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Chapter 1
Introduction

This study evaluates the phase diagram of the AI-Pt-Ru ternary system. The study
consists of two parts: an experimental part and a computational part.

This chapter gives a background to the development of platinum-based alloys and states
the motivation of this work in the light of the current platinum market.

Chapters 3 and 4 cover the experimental work. Chapter 3 discusses the experimental
methodology used in this study. The experimental results for the AI-Pt-Ru system are
discussed. the results reported and a liquidus surface projection is proposed in Chapter 4.

In the computational part. an overview of computational thermodynamics and the
principles of the CALPHAD method are presented in Chapter 5. Chapter 6 describes the
calculation of the binary phase diagrams with the CALPHAD method. using the Thermo-
Calc software. and the extrapolation of the ternary system from the binaries is discussed.
A liquidus surface projection is predicted by calculation.

The experimental and calculated phase diagrams are compared in Chapter 7. Conclusions
and recommendations are listed.

Since World War II. Ni-based superalloys (NBSAs) have been developed to become
highly successful. operating at high temperatures in the severe environmental conditions
in turbine engines. while maintaining their strength. However. NBSAs are approaching
the limit of their capabilities. despite advanced processing technologies like single-crystal
technology and thermal barrier coatings.

There is a present and future need for a new ultra-high temperature alloy that will still
maintain its mechanical properties at least 200 degrees above the maximum operating
temperature of the current advanced NBSAs. A number of studies [2000Fai. 2001Hill]
have indicated the potential of platinum-based alloys as the future ultra-high structural
alloy since platinum is similar to nickel in crystal structure and chemistry. but has a much
higher melting point (2042 K for platinum and 1725 K for nickel) as well as improved
corrosion resistance. Platinum forms phases similar to Ni)AI (the principal strengthening
precipitate in superalloys) with a number of elements (e.g. AI. Zr) and initial studies have
shown that these alloys have an analogue microstructure of small. semi-coherent

 
 
 



precipitates in a softer matrix, with improved mechanical properties, strength and high-
temperature corrosion resistance in comparison to Ni-based superalloys.

Although platinum-based alloys are unlikely to ever replace Ni-based superalloys on
account of both higher price and higher density, it is likely that they can be used for the
highest application temperature components, in static components in gas turbines and for
rockets. Platinum is also extensively used in the protective environmental coatings on Ni-
based superalloys, as platinum forms a very stable aluminide with better properties than
nickel aluminides, thus shielding the underlying Ni-based superalloy bulk from the high
temperatures and corrosive environment.

The development of the Ni-based superalloys spans more than sixty years. In the early
years, research and development were based on experimental work alone. However, ways
to predict phase diagrams were systematically developed and increasingly assisted alloy
development during this period [1998Sau]. There were different ways of thinking, from
first principle calculations to neural networks. As computational power became available,
the development of these predictions accelerated. One of the successful methods is called
the CALPHAD method, an acronym for 'CALculation of PHAse Diagrams', which was
developed by Larry Kaufman and a number of co-workers [1970Kau]. This method has
lead to the development of databases for many systems, and a number of them are
specifically for Ni-based superalloys. The CALPHAD method is based on Gibbs energy
functions for elements and phases and predicts equilibrium phase diagrams from
thermodynamic principles. One of the major advantages of the CALPHAD method is that
experimental work can be limited for a system where a database is available, thus saving
time and costs.

A thorough experimental study of Pt-AI-X based alloys (X=Ru, Cr, Ni, Ti, Ta, Re) to
identify a base alloy for further development to a potential Pt-based alloy superior to Ni-
based alloys, reported that Pt-AI-Ru and Pt-AI-Cr alloys had the best potential properties
for high temperature applications [2001Hill]. Further to that work, the quaternary alloy
Pt84:AIII:RU2:Cr3was identified to be a two phase alloy of fine precipitates in a platinum
matrix, with good oxidation resistance and a high hardness [2000Sils]. Thus to facilitate
the further development of these Pt-based alloys, a thermodynamic database will be
developed, initially covering the Pt-AI-Cr-Ru quaternary system [2002Cor].

In order to understand a multi-component alloy system, one first should understand the
binary and ternary phase diagrams that are part of the multi-component system. Not all
the binaries in this suggested quaternary Pt-base system are well defined, and for the Pt-
based ternaries relevant to the quaternary, no data are available.

In this study, the AI-Pt-Ru ternary alloy system was studied experimentally and the
microstructure was characterised over the complete composition ranges. Although the
platinum-rich comer is the important area for Pt-based superalloys, all three of the
elements playa significant role in the coating technology of Ni-based supera1loys since
both platinum and ruthenium form stable aluminides. These are still not well
characterised in the coating technology, prompting the full ternary to be determined.

 
 
 



The Platinum Development Initiative (pDI) is supporting a drive to investigate new
applications for platinum. A Mintek - Department of Science and Technology (DS&T)
(previously the Department of Arts, Culture, Science and Technology - DACST) Lead
Fund project to identify Pt-base alloy compositions for further investigation lead to a
second DS&T Lead Fund project, with the aim to develop a thermodynamic database to
facilitate Pt-based alloy design in future. This work is the first contribution to the Pt-
database.

As one of the most frequent questions posed when 'platinum-based alloys' are mentioned
is 'Cost!!!!', an overview of the platinum market and platinum applications is presented
here to give the reader some background and understanding of the market, as well as to
place this study in perspective with the bigger platinum picture.

Platinum is an expensive precious metal, and very few people really understand the
dynamics of supply and demand in the platinum market. The platinum market is dynamic
and vibrant, with some new applications emerging while many other applications decline
as substitute materials are found to reduce costs. Furthermore, significant expansion of
the South African platinum mining sector might bring changes in the always-complicated
balance between supply and demand.

South Africa is the major platinum producer in the world; in 2002 more than 70% of the
total world production (5860 million oz = 182.3 tons) was produced, well ahead of
Russia which supplies 22% of the total world platinum [2002Joh]. With the current and
planned mining expansions in South Africa, a supply of 10 000 million oz are predicted
for 2010. In 2000, Pt also took over from gold as the 'forex roost' of South African
exports. While gold is continuing a long-term trend of declining production, the platinum
industry seems to be forging ahead. It is not expected that supply will balance demand
before 2005. The world supply and demand figures for platinum are summarised in Table
1.1.

The PGM applications fall broadly into the following categories:
Automotive
Jewellery
Processing/Production
Electronics
Petroleum refining
DentallMedical
Investment

The automotive sector is the largest consumer of platinum, with catalytic converters and
the possibility of fuel cells in the near future, immediately coming to mind. Platinum is,
with palladium and rhodium, an active element in catalytic converters that convert
unburned hydrocarbons into carbon dioxide and water vapour in fossil fuelled
automotives. The amount of palladium in the catalytic converters was increased a few

 
 
 



years ago, but it is inevitable that the platinum and rhodium content will have to be raised
again to meet the ever-increasing stricter emission control requirements. Diesel powered
automotives, a market which increased sharply over the last few years, can use only
platinum as a catalyst. On the other side of the coin, automakers are aggressively
researching ways to eliminate the expensive platinum group metals (PGM) based
emission control components, especially with new 'lean-burn' technologies that will
reduce or even eliminate the need for PGM catalytic converters.

Platinum supply and demand
'OOOoz 1992 1993 1994 11995 1996 1997 1998 1999 2000 2001
Supply
South Africa 2,750 3,360 3,160 3,370 3,390 3,700 3,680 3,900 3,800 4,100
Russia 750 680 1,010 1,280 1,220 900 1,300 540 1,100 1,300
North America 200 220 220 240 240 240 285 270 285 350
Others 120 130 140 100 130 120 135 160 105 110
Total Supply 3.820 4.390 4.530 4.990 4,980 4.960 5,400 4,870 5.290 5,860
Demand by application

Auto catalyst: Gross 1,550 1,685 1,870 1,850 1,880 1,830 1,800 1,610 1,890 2,520

Recovery -230 -255 -290 320 -350 -370 -405 -420 -470 -520

Chemical 215 180 190 215 230 235 280 320 295 290
Electrical 165 165 185 240 275 305 300 370 455 385
Glass 80 80 160 225 255 265 220 200 255 285
Investment: small 145 125 155 75 110 180 210 90 -100 30
Large 110 180 240 270 130 60 105 90 -100 30
Jewellerv 1,510 1,615 1,740 1,810 1,990 2,160 2,430 2,880 2,830 2,550
Petroleum 120 105 90 120 185 170 125 115 110 125
Other 150 165 190 225 255 295 305 335 375 435

3,815 4,045 4,530 4,710 4,960 5,130 5,370 5,590 5,680 6,150
Western sales to 0 20 50 130
China·
Total demand 3,815 4.065 4,580 4,840 4.960 5,130 5,370 5.590 5.680 6,150
Movements in 5 325 -50 150 20 -170 30 -720 -390 -290
stocks

3,820 4,390 4,530 4,990 4,980 4,960 5,400 4,870 5,290 5,860
Demand by region
Europe 860 895 935 880 840 875 910 995 1,150 1,490
Japan 1,870 1,975 2,145 2,215 2,005 1,885 1,795 1,820 1,410 1,250
North America 705 760 940 1,015 1,180 1,250 1,325 1,080 1,225 1,285
Rest of the world 380 415 510 600 935 1,120 1,340 1,695 1,895 2,125

3,815 4,045 4,530 4,710 4,960 5,130 5,370 5,590 5,680 6,150
Western sales to 0 20 50 130
China •
Total demand 3,815 4,065 4,580 4,840 4,960 5,130 5,370 5,590 5,660 6,150

*Before 1993, estimates include Eastern Europe; for 1993 and subsequent years, demand in this region is included in the
European!iKUres. From 1996, demand in China is incoroorated in our Rest of the World estimates

 
 
 



The use of fuel cell technology to replace fossil fuel in the automotive industry is a strong
likelihood, as international emission and fuel-efficiency mandates are becoming more
challenging. Prototypes of this new generation of automobiles have been released by
some of the major automotive manufacturers. Catalysts are the only way to increase the
efficiency of proton exchange membrane fuel cells (PEMFC), the most suitable fuel cell
for automotive applications. While platinum was initially the main catalyst in PEMFC
technology, which could have resulted in a complete world shortage of platinum, recent
developments have shrunk the amount of platinum from 26 mg/cm2 to only 0.2 mg/cm2

[2001Will as Pt is replaced by a Pt-FeOx compound.

Other automotive applications include PGMs used in oxygen and ozone sensors for anti-
pollution subsystems. Both platinum and ruthenium are also used in life-long spark plugs.

The demand for platinum jewellery increased sharply in the mid-nineties mainly due to
consumers in the eastern markets switching from gold to platinum. However, since 2000
there has been a 13% decline in this demand, as the Japanese economy is in recession. On
the other hand, China is still a growing market for platinum jewellery as gold trade is
strictly controlled in China. This is a market driven by Asian and other ethnic groups
feeling that platinum has a more pleasing contrast with their skin colour than other
metals. Jewellery is an extremely fickle market, and specifically in platinum based
jewellery, the market share is directly proportional to the marketing effort, whereas gold
and diamond sales are not related to marketing input.

It is estimated that platinum is used as a catalyst in about 20 % of products purchased by
modem consumers. Platinum is a catalytic agent in the processing of nitric acid,
fertilizers, synthetic fibres and a number of other materials. Although platinum is
essential in these processes and there are few satisfactory substitutes, it is not consumed
in the process and can be recycled for future use.

The glass industry uses platinum dies extensively. Platinum is also used in fibreglass
production. While the initial amount of platinum needed for bushings and claddings is
high, these components only need a-I % refurbishing per year.

