ni1g: Pt3g: Rusz, and the three phase field between the two fcc and (Ru) would lie immediately to

the right of this in Figure 5.2. This is the interpretation given in Figure 5.2.

With the current alloys, the problem of the third phase cannot be solved, and it also appears that the
Ni oxide does only forms at intermediate Ni,Pt values and not at either high or low Ni contents.
Ideally, a sample within the apparent third phase composition range needs to be manufactured, and
studied to resolve this issue.

After annealing at 500°C, there was ordering in the ternary up to 5.2 at.% Ru. More alloys of higher
Ru contents would be needed to ascertain the limiting Ru content for ordering.
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Figure 5.2. 1000°C isothermal section of the Ni-Pt-Ru system (at.%), where filled circles are

phases and filled squares are overall alloy compositions.

5.3 Solidification Projection of the Co-Pt-Ru System

The solidification projection for the Co-Pt-Ru system is shown in Figure 5.3. Alloys LG 15, LG 17,
LG 18 and LG 19 are lying in the two-phase region (Ru) + (Co,Pt). The phase boundaries of the
two phases show curving which enlarges the two-phase area. The rest of the alloys (LG 11, LG 12,
LG 13, LG 14 and LG 16) are single phase alloys.

Alloys LG 13, LG 14, LG 16 and LG 19 consisted of the (¢Co,Pt) phase since the XRD peaks for
the eCo (hexagonal) phase were a good fit to the measured XRD patterns. Both the Co-Pt and Co-
Ru show a transformation from a—¢ (Figures 2.4 and 2.5 [1990Mas]). In the Co-Ru system at ~90

at.% Co, the transformation takes place at ~800°C [1990Mas], and in the Co-Pt system at ~90 at.%
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Co, there is a magnetic transformation a.—¢ at ~1100°C [1990Mas]. In Co-Pt, the hcp/fcc (e—>a)
phase transformation takes place at ~650°C, and is a direct transformation, whereas in Co-Ru, the

phase change occurs as a peritectic reaction [1990Mas].

Ru
0
100
B LG11
B LG12
LG 13
LG 14
LG 15
B LG16
LG 17
B LG18
B LG19

Rl) + (Co,Pt)

Co 0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 5.3. Solidification projection of the Co-Pt-Ru system (at.%), where filled circles are phases

and filled squares are overall alloy compositions.

The XRD data indicating the presence of ¢(Co) shows that the ¢(Co) phase is stabilised in the
ternary system. Many alloys showed two-phase structures, and Alloys LG 14, LG 15, LG 17 and

LG 19 had microstructures demonstrating the L + (Ru) — fcc(Co,Pt) peritectic reaction.

5.4 1000°C Isothermal Section of the Co-Pt-Ru System

The 1000°C isothermal section for the Co-Pt-Ru system in shown in Figure 5.4. The apparent data
point of Alloys LG 15, LG 17, LG 18 and LG 19 from fine needles in a two-phase region. Alloys
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LG 13 and LG 14 appeared single-phase after heat treatment but still consisted of £(Co) and fcc
(Co,Pt). LG 16 changed from a single-phase Co-rich (Co,Pt) alloy to a two-phase alloy consisting
of dark (Ru) needles in a light (Co,Pt) matrix. As-cast alloys LG 15, LG 17, LG 18 and LG 19
consisted of (Ru) and (Co,Pt), whereas in the heat treated condition, the dark (Ru) phase became
more prominent in the form of a needle-like structure, ranging greatly in size. The two-phase area
on the isothermal section became larger with the phase extent of the fcc (Co,Pt) becoming less. The
deflection in the phase boundary between the two-phase area and the (Ru) straightened out and the

(Ru) region became slightly smaller.

LG 11 was manufactured to verify the extent of the CoPt ordering. Comparison to database
[20051CD] showed that the peaks were similar to disordered fcc, although the positions were
different, showing a larger lattice parameter. The lack of extra peaks in an ordered structure
compared to the random or disordered structure might be considered unusual, because these
superlattice peaks result from the atoms occupying set positions and thus changing the structure
factor for the unit cell [1978Cul]. However, this can be explained because the structure of CoPt was
given as tP4 P4/mmm with the AuCu prototype [1990Mas], which has different atoms in the two
different positions, thus giving no change in the structure factor, and only changing the structure

from cubic to tetragonal. This is achieved by the different element atoms forming alternating layers.