Various kinds of PGM alloy combinations are used in thermocouple devices to measure
temperature with high accuracies, while a platinum silicide is used in thin film optical
and temperature sensing systems. Platinum is used in the semi-conductor industry for
wire and electrical contacts in corrosive or high-voltage environments, as well as for
magnetic coatings for high-density hard disk drives and optical storage systems. Hewlett
Packard recently announced a new memory storage device, based on rotaxane molecules,
where they plant these molecules between tiny platinum and titanium layers. This could
revolutionise memory storage as it has at least 10 times the memory density of the best
DRAM (silicon based memory). HP will partly disclose their results to 'seed their own
competition', thus the use of platinum in the semiconductor industry can increase
significantly over the next few years [2002Eco].

 
 
 



Platinum and palladium catalysis is an environmentally-friendly way to perform crude oil
separation. While a significant amount of platinum is needed for the fine meshed nets
used in this industry, the platinum is not consumed by the separation process and only
needs a refurbishment after the initial capital outlay to procure the nets.

Investment demand for platinum is unpredictable. Investment is usually related to the
platinum price. When the price falls, the interest in platinum investment products is high.
During the first six months of 2001, demand for the US Mint's platinum Eagle series of
proof and bullion coins fell as the platinum price hovered around $600 per oz and only
increased as the platinum price began to fall.

Platinum use in medicine is a growing market. In the USA, the annual revenue from
platinum used in medicine was $lbillion, and the market is growing at -15% per year.
Most of these drugs are used in the treatment of cancer. Due to the complexity in
identifying an active unit, these drugs will remain a platinum domain as all research on
substituting the platinum in the active unit has failed to date.

Other application demands increased steadily from 4% in 1992 to 7% in 2001. One of the
growing applications in this field is the use of Pt in environmentally protective coatings
especially on the Ni-based superalloys to enhance their properties, as Pt additions to the
aluminide coatings significantly increase the oxide scale adherence at high temperatures
[2000Hay].

The platinum supply is further boosted by an 11% increase in 2001 in the platinum
recovered from autocatalysts. This figure is likely to keep on increasing in the future as a
new smelter plant in South Africa is planned, dedicated to the recovery of platinum, and
in Europe legislation will require that at least 85 % of a car's weight is recycled.

It is thus clear that, as the South African platinum industries are increasing their mining
operations and world research is focused on reducing platinum to reduce cost, efforts
must be maintained to search for future applications for platinum to avoid an over-supply
on the market. It is, therefore, to the advantage of the South African platinum market that
studies such as this are conducted, as they might open up other opportunities for platinum
demand along the way.

So what is the future of platinum in high temperature applications? As previously
mentioned, platinum already plays an important role in environmentally protective
coatings on Ni-based superalloys. The extreme high-temperature components in a turbine
(e.g. blades, vanes and airfoils) are typically coated with a 2-10 J.Ull thick layer of
platinum by electrolysis or PVD. An aluminide coating is then grown by a diffusion
treatment as platinum promotes the formation of a slow growth, very adherent and stable
Ah03 layer on the surface. With roughly 600-700 new commercial aircraft per year, a
current fleet of about 12 000 commercial aircraft and 12 000 business aircraft, at 2-4
engines per aircraft, it amounts to about 60 000 engines. Blades are recoated every 10
000 - 150 000 hours. The current military fleet is estimated to about 15 000 aircraft, with
5 000 new aircraft planned for the next 10 years. At 2-3 engines per aircraft, another at

 
 
 



least 32 000 engines, which have shorter lifespans due to the higher demands placed on
them. At roughly 50g of platinum per aircraft engine, the aerospace industry uses at least
4500 kg platinum per year. It is nearly impossible to account for industrial gas turbines
on land. These typically have a 15m2 blade surface area per turbine and it has been
estimated that the land turbine industry could use 10 000 kg of platinum per year
[2001Hill].

Looking at a platinum-based superalloy, and not aNi-based superalloy coated with a few
microns of platinum, the picture is different. No detailed study has yet been done on the
feasibility of such an option, but platinum-based superalloys are not an impossibility.
There will be advantages of a higher operating temperature, which will increase the
efficiency of the turbines dramatically and reduce the thrust fuel cost. However, platinum
is very dense (21.5 g1cm3against -8 g1cm3for NBSAs) and the cost of platinum as base
material will significantly change the cost-breakdown for turbine engines. The raw
material cost is currently 2% of the total turbine cost for NBSAs, while nearly 45% of the
cost is due to the highly specialised casting, machining and coating costs, as well as
another 25% for quality management, which is critical as the coatings must be fail-proof.
Platinum-based turbine blades might not need these specialized coating technologies. The
use of platinum based alloys as high temperature alloys in turbines will be limited to only
the components exposed to the highest temperatures: first stage blades and vanes,
combustors, transitions and shrouds.

This might just be what South African platinum production needs to increase the demand
and justify the current expansions to increase the platinum supply, especially since there
are platinum reserves for the next 500 years. It is thus important that opportunities for
new applications for platinum are explored and investigated beyond the present limits, to
ensure the future of this white metal as South Africa's main foreign currency commodity.

 
 
 



Chapter 2
Literature review - The Phase Diagrams

The AI-Pt-Ru ternary phase diagram is virtually unstudied, as only one partial isothermal
section at 1350°C for the high-platinum comer has been reported [200IBigl,2001Big2,
2001Hill].

In order to evaluate a ternary system accurately and completely, the binary systems
making up the ternary diagram must be well defined, as they are the 'building blocks' of
the system. Discrepancies must be addressed and assumptions well identified. As both the
Al-Pt and AI-Ru phase diagrams published in the Binary Alloy Phase Diagrams series of
Massalski et al. [1990Mas] show some discrepancies with later results published in the
literature, this chapter gives a detailed overview of the phases found in the AI-Pt, AI-Ru
and Pt-Ru binary phase diagrams and the data used in this determination of the AI-Pt-Ru
phase diagram.

Aluminium is a soft, lightweight silvery-white metal, the third most abundant metal in the
earth's crust, mostly occurring in the form of Ah03. Too soft in its pure form, it is
alloyed with other metals to harden and strengthen it. Aluminium alloys are used for
many purposes from airplanes to beverage cans. Bonded to the transition metals, highly
ordered aluminides, such as MAl, MAh and M3Al (M=Ni, Fe, Ti, etc), can form. These
intermetallic phases possess many remarkable properties. Their high temperature strength
is often very attractive (some aluminide intermetallic phases get stronger as the
temperature increases over certain temperature ranges), and they frequently exhibit very
good resistance to high temperature corrosion, due to the formation of stable Ah03 rich
oxide films. However, an inherent brittleness at room temperature has hampered their
fabrication to date.

Platinum and ruthenium belong to the so-called platinum group metals (PGMs), the six
metal group of platinum, palladium, rhodium, iridium, ruthenium and osmium. Platinum
is soft, ductile, and resistant to oxidation and high temperature corrosion. Platinum is one
of the densest known metals. Ruthenium is hard, brittle, shows poor oxidation resistance
at high temperatures and is almost unworkable in the metallic state. Alloys of the PGMs
are used for their exceptional catalytic properties. Other distinctive properties include
resistance to chemical attack, excellent high-temperature characteristics, and stable
electrical properties. The properties of AI, Pt and Ru are given in Table 2.1.

 
 
 



Aluminium
Al

fcc-AI
Fm-3m
0.40496
933.5
2.698

Platinum
Pt

fcc-AI
Fm-3m
0.39239
2042
21.45

Ruthenium
Ru

he -A3
P63/mmc
0.27057
2583
12.45

The AI-Pt phase diagram is complex, with nine intermetallic phases present in the
equilibrium diagram, of which two phases have transformations to polymorphic phases at
lower temperatures. The diagram is shown in Figure 2.1 and the stable intermeta1lic
phases are listed in Table 2.2. Six metastable phases have been reported (Table 2.3).

While certain features in the system had been determined reliably, other aspects of this
diagram, especially at the Pt-rich end, remain problematic. McAlister and Kahan
reviewed the Pt-AI system in 1986 for the Bulletin of Alloy Phase Diagrams [1986McA].
The transformation temperatures for the formation of the low temperature polymorphs of
the Pt3AI and Pt2AI phases are uncertain, and the presence of the f3 phase had not been
confirmed. Oya, Mishima and Suzuki [19870ya] proposed a revised phase diagram for
the platinum rich area (Figure 2.2).

Huch and Klemm [1964Huc] reported platinum to be practically insoluble in (AI). They
reported an eutectic reaction L ~ (AI) + Pt5AhI at 700 K. Extrapolation of this reaction
by McAlister [1986McA] places the eutectic composition at 0.44 at. % Pt, which is in
agreement with experimental unidirectional solidification work by Piatti and Pellegrini
[1980Pia].

Pt5Ahl forms by a peritectic reaction L + PtgAhI ~ Pt5Ahl at 1079 K. Pt5AhI is a
complex cubic stoichiometric phase. Huch and Klemm [1964Huc] reported a cubic
'PtA4' with ~20 at. % Pt. They suggested the phase might rather be of the form Pt5Ahl.
Guex [197 6Gue] also reported a complex cubic phase of either PtA4 or PtsAh 1structure.
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Schaller [1979Sch] reported, without experimental detail, a hexagonal PtsAhl phase
while Ellner, Kattner and Predel [1982Ell] confirmed the hexagonal structure of the
phase and suggested it to be a PtA4 phase. Piatti and Pellegrini [1980Pia] also reported a
hexagonal phase in this composition range, which they suggested to be P~ht, but also
noted a transformation from hexagonal to cubic phases after treatment at 473 K for
several hours. Careful analysis of thermal arrest data reported by Huch and Klemm
[1964Huc] confirmed the phase as PtsAhl [1986McA]. PtA4 has thus been suggested as
a metastable phase in the Pt-Al system. A crystal structure of PtsAhl has not been
published.

The stoichiometric PtgAht phase at 27.5 at. % Pt has been confirmed by Edshammer
[1965Eds] and Ellner et al. [1982Ell] after earlier reports of a PtAh-like phase by Huch
[1964Huc] and Guex [1976Gue]. PtgAhl forms by the peritectic reaction L+ PtAh ~
PtgAhl at 1400 K.

Huch and Klemm [1964Huc], Guex [1976] and Ellner et al. [1982Ell] reported the PtAh
phase which forms through a peritectic reaction L + Pt2Ah ~ PtAh at 1952 K. The PtAh
phase is of the cubic CaF2 type. It has been reported as a stoichiometric compound by
Guex [1976Gue], while the other workers reported a -1 at. % phase range up to 1123 K.

 
 
 



Phase Composition Pearson Space Struktur- Prototype Reference
range (at. %Pt) symbol Group bericht

(AI) 0 cF4 Fm3m Al Cu
PtsAhl 19.2 c·· [1964Huc]

rt980Pia]
PtsAhl 27 t/116 141a [1968Eds]

[1982Ell1
PtAh 31.5 33.5 cF12 Fm3m Cl CaF2 [1937Zin]

[1963Fer]
rt982Ell]

Pt2Ah 40 hP5 P3ml rt978Bah]
PtAl 50 cP8 P213 B20 FeSi [1957Sch]

rt963Fer]
J3 52 56 cP2 Pm3m B2 CsCl [1975Chal]

1978Bha]
PtsAh 61.5 63 oP16 Pbam Ge3RhS 1964Hucl
Pt2A1 66 67 oP12 Pnma C23 PbCh 1975Chal]
PhAl 66 67 oP24 Pmma GaPt2(LT) [1976Cha]
(LT)
Pt3Al 67.3 77.7 cP4 Pm3m Lh AUCU3 [1962Bro]

[1964Huc]
rt963Mag]

Pt3Al 73.5 100 tP16 P4/mbm DOc' GaPt3 (LT) [1975Chal]
(LT)
(Pt) 83.8 100 cF4 Fm3m Al Cu

Phase Composition Pearson Space Struktur- Prototype Reference
(at. % Pt) symbol Group bericht

a.' cF4 Fm3m Al Cu [1964Com]
PtAL. 20 hp· [1978Sch]

[1980Pia]
rt982Elll

PtAls P4 f2001Labl
PtA16 14 0·· [1975Ton]

[1979Chal
e' c·· [1979Cha]
')..' 10-25 [1982Ell]

 
 
 



Pt2Ah forms congruently L ~ Pt2Ah at 1800 K and 40 at. % Pt. Huch and Klemm
[1964Huc], Guex [1976Gue] and Ellner et al. [1982Ell] reported that Pt2Ah has a
structure related to, but not isotypic with, hexagonal NhAh and essentially has no
solubility range.

PtAl is a stoichiometric intermetallic phase and has a cubic FeSi structure. It forms
congruently from the liquid at 1827 K and 50 at. % Pt by the reaction L ~ PtAl.

Experimental evidence of a /3-phase existing between 1533 - 1733 K, with a composition
range from 51 - 56 at. % Pt, has been reported by Chattopadhyay and Schubert
[1975Cha1], as well as by Bhan and Kudielka [1978Bha]. McAlister and Kahan
[1986McA] included these observations in their assessment of the Pt-Al system and
proposed a peritectic reaction PtAl + L ~ /3. No temperature was reported for this
reaction. The eutectoid decomposition /3 ~ PtAl + PtsAh has also been proposed by
McAlister and Kahan [1986McA] to correspond with a thermal arrest reported by Huch
and Klemm [1964Huc].

A Pt3Ah phase was reported by Huch and Klemm [1964Huc] after observing a thermal
arrest at 1533 K between 50 to 60 at. % Pt. Guex [1976Gue] also reported this phase, but
it was referenced to the work of Huch and Klemm [1964Huc] and not an experimental
observation. Subsequent studies have failed to confirm the existence of this phase and it
has been suggested by McAlister and Kahan [1986McA] that Huch and Klemm most
likely misinterpreted the solubility range of PtsAh, and that what they observed was the
eutectoid decomposition of the /3phase.

PtsAh is rhombohedral of the RhSGe3type and forms by peritectically L + PtAh ~ PtsAh
at 1738 K. McAlister's version of the phase diagram [1986McA] shows PtsAh having a
solubility range 61.5 to 63 at. % Pt, as reported by Ellner et al. [1982Ell] and Oya et al.
[19870ya].

A peritectoid reaction PtAh + PtsAh ~ Pt2Al occurs at about 1703 K and 67.5 at. % Pt,
forming Pt2Al with a phase range of - 2 at. %. Two crystal variants of the Pt2Al phase
have been reported, a high temperature (HT) form similar to the PbCh type and a low
temperature (LT) form relating to the GaPt2 (LT) type. While the nature of the reaction is
still unknown, it is accepted that the reaction occurs at - 1333 K [1986McA,19870ya].
Biggs [2001Big2] suggested a martensitic-type reaction.

The highest Pt-containing intermetallic phase is Pt3Al. Pt3Al forms congruently L ~
Pt3Al at 1829 K at 73.2 at. % Pt. A phase width of - 4-6 at. % has been reported for
Pt3Al. A martensitic type transformation has been reported where the cubic Lh structure
of Pt3Al, transforms to a tetragonal DO' c Pt3Al during cooling. There are many
discrepancies, and to further complicate matters, the temperature of the transformation is
composition dependent. It has been reported as either a congruent transformation at 1563
K or an eutectic reaction at 1553 K, depending on the composition. Oya et al. [19870ya]
reported an intermediate phase between the HT and LT Pt3Al phases (Figure 2.2). The
intermediate phase forms at - 613 K and the low temperature phase at - 400 K. The DOc

 
 
 



phase was reported to be extremely unstable. Biggs [2001Big2] reported the Lh to DO' c

transformation at between 623 to 673 K .
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An eutectic reaction L ~ (Pt) + PhAI, reported by Huch and Klemm [1964Huc] and
confirmed by Darling. Selman and Rushforth [1970Dar], occurs at 1780 K and 79.5 at. %
Pt.

From the combined data of Huch and Klemm [1964Huc] and Darling et al. [1970Dar],
(Pt) dissolves about 14 at.% Al at 1783 K. Darling et al. [1970Dar] suggested a lower
solubility of Al in (Pt) at lower temperatures, confirmed as 10 at. % Pt at 1473 K by
Bronger and Klemm [1962Bro] and 10 and 5 at. % Pt at 1273 K and 573 K respectively
by Schaller [1979Sch].

Wu and Jin [2000Wu] calculated the AI-Pt phase diagram with the CALPHAD technique
(Figure 2.3). The calculation did not include the ~ and the Pt2AI phases. The Pt3AI phase
was not described as an ordered phase and the order/disorder transformation had not been
included. The low temperature Pt3AI phases have not been included either. Both PtAh
and PtsAh have been modelled as stoichiometric compounds, making no provision for
the composition ranges reported above.
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Ferro et al. [1968Fer] determined the heat of formation (~Hf) for alloys in the AI-Pt
system experimentally by solute solvent drop calorimetry. Worrel and Ramanarayanan
[1981Wor] determined the Gibbs energy of mixing (~Gm)for the 75 at. % Pt composition
by an electrochemical cell technique. Lee and Sommer [1985Lee] determined the partial
enthalpies of mixing (~Hm)of liquid aluminium-rich Pt alloys at ~1200 K using solution
calorimetry. Jung and Kleppa [1991Jun] determined the enthalpy of formation for PW
by direct synthesis calorimetry at 1473 ± 2 K. Meschel and Kleppa [1993Mes]
determined the enthalpies of formation for PhAh and Pt3AIin the same way.

Miedema's semi-empirical model has been used to estimate enthalpies of formation for
some of the phases [1988deB].

Ab initio techniques have also been applied to predict the enthalpies of formation.
Ngoepe [2002Ngo] used a pseudo-potential total energy package (CASTEP) approach to
calculate heats of formation for PtAI and Pt3Al.

 
 
 



PtsAhl
PtgAhl
PtAh
Pt2Ah

Table 2.4.Enthalpies of formation for the stable phases in the AI-Pt system.
Phase MIl Method Reference

kJ/mole atoms
-57.320
-71.130
-100.420
-94.980
-79.000
-96.500
-100.420
-100.000
-82.000
-67.440

Solute solvent dro
Solute solvent dro
Solute solvent dro calorime
Solute solvent drop calorimetry
Miedema semi-empirical method
Direct S thesis Calorime
Solute solvent drop calorimetry
Direct Synthesis Calorimetry
Miedema semi-empirical method
Ab initio

PtsAh
Pt2AI
Pt2AI LT
Pt3AI

-90.730
-88.280

Miedema semi-em irical method
Miedema semi-em irical method

-69.870 Solution Calorimetry [1968Fer]
-63.600 Direct Synthesis Calorimetry [1993Mes]
-50.990 Miedema semi-empirical method [1988deB]
-76.000· Electrochemical [1981Wor]
-74.380 Ab initio 2002N 0

Pt3AI L ** -79.100 Ab initio 2002N 0

Gibbs energy of mixing: -76460 + 7.48*T [1981Wor], which gives an estimated enthalpy off ormation of
-76000 J/mol of atoms
** DOc structure

The AI-Ru phase diagram from the Binary Alloy Phase Diagrams series [1990Mas]
includes five stable intermetallic phases as shown in Figure 2.4. However, the phase
boundaries are in dashed lines, indicating that uncertainties are associated with the phases
and their homogeneity ranges. Most of the invariant reaction temperatures are also not
well determined. Subsequent work by Anlage [1988AnI] and Boniface and Cornish
[1996Bonl, 1996Bon2] clarified some of these uncertainties. Boniface and Cornish
[1996Bon2] proposed a revised phase diagram, incorporating the results from Anlage
[1988AnI] (Figure 2.5). Okamoto [19970ka] reviewed the AI-Ru system and reported the
diagram proposed by Boniface and Cornish to be the m ore acceptable phase diagram.
However, the liquidus surface on the cascade of peritectic reactions did not obey all
phase diagram rules and a modification was suggested by Prins and Cornish [2000Pri].
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The peritectic formation temperatures of the RuAh and RuzAh phases were raised to
1873K and 1973 K respectively, to agree with reaction temperatures reported by
Obrowski [18600br]. The crystal structure data for the stable intermetallic phases are
listed in Table 2.5. Only one metastable phase, RuALz.5, has been reported for the AI-Ru
system [1968Eds].

Obrowski [19600br] reported the first phase diagram for the AI-Ru system and this was
based on microscopic, X-ray and thermo analytical observations. Six intermetallic phases
were reported: RuAl12 (although some uncertainty existed of the exact composition),
RuA16, RuAh, RuAh, RuzAh and RuAI, taking part in eight invariant reactions. The Ru-
rich solid solution was reported to comprise - 4 at. % Al at the eutectic temperature. No
solubility of Ru in (AI) was detected and it was also concluded that all the AI-rich
intermetallic compounds were stoichiometric line compounds. The RuAl phase was
observed to melt at 2333 ± 20 K and the eutectic reaction between RuAl + (Ru) at 2193 ±
20 K. Reactions were observed at 1573 and 1873 K and these were assigned to eutectic
and peritectic reactions respectively. However, it was concluded that some uncertainty
existed of the solid-state reactions between 20 and 40 at. % Ru. Apart from Obrowski, no
subsequent workers have reported the existence of RuAI1Z• Other reactions reported by
Obrowski, but not found by other workers are:

L~RuAI6
L ~ RuAl6 + RuzAh
RuAl6 + RuzAh ~ RuAh

RuAh + RuzAh ~ RuA1z.

Table 2.5. The compositions and crystal data for the elements and compounds in the AI-
Ru system.
Phase Composition Pearson Space Struktur- Prototype Reference

(at. % Ru) symbol Group bericht
Al cF4 Fm3-m Al Cu
RuAI6 14.3 14.3 oC28 rI968Eds

MnAl6 [l982Cha]
IS.1±1 IS.7±1 (1996Bon2]

R\4AI13 mCI02 C21m Fe~I13 [l96SEds]
23.6 23.6 rI988Anll
2S.0±l.S 26.6±I.S (1996Bon2]

RuAh 30.3S 33 tI6 I41mmm Clla CaC2 (19600br]
oF24 Fddd CS4 TiSh f1966Edsl

30.4±1 3S.8±1 (1996Bon2]
RU2Ah hPS P3-ml DS13 NhAh 19600br

tIlO I41mmm OS2Ah 1966Eds
RuAI en Pm3-m B2 CsCI 19600br
Ru hn Fm3-m A3 Mg

 
 
 



Schwomma [1963Sch] undertook X-ray work on a 33.3 at. % Ru sample, and found
RuAh and RuAl. Uncertainty through the contamination of the samples by silicon and
oxygen was, however, raised as a possible problem by the author.

Edshammar determined the crystal structure for R14AI13 [1965Eds] (Obrowski's RuAh
[19600brD, and noted the similarity with Fe4AI13 because of the twinned prismatic
structure and co-ordination numbers, although R14Ah3 showed even better agreement
with OS4AI13.It was also found that Al atoms were absent from some of the sites which
were partially occupied by Al in Fe4AI13and Co4AI13.R14AI13was, therefore, considered
to be the ideal structure ofRuAh [19600br]. Subsequently with X-ray powder methods,
Edshammer reported the crystal structures for five more intermetallic phases: RuAI,
RuzAh, RuAh, RuALz.5 and RuAl6 [1966Eds, 1968Eds]. The phase RuALz.5 was
observed only in arc-melted samples. There were some additional CsCI-like phases
reported around the composition RuAI, but no further details were given. No evidence of
the RuAI1Zphase was found, and there were other inconsistencies with Obrowski's phase
diagram [19600br] concerning the RuzAh and RuAh phases.
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Figure 2.6. The phase diagram of Anlage et al. [1988AnI] for the high-AI comer in the
AI-Ru system.