The structure of LG 19 was quite different from the other alloys in that the needles appeared light in
contrast, whereas the other needles precipitated on heat treatment were dark (Ru). Comparison to
the ordered sample, LG 11, showed that although no extra peaks were given in the XRD database
[20051CD], the lattice parameter for CoPt was different from (Co,Pt) so that ordering could be
recognized in both samples. The CoPt for LG 19 had lower intensities, indicating that the CoPt
phase was a minor component. Apart from the peak at 20 = ~13°, which was derived from

plasticene, the CoPt phase accounted for all the otherwise unidentified XRD peaks in LG 19.

The LG 12 sample had been made to ascertain the extent of the CoPt; ordered phase into the
ternary. However, the sample had lost (or never had) all Co, and so could not be utilised for this
purpose. The microstructure was apparently single phase, but there were extra peaks to (Pt), which
could not be identified. Since heat treatment caused precipitation of (Ru) precipitates, this
demonstrated that the fcc (Co,Pt) solvus was sloping, and retreated to lower Ru contents at lower

temperatures.
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Ru

Co 0 10 20 30 40 50 60 70 80 90 100 Pt

Figure 5.4. 1000°C Isothermal section for the Co-Pt-Ru system (at.%), where filled circles are
phases and filled squares are overall alloy compositions.

5.5 Mechanical Properties of the Ni-Pt-Ru System

The hardness of the alloys in the Ni-Pt-Ru system shows that softening mostly occurs during heat
treatment. This is true even for the alloys that became two-phased after annealing. Nearly all the
hardnesses decreased after annealing except LG 1. However, LG 8 showed a slight increase that is
probably within experimental error. The reduced hardnesses could be attributed to the fact that
coring is being removed, and any strain associated with fast cooling (due to the arc-melting
manufacture) in the phases is also reduced or removed. In addition, grain growth might have taken
place. The drop in hardness in the two-phased alloys could be explained by the coarsening of the

different phases during annealing.

189



Alloys LG 7 and LG 8 had material pile-up at the edges and were lying right in the middle of the
two-phase region. The reason for not seeing any slip in most of the alloys is that there are no
intermetallic compounds in the alloys. All the alloys have the fcc phase that allowed for easy
deformation as well as reasonable toughness. The irregular hardness indentations are due to the
nature of the two-phase alloys. The two phases deform in different ways.

5.6 Mechanical Properties for the Co-Pt-Ru System

The hardness of Alloy LG 11 increased significantly after annealing from 153 HV, to 420 HVy,
and according to the XRD spectrum in Figure 4.139 the fcc ordered phase CoPt formed. The
hardnesses for Alloys LG 12, LG 13, LG 14 and LG 16 did change a little, but the changes were

within the experimental errors.

There was a significant drop in hardness for Alloy LG 15 after annealing. Although the
microstructure stayed two-phase, there was a significant change in the size and distribution of the
(Ru) needles after annealing. Larger agglomerated (Ru) formed with small needles that precipitated
within the (Co,Pt) matrix. The decrease in hardness can be attributed to coarsening of the
microstructure after heat treatment. The hardnesses for Alloys LG 17, LG 18 and LG 19 appeared
to have increased, but some of these increases were within the experimental errors. The slip modes
for all the alloys stayed the same and since all of the alloys contained the fcc (Co,Pt) phase the

toughness are reasonable.
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6. Conclusions

Ni-Pt-Ru System

The solidification projection for Ni-Pt-Ru show that both (Ru) and (Ni,Pt) phase boundaries have
deflections and their directions are consistent with each other. In the samples where (Ru) is formed
where it is not expected, it shows that the (Ni,Pt) solvus moves back towards the Pt corner in the

ternary.

After heat treatment of the as-cast alloy, some of the previously single-phase as-cast alloys showed
the presence of a third phase after heat treatment. This third phase appears to lie on the locus from
~Niyg: Pt3o: Rusp to ~Nigg: Ptso: Ruge. Alloy LG 10 has a coarse two-phase structure with large
experimental errors. This suggests that there is a miscibility gap in the (Pt) with two different phase

compounds but with only one fcc structure.

After the heat treatment at 500°C, Alloy LG 1 became ordered and the hardness increased. The
hardness of the other alloys in the Ni-Pt-Ru system shows that softening mostly occurs during heat
treatment. This is the result of coring and strain being reduced, coarsening of the two-phase
structure and possible grain growth. The alloys are also reasonably tough because of the fcc phase

that occurs in all of them.

Co-Pt-Ru System

The XRD data indicating the presence of ¢(Co) shows that it is stabilised in the ternary system, both
in the as-cast and annealed alloys. Many of the as-cast alloys showed two-phase structures

demonstrating the L + (Ru) — fcc(Co,Pt) peritectic reaction.