Anlage, Nash and Ramachandran [1988AnI] undertook experiments up to 26 at. % Ru
using scanning electron microscopy, X-ray diffraction and thermal analysis (DSC) and
proposed a revised phase diagram for the AI-rich portion 0 fthe AI-Ru phase diagram

 
 
 



(Figure 2.6). Confirmation of the RuAl12phase was not found. Edshammar's [1965Eds]
notation for the R14Al13phase was used. It was also reported that both RuA16and R14Al13
melt by a peritectic reaction at 996 K and 1676 K respectively, and not congruently as
suggested by Obrowski [19600br]. Some liquidus temperatures were provided. Problems
with homogeneity of the alloys were reported, and also that the peritectic reaction
forming RuAl6, was sluggish. Under rapid solidification conditions, icosahedral phases
were reported between 2.4 and 23.5 at. % Ru.

Boniface and Cornish [1996Bon1] confirmed Anlage's results for the high-AI end of the
phase diagram. No evidence of the L •..•RU2Ah+ RuA16eutectic reaction, reported by
Obrowski [19600br], was found and the presence 0 fRuAh in as-cast samples over a
specific range indicated stability at higher temperatures. The microstructures revealed
that there was a peritectic cascade of reactions from the formation of Ru2Ah to the
formation of RuA16.A slight endothermic peak at 1733 K suggested the formation
temperature for RuAh [1996Bon2]. The RU2Ahphase was found to decompose at ~
1223K.

Although Varich and Luykevich [1973Var] found a maximum solubility ofRu in (AI) of
3.23 at.% Ru by rapid solidification techniques, this solubility has not been reported for
equilibrium conditions.

No assessment of the Al-Ru phase diagram, based on the CALPHAD method, had been
published prior to this work.

The only experimental thermodynamic value for the Al-Ru system was determined by
Jung and Kleppa [1992Jun] by dropping a mixed 1:1 powder mixture (atomic percent) of
the elements into the calorimeter, which showed that RuAl (B2) has a high heat of
formation, ~Hf = -124.1 kJ.mor1

•

Miedema's method was used to estimate values for the heats of formation for the
intermetallic phases [1998Wol], as no other data were available.

Neumann, Chang and Lee [1976Neu], without using Obrowski's experimental data
[19600br] used a theoretical method to predict that the RuAl phase has a very narrow
phase width, probably not exceeding 1 at. % on either side of the stoichiometric
composition. They suggested that RuAl is slightly off-stoichiometric and that the disorder
parameter is less than 3.10.3,indicating that RuAl is a highly ordered phase.

Several ab initio results have been reported for the enthalpy of formation of RuAl.
However, the data are scattered, probably due to the different assumptions for defect
formation in RuAl, which have been implied to be vacancies [1993Fle] or anti-structure
defects [1976Neu]. Ngyen-Manh and Pettifor [1999Man] used the full-potential linear
muffin-tin orbital (FP-LMTO) method within a local-density-function approximation

 
 
 



(LDA), while Gargano, Mosca, Bozolla and Noebe. [2002Gar] used the Bozzolo-
Ferrante-Smith-based (BFS) Monte Carlo simulations. Hu et al. [1999Hu] applied an
embedded atom model to calculate the enthalpies of formation for the phases, though
most of their data differed vastly from the values estimated by Miedema's semi-empirical
model. They have also misquoted data from the literature for the RuAl phase. However,
their result for the R14AI13phase is in better agreement with the Miedema estimation.

The RuAl compound has an unusual combination of properties. Fleischer and co-workers
[1991Fle] first reported the excellent room temperature toughness, compared to other
intermetallic compounds, and recommended its potential for structural applications
because of its high melting point and good oxidation resistance. The improved toughness
is due to five independent slip systems in the crystal.

The excellent corrosion resistance of RuAl in hot, concentrated mineral acids was first
reported by Wopersnow and Raub [1979Wop], and more recently, McEwan and Biggs
[1996McE] demonstrated its capability as a coating in a range of aqueous media. They
recognised that it has potential in corrosion-resistant coatings and electrochemical
applications. The electrical conductivity of RuAl is high, almost metallic in value, and it
exhibits good work function attributes [1995Smi]. This, and the good thermal
conductivity [1998And] and a high wear resistance [1994Ste] also render the material
suitable for lifelong spark-plug electrodes [1997Wol].

Although RuAl is difficult to manufacture by melting because of its high melting point, it
can be manufactured by powder processing techniques, especially by reactive powder
processing [1996Cor], or reactive hot isostatic processing (RHIP) [1996Wol].

Phase MIl Method Reference
[klimol of atom]

RuAl6 -17.930 ± 10% Miedema semi-empirica1 method [1998Wol]
Ru..Ah3 -30.030 ± 10% Miedema semi-empirica1 method [1998Wol]

-28.940 Ab initio [1999Hu]
RuAh -38.260 ± 10% Miedema semi-empirical method [1998Wo1]
RU2Ah -44.040 ± 10% Miedema semi-empirical method [1998Wo1]
RuAl -47.320 ± 10% Miedema semi-empirical method [1998Wol]

-62.050 ± 3000 Direct Solution Calorimetry [1992100]
-70.740 Ab initio [1992Lin]
-58.150 Ab initio [1999Man]
-95.510 Ab initio (BFS method) [2002Gar]

 
 
 



The Pt-Ru phase diagram is rather simple in that there are no phases other than the two
end-member solid solutions (Pt) and (Ru) and a two phase area comprising of (Pt) and
(Ru). The phase diagram [1990Mas] is shown in Figure 2.7.

About 62% Ru dissolves in (Pt) at 1000 °e. A two-phase region of (Pt) and (Ru) exists
between -62 and -80 at. % Pt. A ruthenium solid solution is observed above -80 at. % Pt
at 1000 °e. (Pt) forms by a peritectic reaction at -2120 °e.

The Pt-Ru phase diagram has been calculated by Spencer using the eALPHAD method
[1996Spe] and is shown in Figure 2.8. The calculated diagram is just an extrapolation of
the elemental data. It is only in relative good agreement with the published ASM diagram
[1990Mas], as it shows an eutectic reaction instead of the peritectic reaction, as in Figure
2.7. However, there are limited data available for the liquidus and solidus curves .
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The only published data is an isothermal section at 1350°C [2001Bigl, 2001Big2,
2001Hill]. No ternary reactions or ternary phases have been reported and very limited
extension of the -Pt3AI phase into the ternary was observed. The isothermal section is
shown in Figure 2.9.
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Chapter 3
Experimental Procedure

This chapter describes the basic experimental procedures that were followed in this study. The
methodology on how the solidification sequences and liquidus surface projection were
determined is also presented.

Sixteen samples were prepared in four stages. An initial set of six alloy compositions was
selected after extrapolations from the binary phase diagrams to identify possible two-phase
areas in the ternary. Two-phase samples were targeted because more information could be
gleaned per sample. Samples were selected to have a lower Pt-content than the alloys
investigated by Biggs [2001Bigl] and Hill [2001Hill], as their work covered the platinum-
rich comer. The highest platinum composition sample was selected to be the same
composition as the lowest platinum composition sample from Biggs [2001Bigl] in order to
benchmark this set of samples. Samples were also selected away from the ruthenium-rich
comer since previous experimental work on the AI-Ru system indicated that there is only the
eutectic reaction above 50 at. % Ru and such a sample would not give new information.

Six more alloy compositions were selected later to clarify uncertainties raised by the results of
the first set of samples. Three more samples were subsequently prepared in order to complete
the liquidus surface projection. A final sample was prepared to confirm a ternary phase found
in the alloy system.

The as-cast samples were prepared at Mintek, according to their standard preparation method
PMD-SOP-037. The samples were prepared by arc-melting on a water-cooled copper hearth,
using elemental powders of at least 99.9 percent purity. Three grams of powder were mixed
by hand. No binders were used. The powders were compressed before melting under a
protective argon atmosphere. Samples were re-melted five times to ensure homogeneity.
Samples were turned upside down between each re-melt. Six samples could be prepared per
arc-melt.

The arc-melting electrode was equipped with a tungsten-metal tip. No mass-loss
measurements were performed on the electrode tip, but no evidence of any detectable
tungsten uptake by the samples was found in the composition analyses of any of the phases.

The mass losses of the samples were monitored. All the recorded weight losses were less than
5 %, which were considered acceptable since aluminium is almost always lost during arc-
melting as it has a much lower melting point than platinum and ruthenium, and a very high
partial pressure. Mass losses were only recorded for the first six samples.

The cooling rate of the arc-melted samples is not known, but it was not sufficiently fast
enough to totally freeze in the as-solidified liquidus-solid structure, as some coring was
observed in some samples, which indicated that there was time for some diffusion on cooling.

 
 
 



Additionally, the cooling rate was also not fast enough to freeze in the high temperature
binary phases or a new high temperature ternary phase, which was found in this study, as
solid-state decompositions were observed in the microstructures.

Arc-melted samples were cut into two pieces. The high aluminium content samples were
brittle and cracked when they were fastened in the vice for cutting. The more ductile samples
were cut with a diamond wheel in a Struers Accutome. One halfwas mounted in a conductive
resin and prepared metallographically to a 0.25 J.tmfinish.

All imaging was conducted in the backscattered electron (BSE) mode for phase contrast, on a
LEO 1525 field-emission scanning electron microscope (FE-SEM). BSE mode is suitable for
phase analysis, as the intensity of the backscattered electrons is a function of the atomic
number of the phase, so different phases have a different amount of backscattered electrons
associated with them and this shows as different shades of grey in the resulting micrograph.
The higher the average atomic number of the phase, the more electrons are backscattered and
the brighter the phase appears in the micrograph.

The overall and phase compositions of the samples were determined using an Oxford INCA
energy dispersive X-ray (EDS) system attached to the abovementioned SEM. The resolution
of the EDS detector was 132 eV. The accelerating voltage was optimised for the alloys using
the Oxford Inca Spectrum Synthesiser, since all samples could only contain AI, Pt and Ru.
The synthesiser program models the spectrum, taking into account the input variables for
EDS, as well as the energy lines which will be used for analysis. The acquisition conditions
can be optimised taking into account the elements present in the sample. This ensured that
excessive over-voltages were not used in generating the X-rays for EDS, as this could
influence the results significantly. All samples were analysed at 12 mm working distance
(optimum for the SEM used) and 12 kV accelerating voltage. All the EDS analyses were done
quantitatively against pure element standards.

The microstructures of the samples were visually inspected in the SEM prior to analysis to
ensure they were homogenous. Some samples had a small fraction ofunreacted Ru in them. In
these cases, the areas adjacent to the Ru were avoided in the analysis. The presence of the Ru
was not considered a problem as previous sample preparations involving Ru at Mintek has
shown that Ru tends to agglomerate and form lumps, especially in the small samples which
are mixed by hand. It is also possible that the Ru did not melt properly, as Ru has a very high
melting point (2701 K).

Overall compositions were determined by scanning a sufficiently large area of the sample,
200 - 1000 times magnification, depending on how coarse the microstructure was. Five
overall analyses were recorded per sample.

The composition of each phase was recorded in spot mode in the SEM. At least five spots
were measured for each phase and for each phase the standard deviation was calculated. In
some samples the phases were present on a very fine scale, which complicated results, since
the spatial resolution of EDS analysis is not lower than 1 J.tffi.X-ray information in EDS
comes from an interaction volume from about 5 to 2 J.tffiunder the surface of the sample,

 
 
 



depending on the operating conditions and average atomic number of the phase, which means
that for fine particles, there could be a big matrix contribution. In these cases, more analysis
points were recorded, and were taken into account in the plotting of the results on a ternary
projection, as the composition of the two phases must lie on the tie-line between the two
phases. Due to this, phases could not always be assigned beyond doubt using EDS, thus X-ray
diffraction (XRD) was used to confirm phases.

It should be noted that since all samples were analysed at the same conditions, the standard
deviations reported in this study only reflect the composition deviations and are not true
uncertainties associated with EDS analysis. EDS is only accurate to a minimum of ± 1 at. %
due to counting statistics, detector resolution, beam-sample interactions and a number of other
factors. However, these factors have been assumed constant in this study as all the samples
contained the same elements and all the conditions were constant. Depending on operating
conditions, EDS also has a minimum detection limit of 0.5 - 2 at. %, which means that low
concentrations of one of the elements in a binary phase could not always be detected. Thus,
the uncertainty for elements present in low atomic percentages was much higher. Again, all
factors were assumed constant and low atomic concentrations have been reported in the same
way as higher concentrations.

The samples were broken out of the resin mounts and analysed in a Philips XRD, with
monochromated eu Ka radiation using a continuous scan from 4 to 90° 28 with step size of
0.02° and dwell time of 0.5 s, to confirm the phases found in EDS.

XRD is a suitable technique for phase analyses incorporating lattice parameter and lattice-
type determinations on crystalline materials. XRD can also be used to determine and evaluate
the effect of a solute on the lattice parameter of a phase.

XRD is based on Bragg diffraction. When a crystalline material is irradiated by a
monochromatic source of X-rays, reflections will occur from the various lattice planes in the
crystal. Each reflecting plane will diffract a portion of the X-ray beam as governed by the
relationship

where
A = wavelength of the incident radiation
d = interplanar spacing
8 = incident angle of radiation with the plane
n = a small integer.

The reflections are characteristic for a specific crystal structure and give the d-values for a
phase, from which the lattice parameter can be calculated through the relationship (for a cubic
phase)

2

d2 = a
h2 +k2 +12

where d i s the i nterplanar s pacing, a i s the 1attice parameter and h, k and 1 are the Miller
indices, referring to the plane from which the reflection originates. The positions of the atoms
in the unit cell are then determined by the space group.

 
 
 



Phases are identified in XRD by matching the phase under investigation to standard patterns,
which are available in the International Crystallography Diffraction Database (ICDD)
[2001ICD] and International Crystal Structure Database (ICSD) [2002ICS]. However, there
are many phases not yet included in these databases, and the standard patterns are normally
only for end-member phases, solid solutions are usually not included.

Many of the phases found in the AI-Pt and AI-Ru binaries are not included in the ICDD or
ICSD. Most of the binary phases showed solubility for the third element in the system, which
shifts the position of the reflections. Some of the diffraction patterns also had overlaps on the
major peaks. These complicated the XRD identification significantly and a different approach
to only matching recorded and standard patterns had to be followed to confirm the phases
proposed by EDS analyses.

A method that is used at the CSIR-NML has been followed to identify the phases. This
method uses a software program WinCell [2002Raj], a freeware program from the internet, to
refine lattice parameters, based on the crystal structure, d-values and (hkl) values for a phase.
From the crystal structure data reported in the literature for the pure binary phases, the lattice
parameter and reflections present in the spectra were known.

1. For the phases that were present in the ICDD or ICSD, the lattice parameters were
calculated in WinCell from the standard pattern data in the database. For phases which
were not in the databases, but for which prototypes have been suggested in the literature,
the lattice parameters of the prototypes have been calculated. For some phases very
limited data were available and in those cases related binary systems were searched to
find suitable prototypes. Some phases have more than one prototype suggested in the
literature, in these cases all the prototypes were evaluated, as there are some
discrepancies in the binary phase diagrams. This provided a starting set of values for
each phase.

2. Once a 'standard' has been set up in WinCell, the corresponding phase was evaluated.
The corresponding 28 values from the diffractogram were selected for input to WinCell
and a lattice parameter was calculated and refined through a non-linear regression
method. A standard deviation and an overall coefficient of determination, R2, are also
calculated for each phase.

In Appendix B the XRD spectrum, the ICDD data of the phases to be confirmed, the WinCell
inputs and results are presented as an example.

Unfortunately, in WinCell it was not possible to assign different weights to the relative
intensities of the reflections in the diffractogram, which sometimes complicated the
calculations. But this method also ensured that all phases were, as far as possible, identified,
as the number of lines in the difractogram that were not already assigned to a phase could be
identified.

The advantage of this approach was that phases could be identified with a figure of merit, the
R2 value, and that the shifts due to the presence of a third element in the binary phase lattice
were taken into account, making it possible to calculate the solid solubilities of the phases.

 
 
 



Two new ternary phases were also found in the study. The one phase is a high temperature
phase and was found in only one sample. It was not quenched into the microstructure, and
decomposed. This phase is referred to as phase T in this study. The other ternary phase, called
phase X in this study, was stable to room temperature and present in a number of samples.
Through a search and match procedure, a structure was found which matched the diffraction
patterns of this phase. This was then used as a prototype for phase X.

In order to determine a solidification sequence of an alloy and then propose a liquidus surface
projection, also called the polythermal projection of the liquidus, fundamental thermodynamic
principles as well as practical experimental observations have to be considered. This section
attempts to describe the basic method which was used to propose the solidification sequences
and liquidus surface projection.

Overall compositions were determined for the samples. The phases in the microstructure were
then analysed. EDS is a useful tool to determine the compositions of the phases as well as the
overall composition of the alloy. The composition results from the EDS analyses were plotted
on a ternary composition triangle. In this study all the overall compositions are indicated with
a solid square on the diagrams and the phase compositions are indicated with solid triangles.
These are shown in Figure 3.1. When there were only two phases present in a sample, the
overall composition had to be on the line connecting the two-phase compositions. When there
were three or four phases present, the overall composition had to fall within the area formed
when the phase compositions are connected, as shown below for the triangular area.

Pt9
(as-cast)

Figure 3.1. Ternary plot showing the EDS phase analyses. The square indicates the overall
composition, the triangles the phase analysis and the solid circle indicates a two-phase area.

 
 
 



Since EDS only gives the compositions of the phases, and not the structures, XRD analyses
had to be used to confirm the phases in the sample. The phases confirmed by XRD were
assigned to the phase compositions on the ternary plot. This had to be in agreement with the
binary phases on the axes of the ternary diagram, unless it was a ternary phase, for which
there is no extrapolation to the binaries that make up the ternary diagram.

The shapes of the phases in the microstructures were also evaluated qualitatively. Did the
phase form dendrites in a matrix? Were the dendrites coated with another phase? Was the area
between the dendrites a mixture of two phases? Which phase was coating what? These are
important considerations in determining the solidification sequence and in identifying what
type of reaction (monotectic, eutectic or peritectic) occurred.

Phases solidify in a sequence. The order of the sequence is very important, because it gives
the order of the reactions.

Once the experimental analysis data were consolidated, certain fundamental and theoretical
factors were considered to propose a solidification reaction sequence and to plot a proposed
liquidus surface projection for the AI-Pt-Ru system. These are outlined below. Although
discrepancies can occur between the theory and experiment, these should not detract from the
usefulness of the theoretical approach, since the theory can provide useful ideas on the phase
growth and resulting experimental microstructures.

This discussion is only a rough guideline to the possible fundamental and theoretical
considerations, as non-equilibrium solidification of multi-element liquids is complex and it is
influenced by many factors. Predicting what will happen only theoretically is, today, still
nearly impossible.

The Phase Rule
During equilibrium solidification, the phase rules must be obeyed. The phase rule is

F=C-P+2
where F is the degrees of freedom, C is the number of components and P is the number of
phases, and it describes the relation between the phases and system variables (temperature,
pressure and composition). At constant pressure, the rule reduces to

F=C-P+1.
Although the non-equilibrium freezing of the arc-melted samples is too fast for equilibrium
solidification, and compositions constantly change during the non-equilibrium freezing, a
local equilibrium at each interface can be assumed, and the basic principles of the phase rule
should be considered in considering and evaluating the invariant reactions.

Reactions in a ternary system
In a ternary system, all the reactions from the binary systems are possible in the ternary
system, as well as some ternary reactions. The most commonly observed ternary reactions are
[1965Wes]:

 
 
 



(i) ternary eutectic reactions L ~ a + ~+ y,
(ii) ternary quasi-peritectic reactions L + a ~ ~+ Y
(iii) true ternary peritectic reactions L + a + ~ ~ y.

These ternary reactions are illustrated in Figure 3.2, where the arrows on the liquid surface
point in the direction of decreasing temperature. Reaction (ii) is also sometimes referred to as
a 'weak' peritectic reaction.

It is important to note that a reaction which is an eutectic reaction in the binary, can appear as
a peritectic reaction in the ternary. The presence of a third element in the ternary can change
the compositions of the binary phases when the third element is dissolved in the binary phase
in the ternary system. This can change the Gibbs energy of the phase so that the relative
stabilities of the phases change. Thermodynamically, a eutectic reaction can become a
peritectic reaction. In some cases, the eutectic reaction was observed before the conditions for
the eutectic became unstable, in other cases the eutectic from the binary was not observed at
all, only the peritectic reaction was observed. Also, if cooled too quickly, a stable eutectic
reaction can become a metastable peritectic reaction.

 
 
 



Some fundamentals on liquid-solid transformations were considered. Solidification of an
alloy from the liquid consists of nucleation of the primary solidification phase in the liquid,
and then the growth of the phase into the liquid, consuming the liquid, until all the liquid is
solidified.

Nucleation
Nucleation is always associated with a change in crystal structure, a change in volume or a
change in composition. Embryos form in the liquid, and once these reach a critical size and
become thermodynamically stable, a stable nucleus is formed.

Solid-liquid interactions
The liquid-solid interface of the growmg solid nucleus shows three characteristic
features[1972Cha]:

(i) the interface is non-crystallographic and atomically rough;
(ii) the interface is planar, i.e. contains no projections;
(iii) the interface is isothermal and undercooled by an amount 8.T related to the growth

rate.
Not all of above is necessarily observed.

The growth 0 f t he nuclei is then dependent 0 n the interface energy, surface energy 0 f t he
nuclei and amount 0 f u ndercooling. Liquid metal must u ndercool b y a few degrees before
solidification begins. The type and direction of grain growth is controlled by the temperature
gradients at the solid-liquid interface. It is also dependent on the alloy composition.

As solidification continues after nucleation, temperature gradients develop. The gradients
develop during the transport of the latent heat of fusion from the interface, produced by the
formation of the solid phase. If the liquid-solid interface grows into a supercooled liquid
(negative temperature gradient), protrusions at the interface can grow into the liquid without
being melted back, resulting in dendritic growth. If the temperature gradient ahead of the
interface i s positive, then grain growth 0 ccurs by t he advancement 0 fa more stable solid-
liquid interface. The liquid can also be supercooled by both thermal and constitutional effects,
then seed crystals can appear, which can grow into equiaxed, dendritic or columnar crystals.

It is often that the bulk sample solidifies with a dendritic morphology. Dendrites grow in quite
specific crystallographic directions. Dendrites can have a cellular appearance, or branches can
develop to produce a tree-like appearance, depending on the composition and temperature
gradients. However, the morphology of the primary phase also depends on the surface energy
of the primary phase, and when growth in a specific crystal direction in the liquid is not
thermodynamically favoured, discrete particles can form in the liquid. The discrete particles
grow without direction preference or they can form facetted crystals.

The growth of the primary phase continues until the remaining liquid composition is too
saturated with elements rejected from the solid and the phase cannot grow anymore. This is
assuming that most of the partitioning of the elements occurs in the liquid and not in the solid.
Then three types of liquid-solid interactions are possible. Eutectic, peritectic and monotectic
reactions occur most often in a ternary system. For eutectic and peritectic reactions, the liquid
phase is in equilibrium with two solid phases. These are recognised by their different
morphologies [1972Cha]. The peritectic reaction can continue only whilst the phase being

 
 
 



coated is still in contact with the liquid. For a monotectic type reaction, a miscibility gap must
exist in the liquid.

The further sequence of solidification is then determined taking into account the shape of the
microstructure.