Ordering took place after annealing at 500°C in Alloy LG 11 and to some extent in Alloy LG 109.
Since heat treatment caused precipitation of (Ru) precipitates in many of the alloys, this
demonstrated that the fcc (Co,Pt) solvus was sloping, and retreated to lower Ru contents at lower

temperatures.

The hardness of the alloys appeared to have not changed significantly after heat treatment, with the

exception of Alloys LG 11 and LG 15. Alloy LG 11 had a large increase due to the ordering that
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took place. In the case of Alloy LG 15 there was a decrease due to a significant change in the size
and distribution of the two phases in the sample. The toughness remained reasonable for al the

alloys as a result of the presence of the fcc phase in all of them.

7. Recommendations

e There is a possible third phase in the Ni-Pt-Ru system that needs to be explored. A sample
needs to be made up on the locus of this third phase at ~Nizg: Pt3p: Rusg to ~Niig: Ptgg: Rugs.

e More alloys of higher Ru contents in the Ni-Pt-Ru system would be needed to ascertain the
limiting Ru content for ordering.

e The annealing of the Ni-Pt-Ru alloys should be done under an argon atmosphere to avoid

oxidization of the surfaces.
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INVESTIGATION OF THE Ni-Pt-Ru PHASE DIAGRAM

L. Glaner"*, L.A. Cornish' and B. Joja®

"Physical Metallurgy Division and *Mineralogy Division, Mintek, Private Bag X3015, Randburg, 2125
*School of Process and Materials Engineering, University of the Witwatersrand, Johannesburg, South Africa

Platinum and ruthenium additions are being used in
protective coatings for nickel-based superalloys. Their
diffusion rates have been studied in order to understand
their beneficial effect on the coating’s stability'. As part
of a progamme to identify and  implement
improvements for these coatings, phase relationships
between the different components are being modelled.
In order to glean input for the computer modelling, the
phase diagrams of various systems have to be obtained.
To date, no phase diagram for Ni-Pt-Ru has been
published in the available literature, and so a study has
been initiated.

The Ni-Pt binary phase diagram is a complete solid
solution with two ordering phenomena below 700°C
and a magnetic transformation on the Ni-rich side®. It
would be of interest to determine how far the ordering
extended into the ternary. Both the Ni-Ru and Pi-Ru
phase diagrams comprise peritectic reactions between
the terminal solid solution phases, and the former has
very temperature dependent solubility ranges of the two
phases”.  Information regarding the position of the
peritectic loci and the phase boundaries for both systems
within the ternary is needed. The ternary phase diagram
is expected to be a simple peritectic system, with some
ordering on the Ni-Pt side,

Five temary alloy compositions were selected to lie in
the two-phase (Ru) + (Ni,Pt) region and one was chosen
fo be near the NiPt ordered region. Six alloys were
manufactured from raw materials of at least 99% purity.
The Pt and Ni were in bulk form, but the Ru was in
compacted powder form. The samples were melted
under argon in a button arc furnace, then sectioned and
prepared for metallography. The samples were studied
in the as-cast condition in a Jeol 840 SEM using Tracor
Northern EDS. X-ray diffraction was also performed.

There were problems in fully melting the components of
the first alloy, but ignoring the unmelted lumps of Ru
and Pt, the overall composition was 47.7at% Pt (£0.3),
4.5at% Ru (+0.2) and 47.7 at% Ni (£0.3). The next two
alloys (Ptyg:Rusy2:Niys and Ptss:Rusy 5:Nijes) had a
central region, which was more Ru-rich and less Pt-rich
in than the outer rim. However, all the compositions
would be expected to lie within the (albeit Pt-rich) Ni,Pt
solid  solution, None of the compositions were
unfortunately near the binary ordered regions and thus
these samples cannot be used (after suitable heat
freatment) to ascertain the extension of the ordering.
However, they do show that Ni loss can oceur in the
manufacture of the samples, although such losses were
negligible in the remaining samples

The  next  three samples  (Ptysz:Rug; 4:Nisg g,
Pty s:Rus; 4:Nise; and Ptipp:RugeNigg) were clearly
two-phase. Two had very similar microstructures, but

with different phase proportions, showing (Ni, Pt)
dendrites in a cored (Ru) matrix, (Fig. 1), There was a
sudden change on the solubility of (Ru) for Ni at about
25 at.% Ni, 8 at.% Pt and 67 at.% Ru. The last sample
appeared very different, having (Ru) dendrites in a
(Ni,Pt) matrix and there was much less contrast between
the phases. Comparing overall alloy compositions and
the reported binary liquid composition of the peritectic
reactions, showed that the locus of the ternary peritectic
reaction most likely progressed from the Pt-Ru side to
the Ni-Pt in a regular fashion, agreeing with the primary
phases. The compositions for (Ru) are consistent with
the binary values and show more agreement with the
higher temperature values for the Ni-Ru binary, On the
other hand, the compositions of the (Ni, Pt) phase shows
much less solubility than would be expected from
extrapolating the boundaries from the binaries. Thus
the trend of limited solubility which originates from the
Ni-Ru binary penetrates at least to 50 at. % Pt within the
ternary. No other phases were found than those already
reported, namely (Ru) and (Ni,Pt).