Eutectic reactions are the simultaneous solidification of two phases and the two phases are
always finely dispersed. The morphology could include globular, rod-like, lamellar and more
irregular shapes (see Chadwick [1972Cha] for detail on eutectic morphologies). In peritectic
reactions, the phase which formed peritectically formed directly on the phase which reacted
with the liquid, in other words, the phase which formed peritectically 'coated' the primary
phase. Since the liquid reacted with the primary phase, the latter could have an uneven
appearance.

Solid-state eutectoid reactions occur where a phase had been formed during solidification and
it is not stable at lower temperatures. A solid-state decomposition is characterized by a very
fine structure if a high nucleation rate was attained. In the time during rapid solidification, the
structure remains fine, as the diffusion rates are much less in the solid, and at a lower
temperature than solidification from the liquid.

Coring is also possible in as-cast samples. Coring means that individual dendrites do not have
the same composition from the center to the outer edge of the dendrite. This is due to the fact
that the composition of the solidifying liquid, as well as the temperature of the liquid, is
changing as the dendrite grows from the liquid. The composition of the liquid is either
enriched or depleted of a solute, thus the solute concentration in the dendrite differs from the
surrounding liquid, and the phase solidifies in a continuous layered structure until the liquid
concentration has changed and the phase cannot precipitate anymore (Figure 3.3).

eJ
5

A Z ~B

Composition, %

Figure 3.3. Phase diagram of two components showing the influence of solute diffusion on
solidification, a phenomenon called coring [1990Tom].

 
 
 



The proposed solidification sequence and liquidus surface projection were derived from the
experimental microstructures. Drawing a liquidus surface projection is a bit like building a
jigsaw puzzle, as a number of factors need to be considered.

For each alloy a solidification sequence was deduced. The primary phase was identified, and
the solidification reactions were proposed as eutectic or peritectic, following the shape of the
microstructure. These deduced solidification sequences for the alloys were used to derive the
liquidus surface projection.

The overall composition of an alloy falls on the liquid surface of the primary phase.
Furthermore, the surfaces of phases in a particular solidification reaction had to be in contact
on the liquidus surface projection. The solidification reactions also had to agree with the
liquid reactions found in the binaries, although, as described above, the reaction types could
have changed based on the relative thermodynamic stabilities of the phases when third
elements are dissolved in the binary crystal structures.

The proposed solidification sequence had to be consistent with the microstructure. The order
of the phases in the microstructure, from the primary phase to the final phase solidified, had to
be such that there were no extra phases in the microstructure between two consecutive phases
in the solidification sequence. The cooling of the as-cast alloys was too fast to allow phases to
form through diffusion alone, although it was not fast enough to prevent coring and solid state
decomposition. Although quite unusual in as-cast alloys, it is possible that in some cases a
phase is not observed, since in some peritectic reactions all the previously formed phase can
be consumed during the reaction. In such cases, only a small part of the liquid surface of the
consumed phase could fall on the solidification path on the liquidus surface projection. The
solidification reactions had to agree with the liquid reactions found in the binaries, although,
as described above, the reaction types can change based on the relative thermodynamic
stabilities of the phases when third elements are dissolved in the binary crystal structures.

Since three binary systems were involved, and ternary phases could be present, the
solidification microstructures were used as input to the solidification sequence. Usually the
same order of formation for the phases from the liquid had to occur in the ternary system. It
was also considered that the presence of a third element in a binary structure could change the
composition range and formation temperature of the phase. The formation temperatures of the
phases from the liquid in the binary systems were also used to give an indication of the
solidification sequence.

The proposed liquidus surface projection was evaluated against the solidification sequences to
ensure consistency between them. This is best explained with an example. If one considers the
alloy composition 14 (overall and the phase compositions) plotted on a liquidus surface
projection (Figure 3.4), the primary crystallisation product will be RuA2, since the overall
composition lies on the RuAh liquidus surface. RuAh is not a stoichiometric line compound
in the binary system; it shows a small solubility range, which extends more to the AI-side than
the Ru-side (Figures 2.4 and 2.5 in Chapter 2). The crystallisation path of the liquid will be
along a line roughly towards the overall composition and the phase composition of RuAh. If
RuAh had been a line compound, the crystallisation path of the liquid would have been on the
straight line between the overall composition and the RuAh composition on the AI-Ru side of
the ternary plot. The solidification ofRuAh continues until the liquid attains a composition on

 
 
 



the univariant valley, the boundary between the RuAh and X liquidus surfaces. The direction
of continued solidifications is determined by the direction of the liquidus slope (valley or
'kink'), as well as the steepness of the slopes of the adjoining liquidus surfaces. The
solidification can continue down the valley in a eutectic, or go over the adjoining liquidus
surface if the slope permits it in a peritectic. In the example, the solidification continues in a
peritectic way over the liquidus surface of phase X, until the liquid compositions reach the
univariant boundary between X and PtAh. The solidification continues down the valley, until
there is no more liquid to consume.

Pelton [1995Pel] presented the solidification of a ternary alloy in more detail. However, only
stoichiometric line compounds were considered in the discussion.

It i s possible that, ins orne cases, the p ath 0 f so lidification crossed a liquidus surface 0 fa
phase which is not observed. In such a case, the phase probably was consumed during a
peritectic reaction and it was not observed in the solidification microstructure, especially for a
small liquidus surface. In cases where the two adjacent liquidus slopes are both very steep, the
solidification path might have' jumped' to the other surface before the univariant boundary
between the two phases was reached.

Although the solidification occurred under non-equilibrium conditions, the Gibbs phase rule
should be obeyed in the liquidus surface projection. For a ternary system at constant pressure,
the phase rule becomes F = 4 - P, where F is the degrees of freedom and P is the number of
phases. When the liquid and one solid phase are in equilibrium, P = 2, thus F = 2 and the
system is bivariant. A ternary liquidus is thus a two-dimensional surface. At a ternary eutectic
point, F = 0 as the temperature and the composition for all four phases (liquid, a, J3and y) in
equilibrium are fixed. Thus, in a ternary system, only three phases can be in equilibrium at
any stage, so no more than three lines could meet in an invariant point on the liquidus surface.

 
 
 



Solidification reaction sequences are sometimes written in "short hand", without indicating
the remaining liquid on the right hand side of the equation. Thus, in this work, solidification
reactions were written as

L~~RuAI
L + ~RuAI ~ ~PtAh
L+PtAh~X

with the above actually implying more explicitly, the following
Ll ~ L2 + ~RuAI
L2 + ~RuAI ~ L3 + ~PtAh
L3+~PtAh~X

In some instances, a ,~, sign is put in front of a binary phase. This indicates that the binary
phase shows some solubility for the third element in the system, and that the phase is slightly
changed from the pure binary phase. The ,~, sign is also sometimes used to represent a non-
stoichiometric binary phase.

The end members of the ternary phase diagram (the comers) are the solid solutions of
aluminium, platinum and ruthenium, dissolving varying amounts of the other two elements in
the system. These solid solutions are indicated in parentheses: (AI), (pt) and (Ru).

A line compound describes a phase with no solubility range. A phase is stoichiometric when it
appears at its stoichiometric composition in the phase diagram.

 
 
 



Chapter 4
Results and Discussion of the Experimental Investigation.

The first part of the chapter deals with the analyses of the alloy samples, evaluating the
microstructures and proposing a solidification sequence. The XRD results and
observations are discussed. An overall solidification sequence for the AI-Pt-Ru system is
presented and a liquidus surface projection is proposed. Some conclusions are made from
the experimental results.

Sixteen samples were analysed in the as-cast condition. The alloy compositions of the
alloys studied are shown in Figure 4.1. The targeted and analysed compositions are listed
in Table 4.1. The microstructures were investigated in the SEM, the overall compositions
determined and the phase compositions were analysed with EDS, and confirmed by XRD
where possible.

Six samples (1-6) were initially selected. A further six (7-12) was prepared to shed more
light and clarify discrepancies from the first six samples. A further three samples (13-15)
were prepared to glean more information in unclear areas of the system. As new ternary
phase was suspected, a final sample (16) was prepared, the composition of this sampled
was specifically targeted in the are of this sample. Samples were not prepared for the high
platinum side, since that have been covered in two previous studies [2001Big, 2001Hil]

I·This work • 2001 Big • 2001 Hill

Figure 4.1. Overall compositions of the AI-Pt-Ru alloys studied.

 
 
 



Sample Tar2eted Composition (at. %) Analvsed Composition (at. %)
AI Pt Ru AI Pt Ru

PARI 86 7 7 84 8.5 7.5
PAR 2 66 26 6 65 26.9 7.6
PAR 3 57 12 31 54.4 13.8 31.8
PAR 4 54 38 8 51.6 40.9 7.6
PARS 50 25 25 43.6 26.5 29.9
PAR 6 25 55 20 21.4 51.7 26.2
PAR 7 73 22 5 70.8 21.6 7.6
PARS 71 7 22 62.0 6.2 31.8
PAR 9 59 33 8 55.4 32.5 12.1
PAR 10 34 40 26 28 32.6 39.5
PAR 11 42 52 6 39.7 50.1 10.2
PAR 12 33 59 8 29.9 54.3 15.8
PAR 13 85 10 5 87.6 8.5 4
PAR 14 66 13 21 64.0 13.6 22.4
PARIS 47 51 2 42.0 55.7 2.3
PAR 16 74 8 18 71.9 8.9 19.2

From Table 4.1 it can be seen that in most cases the analysed AI composition was lower
than the targeted composition, while the Ru composition was higher. This was expected,
as AI has a much lower melting point than both Pt and Ru. Since some unreacted Ru was
observed in some samples, the lower AI content observation was not consistent
throughout all the samples, e.g. PAR13, which showed a higher AI content in the
analysed results than what was targeted.

Porosity was observed in a number of samples. This was probably due to the fast cooling
rates and the presence of AI, which has a much lower solidification temperature and
higher partial pressure than Pt and Ru, leading to vaporisation. It could also have been
due to traces of water vapour, despite precautions, in the samples prior to the arc-melting.

Each alloy sample was analysed, the phases determined and a solidification sequence was
proposed for each alloy. These are discussed here, the XRD results will be discussed
separately in paragraph 4.3.

The as-cast button was extremely brittle and crumbled into small pieces while clamping it
in a vice to cut in half.

The PAR 1 alloy exhibited two distinctly different regions in the microstructure (Figure
4.2a and b). The composition of the two areas, however, was not significantly different.
The origin of the two different structures is difficult to explain due to a lack of data, but,

 
 
 



since the coarser phase was observed mostly on the outside of the sample, it could be that
columnar liquid dendrites with a very slight difference in composition formed and that it
was enough to follow different solidification paths. The 'coarser' microstructure (Figure
4.2 d) shows light dendrites in a dark matrix, with some precipitation in the matrix. The
'finer' microstructure (Figure 4.2 c) shows a light phase coated by a darker phase in a
dark matrix, also with some precipitation in the dark matrix.

The phase compositions are given in Table 4.2 and are plotted on a ternary projection in
Figure 4.3.

c
Figure 4.2. (a) and (b) show the two distinct different microstructure areas observed in
the PARI alloy. (c) shows the detail of the finer (darker) microstructure and (d) shows
the detail of the lighter, coarser microstructure area.

 
 
 



Sample Condition Phase Composition Proposed No of
Description Al Pt Ru phase(s) analyses

PARI Arc- Overall 84.0 + 0.6 8.5 + 0.5 7.5 +0.6 5
melted Fine 84.3 ± 0.6 8.5 ± 0.6 7.2 ±0.6 5

microstructure
Black 100 (AI) 3
Grey 76.1 + 1 10.5 + 0.7 13.4 ± 0.6 X 10
Light 75.1 + 0.2 20.8 + 0.5 4.1 + 0.5 ~Pt5Ahl 9
Coarse 83.3 ± 0.6 8.9 ± 0.6 7.8 ±0.6 5
microstructure
Black 100 (AI) 3
Very light 75.1 ± 0.3 14.1 + 1.3 10.8 ± 1.1 X 6
Grayish 72.8 + 0.2 13.9 + 0.7 13.3 ± 0.7 -RuA16 5

Pt 1
(as-cast)

In the 'coarse' microstructure, the ternary phase X solidified first in the liquid as
dendrites. ~RuAl6 then formed peritectically, coating the X-phase dendrites. The fmal
liquid solidified eutectic ally, forming ~RuAl6 and (AI).

 
 
 



In the 'fme' microstructure alloy, the primary phase is different to the primary phase in
the coarse microstructure. -PtsAhl solidified from the liquid. The X phase coated the
primary phase, indicating that it solidified peritectic ally. On the outside of the X, a phase
is seen as small light specs, it is probably -RuA16 that has formed peritectic ally. The final
liquid solidified eutectic ally, forming (AI) and a small amount of -RuAl6.

From the phase and composition analyses of this alloy, the following solidification
sequence is proposed

Coarse area
L~X
L+X~-RuAl6
L ~ -RuAl6 + (AI)

Fine area
L ~ -PtSAI21

L+-PtsAb~X
L+X~-RuAl6
L~-R~+(AI)

Not all the proposed reactions were observed in the solidification microstructure, as the
phases were too fine to identify all of them accurately.

Since the last part of the proposed solidification sequences for the two microstructures are
the same, that one part of the liquid was slightly enriched in Ru and depleted in Pt
relative to the other part, if columnar type solidification is assumed, leading to different
primary solidification. The composition difference might have been big enough for such a
phenomenon and the EDS technique may not have been sensitive enough to pick up the
real composition difference.

The phases were very fmely dispersed and it was difficult to analyse the phases
accurately with EDS. Unfortunately, in this sample, most of the proposed phases did not
have prototypes suggested in the literature, which made confirmation by XRD
difficult/impossible. The solidification for this alloy thus has some uncertainty associated
with it.

The PAR 2 alloy was extremely brittle and broke into pieces while fastening in a vice to
cut the button-melt sample in half. The sample was also very porous.

The BSE images in Figure 4.4 show a light dendritic phase in a dark matrix. In the light
phase, another dendritic structure can be observed. This is not a continuous dendrite, as
can be seen in Figure 4.4(b).

 
 
 



Figure 4.4. (a) shows the dendrite structure of PAR 2 and (b) shows the remnants of
primary T in the light PtAh dendrites.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR 2 Arc- Overall 65.5 + 0.5 26.9 + 0.4 7.6 + 0.4 5
melted Light 61.5 + 0.3 32.6 + 0.3 5.9+0.5 ~PtAh 5

Dark 70.5 + 0.4 16.6 + 0.2 12.9 + 0.4 X 5
Two phase (in 64.0 ± 0.3 28.2 ± 0.2 38.8 ± 0.3 T+-PtA12 5
light phase)

Pt2
(as-cast)

 
 
 



The phase compositions determined by EDS analyses are listed in Table 4.3 and have
been plotted on a ternary projection in Figure 4.5.

The PAR 2 alloy first solidified from the liquid by forming phase T dendrites. Phase T is
a proposed new ternary phase of composition RUlsPt2sAI64.The liquid then reacted
peritectically with phase T to form PtAh. Most of the T was consumed in the peritectic
reaction, leaving traces of phase T dendrites in the PtAh dendrites. This is confirmed by
EDS analysis, which found the composition of the two-phase area to be between the
phase T composition and PtAh composition (Figure 4.5 d). The last liquid transformed
eutectically to PtAh and phase X, a ternary phase stable at low temperatures.

The proposed solidification sequence can be summarised as follows:
L~T
L+T~~PtAh
L~~PtAh+X

Any remaining T decomposed
T~X +~PtAh

The BSE images in Figure 4.6 show a dark grey dendritic phase in a light matrix. The
dark grey dendrites are coated by a black phase. Between the dark grey dendrites and
black phase, a fine two-phase area formed. On the outside of the black phase, another fine
grey phase formed. A two-phase area also exists between the black and fine grey phase.
Some of the grey phase is in the light matrix phase.

The phase compositions determined by EDS analyses are listed in Table 4.4 and have
been plotted on a ternary projection in Figure 4.7.

Figure 4.6. BSE images of PAR 3. (a) shows the overall microstructure. (b) shows the X
phase as well as the two areas where RU2Ah and T decomposed.

 
 
 



Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR 3 Arc- Overall 65.5 + 0.8 26.9 + 0.9 7.6 ± 0.9 5
melted Grey dendrites 49.4 + 3 12.3 + 1 38.3 + 3.2 ~RuAl 5

Dark 63.2 + 1.1 1.3 + 0.5 36.6 + 1.8 ~RuAlz 5
Light 57.3 + 1.3 31.1+1 11.6 + 1.9 ~PtAlz 5
Darker Grey 69.6 + 1.1 14.0+1.4 16.4 + 1.9 X 8

Pt3
(as-cast)

The liquid fust solidified as ~RuAI, the grey primary dendrite phase. Through a peritectic
reaction, RU2Ah formed, coating the ~RuAI dendrites. The RU2Ah reacted with the liquid
to form ~RuAh, the black phase. The solidification then proceeded in one of two ways:
either the ~RuAh reacted with the liquid to form X, which was consumed in a subsequent
peritectic reaction between the liquid and X, or the ~RuAh reacted with the liquid to
form a ternary phase T, which coated t he ~RuAI phase before it formed X, a ternary
phase, through a peritectic reaction. RU2Ah decomposed through a solid-state reaction to
~RuAl and ~RuAl2, thus explaining the dark 'messy' two-phase structure that coated the
primary ~RuAl dendrites. The ternary phase T also decomposed at lower temperatures,
which explained the fine structures between ~RuAh and the ternary phase X.

 
 
 



L~-RuAl
L + -RuAl ~ RU2Ah
L + RU2Ah ~ -RuAh

The solidification probably progressed in one of two ways
L+-RuAh ~T OR L+-RuAh ~X
L~T+X L+X~-PtAh

RU2Ah decomposed in the solid state:
RU2Ah ~ -RuAl + -RuAh

The PAR4 alloy showed some brittleness and the sample broke into four equal pieces
when fastened in a vice for cutting.

The BSE images in Figure 4.8 show dark cored dendrites coated by a light phase in a
medium matrix. The light coating phase is not continuous; a fine structure is present in it.

The phase compositions determined by EDS analyses a re listed in Table 4.5 and have
been plotted on a ternary projection in Figure 4.9.

Figure 4.8. BSE images of PAR 4. (a) shows dark primary -RuAl dendrites, coated by a
PtAllayer (the light phase) in a Pt2Ah matrix. (b) shows the detail of the PtAl coating
layer.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR4 Arc- Overall 51.6 + 0.5 40.9 + 3 7.6 + 3.2 5
melted Dark 45.3 + 1.2 27.3+1.4 27.4 + 1.6 ~RuA1 7

Medium 55.2 + 0.6 44.8 + 0.6 0 PtzAh 6
Light 47.4 + 2 52.6 + 2 0 PtA1 6

 
 
 



Pt4
(as-cast)

The RuAl phase solidified as primary dendrites in the liquid. -RuAl then reacted
peritectically with the liquid to form PtAI, which coated the RuAl dendrites. PW reacted
peritectic ally with the liquid to form PtzAh. The peritectic reaction changed to solidify
the final liquid eutectic ally. The change in the reaction was probably due to a change in
the relative stabilities of the phases with respect to each other. Since the final liquid was
possibly depleted of Ru, the eutectic solidification of liquid proceeded according to the
AI-Pt binary, where an eutectic reaction exists between PW and PtzAh.

L~-RuAl
L + -RuAl ~ PtAl
L +PtAl ~ -PtzAh
which changed to
L ~ PW + -PtzAh

(The peritectic reaction L + -RuAl ~ PW was found to be actually the eutectic reaction
L ~ -RuAl + PW after studying a 600°C (4 weeks) heat-treated sample.)

The overall analysis of this sample is on the RuAl liquid surface, which indicates that
RuAl phase stretches to -10 at. % from the AI-Pt binary.

 
 
 



The P AR5 alloy was extremely brittle and it disintegrated into small pieces without a
strong external force.

The B SE microstructure images in Figure 4 .10 show a dark dendritic phase in a light
matrix. The light matrix consists of two very fme light phases (Figure 4.10 b).

The phase compositions determined by EDS analyses are listed in Table 4.6 and have
been plotted on a ternary projection in Figure 4.11.

Figure 4.10. BSE image on the right showing dark ~RuAl dendrites in a light two-phase
matrix. The light matrix consists of PtAl and PtsAh, which is the very light phase.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR5 Arc- Overall 43.6 + 0.9 26.5 + 0.8 29.9 + 1.3 5
melted Dark 45.0 + 0.9 16.9 + 004 38.1 + 0.9 -RuAl 7

Light 46.8 ± 0.9 51.6 ± 204 1.6 ± 2.3 PtAl + 7
Very Light 43.3±O.5 49.3±Oo4 704±O.2 PtsAh

 
 
 



Pt 5
(as-cast)

The liquid solidified as primary ~RuAl dendrites, and showed some coring on the edges.
The remainder of the liquid probably solidified as 13 phase, which decomposed in the
solid state (below 1533 K) to two phases - PtAI and Pt5Ah. These two phases were too
fine to analyse accurately individually.

The solidification can be summarised as follow:
L~~RuAl
L+~RuAl ~ 13

13 decomposed in the solid-state:
13 ~ ~PtAI + Pt5Ah

The PAR6 alloy was the benchmarking alloy of this study, as it has the same composition
as the lowest Pt-content sample of a series of Pt-Al-Ru alloys studied by Biggs
[2001Big1]. The results are in good agreement. Unlike most of the other alloys, this alloy
was ductile.

 
 
 



The BSE microstructure (Figure 4.12) shows big long dark needles in a light matrix, with
some finer dark needles and irregular-shaped 'blobs' in the areas between the big long
needles. The big long needles appear in a fan-like structure, and dissect through each
other.

The phase compositions determined by EDS analyses are listed in Table 4.7 and have
been plotted on a ternary projection in Figure 4.13.

Figure 4.12. (a) The BSE image of PAR 6. (a) shows the long dark (Ru) needles in the
light ~Pt3AI matrix, with a finer dark phase present between the long needles. (b) shows
that the fine (pt) blob-like phase, and the finer (Ru) needles which formed in the ternary
eutectic.

Sample Condition Phase Composition Proposed No of
Description Al Pt Ru phase analysis

PAR6 Arc- Overall 21.4 +0.7 51.7 + 0.5 26.2+ 5
melted Light Matrix 28.6 ±0.8 69.5 ± 0.8 1.9 ± 0.5 -Pt3Al 7

Dark needles 1.8 ± 0.6 17.8±1.1 80.4 ± 1.6 (Ru) 7
(big and fine)
and big blobs
Dark fine 29.0 ± 1.2 68.7 ± 1.7 2.3 ± 1.1 (Pt) 7
blobs

 
 
 



Pt 6
(as-cast)

The PAR 6 alloy solidified by primary (Ru) needles growing in the liquid. The needles
probably only thickened after their formation, since it appears as if they are pinched
where they have grown through each 0 ther. This was probably followed by a eutectic
reaction from the liquid, forming (Ru) and ~Pt3AI, the light matrix. The binary eutectic
was followed by a ternary eutectic, forming (Ru), ~Pt3A and (Pt).

Coarser and finer needles appear in the microstructure. Both needles have a similar
morphology. The big needles are primary (Ru), while the fme needles are (Ru) formed
from the ternary eutectic reaction. The cross-section of the needles is irregular and
appears 'blob' -like, with the larger 'blobs' corresponding to (Ru). The fmer 'blobs' are
(Pt) which formed in the ternary eutectic reaction. These are indicated in Figure 4.12 b.