Future work will comprise more samples to check the
kink in the (Ru) boundary and making samples near the
expected ordered region. Heat treatments will be
undertaken, probably at 1150°C, and at low
temperatures to check for ordering.
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THE 1000°C ISOTHERMAL SECTION OF THE Ni-Pt-Ru PHASE DIAGRAM

L. Glaner'”, L.A. Cornish'~ and B. Joja’

'Advanced Materials and *Mineralogy Division, Mintek, Private Bag X3015, Randburg, 2125
*DST/NRF Centre of Excellence for Strong Materials, Private Bag 3, WITS, 2050

Pmodified  aluminide coatings (with  ruthenium
additions) on nickel-based superalloys have been used
for over a decade'. The mechanism of how platinum
and ruthenium benefits the properties of the coatings
and the degradation mechanism of these coatings is not
vet fully understood. Diffusion rates of Pt and Ru have
been studied to understand their beneficial effect on the
coating’s stability’. The Pt-Ni-Ru system is one system
that has been studied to understand and optimise the
coatings with both Pt and Ru additions. The binary
systems are well known’, but nothing was found in the
literature on the ternary system.

As-cast studies showed the ternary system to be a
simple peritectic, with ordering near the Ni-Pt binary.
Here, the 1000°C isothermal section of this ternary was
established by annealing nine alloys at 1000°C for 1000
hours. The allays were prepared from elements of at
least 99% purity and melted in an arc furnace under an
argon atmosphere. The samples were examined in a
JEOL 840 SEM using a Tracor Northern EDS. XRD
studies were done on a Siemens D500 XRD with
Diffrac Plus software, with Mo Ka radiation to identify
the phases.

Nine alloy compositions were chosen. Alloys 2-6 were
chosen to lie in the two-phase area between the (Ru) and
(Ni,Pt) solid solutions. In the as-cast condition, Alloys
2 (Niig:Ptaa:Rugs) and 3 (Nigy:Plyg:Rugg) were single
phase (NLPt), while Alloys 4 (Nizs:Pt:Rug), 5
(Nigg:Pts:Russ) and 6 (Nigg:Pts:Russ) had two phases:
(Ru) and (Ni,Pt). After annealing, Alloy 2
(Nijg:Ptz3:Rugs) and 3 (Nizg:Pap:Rug) also became two-
phase: (Ru) and (Ni,Pt). Alloy 1 was chosen to check
the extent of ordering from the Ni-Pt into the ternary
system. It is not shown here because ordering only
takes place at ~ 500°C and is removed by annealing at
1000°C.

The initial results showed an inflection in the (Ni,Pr)
boundary and this was checked with four more alloys.
They were all single phase (Ni,Pt) with coring,  Afier
amnealing,  Alloy  7s  (Nigs:Pts:Rusg) and 8
{Nizs:PtssiRuso) showed three phases (Fig. 1a and 1b).
The (Ru) and (Ni,Pt) phases were identified by EDS,
and there was a black needle-like structure that was too
small to analyse accurately. However, analysis of the
XRD spectra is ongoing. The microstructure of Alloys
9 (Miss:Ptys:Rusg) and 10 (Nijs:Ptss:Ruyy) were cored
(Fig. 2a and 2b), with XRD analyses confirming only
the (Ni,Pt) phase. The 1000°C isothermal section using
the data of all the alloys annealed at 1000°C at 1000
hours is shown in Fig. 3. It can be seen that Alloys 7 —
10 confirmed the inflections in the (Ru) and (Ni,Pt)
phase boundaries.
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Fig. 1. SEM BSE image of: a) Alloy 7 (Nigs:Ptys:Rugy)
and b) Alloy 8 (Nizs:Ptys:Rusg): both showing (Ru)
dendrites (medium), (Ni,Pt) matrix (light) and black
needles,

Fig. 2. SEM BSE image of : a) alloy 9 (Niys:Pty5:Rus)
and b) alloy 10 (Ni;s:Ptss:Rusg): both showing cored
(Ni,Pt)

Ru
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Fig. 3. 1000°C isothermal section of the Ni-Pt-Ru phase
diagram.
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