The proposed solidification sequence can be summarised as:
L~(Ru)
L ~ (Ru) +~Pt3AI
L ~ (Ru) + ~Pt3Al + (Pt)

 
 
 



The as-cast alloy was extremely brittle and broke into pieces even during repeated arc-
melting to homogenise the sample. It could, therefore, only be partially melted together.
The as-cast alloy was very porous, which made it difficult to prepare a smooth surface
metallographically.

The B SE microstructure (Figure 4 .14 a) shows light dendrites in a darker matrix. The
dendrites are not homogeneous (Figure 4.14 b), another phase can be observed in the
light dendrites.

The phase compositions determined by EDS analyses are listed in Table 4.8 and have
been plotted on a ternary projection in Figure 4.15.

Figure 4.14. The BSE images of PAR 7. (a) shows white PtAh dendrites in a darker X
matrix. (b) shows precipitates of X in the PtAh dendrites.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR 7 Arc- Overall 70.8 ± 0.4 21.6 ± 0.4 7.6 ± 0.6 5
melted Light 67.9 ± 1 32.1 ± 1 0 PtA12 5

Dark 72.1 + 1.2 18.4 + 1.2 9.5 +2.2 X 8

 
 
 



Pt 7
(as-cast)

The PAR 7 alloy solidified forming primary PW2 dendrites in the liquid. The fmal
volume of the liquid solidified eutectic ally, forming PW2 and X. The fine phase present
in the primary PtAh dendrites are the X phase. This can either be due to the precipitation
of the X phase because of a sloping solvus, or because the dendrites were probably
wetted by the liquid, and small liquid 'pockets' remained in the dendrites, which then
solidified as X phase.

L~PW2
L~PW2+X

The BSE image (Figure 4.16 a) shows dark dendrites in a medium matrix. An irregular
very light phase is present in the matrix(Figure 4.16 b).

The phase compositions determined by EDS analyses are listed in Table 4.9 and have
been plotted on a ternary projection in Figure 4.17.

 
 
 



Figure 4.16. BSE images of PAR 8. (a) shows dark ~RuAl dendrites in a medium grey X
phase. A very light phase ~PtAh is present in the medium grey phase. (b) shows the
microstructure in more detail.

Sample Condition Phase Composition Proposed No of
Description Al Pt Ru phase(s) analyses

PAR 8 Arc- Overall 62.0 ± 0.5 6.2 ± 0.4 31.8 ± 0.7 5
melted Medium 67.0 + 0.6 10.4 + 0.3 22.6 + 0.7 X 7

Dark 56.2 + 0.8 0 41.2 + 0.8 -RuAl 7
Very light 61.7 + I 30.4+1.2 7.9 ± 1.1 -PtA12 7

Pt288
(as-cast)

 
 
 



Primary -RuAl dendrites solidified from the liquid. The -RuAl reacted peritectic ally with
the liquid to form -RuAh, which subsequently reacted with the liquid to form X, a
ternary phase. The final liquid reacted with X to form -PtAh, the white phase.

From the EDS analysis it seemed that the final peritectic reaction consumed all the
-RuAh phase, as it was not detected.

The proposed solidification sequence is as follows:
L~-RuAl
L + -RuAl ~ -RuAh
L+-RuAh~X
L+X~-PtAh

However, when comparing the proposed solidification sequence with the proposed
liquidus surface projection, RU2Ah should have formed. It was thus assumed that a small
amount RU2Ah did form, but that it was consumed in the subsequent peritectic reaction.
The solidification sequence probably was as follows:

L~-RuAl
L + -RuAl ~ RU2Ah
L + RU2Ab ~ -RuAh
L+-RuAh~X
L+X~-PtAh

Only two phases were observed in the BSE microstructure (Figure 4.18). The primary
dendrite phase shows coring.

The phase compositions determined by EDS analyses are listed in Table 4.10 and have
been plotted on a ternary projection in Figure 4.19.

 
 
 



Figure 4.18. BSE microstructure of PAR 9. (a) shows the dendritic structure. (b) shows
the coring of the dark grey ~RuAI phase.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR9 Arc- Overall 55.4 + 1.2 32.5 + 0.6 12.1 ± 1 5
melted Light 60.4 ± 0.2 39.6 ± 0.2 0 PtzAh 6

Dark 47.6 ± 0.7 20.6 ± 0.4 31.8 ±0.9 -RuAl 5

Pt289
(as-cast)

The liquid solidified forming primary ~RuAI dendrites. The dendrites showed coring.
The final liquid reacted peritectic ally with the liquid to form PhAh.

The proposed solidification sequence is as follows:
L~~RuAI
L + ~RuAI ~ Pt2Ah

 
 
 



The low magnification BSE image of the as-cast microstructure (Figure 4.20 a) shows
long, directional dark 'feather-like' dendrites in a light matrix. In some areas it looked as
if there were 'blotches' clouding the clear dendrite image. In these blotchy areas the dark
dendrites were coated with a lighter phase as can be seen in Figure 4.20 (b). In the areas
between the dendrites a fine 'eutectic' structure was observed.

The phase compositions determined by EDS analyses are listed in Table 4.11 and have
been plotted on a ternary projection in Figure 4.21.

Figure 4.20. BSE images of PARlO. (a) shows the 'feather-like' dendrite solidification
structure, with some areas which appear 'cloudy'. In the close up, (b), the dark (Ru)
needles, coated by a medium phase, ~RuAI in a light (PtsAh + PtAI) matrix. Between the
dendrites, a fine eutectic structure is visible.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR Arc- Overall 28.0 ± 0.6 32.6 ± 0.5 39.5 ± 1 5
10 melted Light matrix 40.5 ± 3.6 59.5 ± 3.6 0 (PtAl + 3

PtsAl3)
Dark 3.4 + 0.3 3.4 + 0.3 93.3 + 0.6 (Ru) 11
Medium 42.3 +0.7 21.3 + 0.6 36.4 +0.8 ~RuAl 5

 
 
 



Pt 10
(as-cast)

(Ru) solidified as the primary phase with needles growing in the liquid, before it reacted
with the liquid to form ~RuA1. The ~RuAl reacted with the remaining liquid to form 13.
The reaction transformed to a eutectic reaction due to more favourable thermodynamic
conditions. 13 decomposed in the solid state to PtsAh and PtAI, as it is unstable below
1533 K. More PtsAh than PtAl was observed, as the composition was far to the platinum
side of the 13 phase.

The proposed solidification sequence is as follows:
L~(Ru)
L + (Ru) ~ ~RuAl
L+RuAl ~ 13
which changed to L ~ RuAl + 13

13 decomposed by solid state reaction:
13 ~ PtsAh + PtAl

 
 
 



The BSE microstructure (Figure 4.22) shows a dark dendrite, coated by a lighter phase, in
a light matrix. At a higher magnification (Figure 4.22 b), both the dark and medium
phases show the presence of another phase, very finely dispersed, in it.

The phase compositions determined by EDS analyses are listed in Table 4.12 and have
been plotted on a ternary projection in Figure 4.23.

Medium
-PtAI

Dark
-RuAl

1'-a t---<

Figure 4.22. BSE images of PAR 11. (a) shows the dendritic structure of the alloy. (b)
clearly shows the presence of a fine phase in the dark dendrite phase as well as the area
surrounding the dark dendrite.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR Arc- Overall 39.7 +0.8 50.1 + 0.9 10.2 + 1.1 9
11 melted Light matrix 37.6 +0.4 62.4 + 0.4 0 PtSAl3 4

Dark * 42.4 ±0.7 23.5 ± 0.8 34.1 ± 0.9 -RuAI 7
Medium * 49.9±0.9 44.4 ± 3.3 12.6 ±2.8 -PtAI 7

* bulk phase composition, as a finely dispersed second phase is present in the bulk phase,
the fine phase was too fine to analyse with EDS.

 
 
 



Pt 11
(as-cast)

The liquid solidified as primary ~RuAl dendrites (these dark dendrites were very fine and
their size on the limit of the spatial resolution of EDS). The dendrites were coated with f3
phase when the liquid reacted peritectic ally with the ~RuAl to form f3.The final of the
liquid then solidified as PtsAb through a peritectic reaction between the liquid and f3.The
f3-phase decomposed at lower temperatures to PtsAh and PtAl.

There is also a fine phase present in the dark ~RuAl dendrites. Although it was too fine to
analyse accurately with EDS, it is proposed that it is PtsAb. It probably appeared in the
~RuAl phase due to a solid-state precipitation of PtsAb because of a sloping solvus.

The proposed solidification sequence is:
L~~RuAl
L+~RuAl ~ f3
L + f3~ PtsAb

A solid-state transformation is observed after the solidification:
f3~ PtsAh + PtAl

 
 
 



PAR 12 was a small and dense button-melt sample. It was ductile, but showed some
porosity in the microstructure.

The BSE images (Figure 4.24) show fine dark primary needles formed in a light matrix.
The microstructure appeared similar to the PAR 6, but the needles in PAR 12 were fmer
and also did not show the distinct fan-like structure of PAR 6. Where the sample
preparation has cut through a needle, it showed that these were thin flat needles (Figure
4.24 b), and not round and blob-like as the needles in PAR 6.

The phase compositions determined by EDS analyses are listed in Table 4.13 and have
been plotted on a ternary projection in Figure 4.25.

Figure 4.24. BSE images of PAR 12. (a) shows long thin and small fine (Ru) needles in a
light Pt3Al matrix. (b) shows the microstructure at a higher magnification.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PARI2 Arc- Overall 29.9 +0.6 54.3 + 0.7 15.8 + 0.6 5
melted Light matrix 34.9 ± 0.4 65.1 ± 0.4 0 Pt3AI 9

Dark needles 0 10.2 ± 2.3 89.8 ± 2.3 (Ru) 7

 
 
 



Pt 12
(as-cast)

Fine dark primary (Ru) needles formed from the liquid, before reacting with the liquid to
form Pt3Al by a peritectic reaction. The needles were finer than the ones observed in the
as-cast P AR6 alloy, and also did not show the distinct fan-like structure 0 fthe PAR6
needles.

The proposed solidification sequence is as follows:
L ~ (Ru)
L + (Ru) ~ Pt3Al

The BSE microstructure (Figure 4.26 a and b) shows light primary dendrites in a dark
matrix. On the edge of the dendrites a fine lighter phase is observed (Figure 4.24 c),
which formed peritectically. Between the dendrites, an eutectic structure formed (Figure
4.24 d).

The phase compositions determined by EDS analyses are listed in Table 4.14 and have
been plotted on a ternary projection in Figure 4.25.

 
 
 



Figure 4.26. BSE images of PAR 13. (a) and (b) show the general microstructure. In (c)
the ternary eutectic structure between the primary X dendrites can be seen. (d) shows the
presence of another phase (lighter than dendrites) on the edges of the X dendrites.

Sample Condition Phase ComDosition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR 13 Arc- Overall 87.6 +0.4 8.5 + 0.4 4.0 +0.4 5
melted Medium 73.4 ±O.4 17.1 +0.8 9.5 + 0.7 X 5

Light 76.8 + 0.7 24.2+0.8 0 PtgAlzI 5
Dark 100 0 0 (AI) 5

 
 
 



Pt 13
As-cast

The microstructure shows light primary X facetted crystals in a dark (AI) matrix. On the
edge of the crystals, PtsAbt. formed peritectic ally. The final liquid solidified eutectic ally,
forming PtsAI21 and (AI).

The proposed solidification sequence is:
L-+X
L + X -+ PtsAhI
L -+ PtsAhI + (AI)

Another reaction probably occurred between the last two reactions, as there should be
continuity of the phases between the different steps of the proposed solidification
sequence. However, it has not been observed.

The BSE microstructure reveals three distinct phases (Figure 4.28). Dark dendrites are
coated by a medium phase in a light matrix.

The phase compositions determined by EDS analyses are listed in Table 4.15 and have
been plotted on a ternary projection in Figure 4.29.

 
 
 



Figure 4.28. BSE images of PAR 14. (a) shows the dark RuAh dendrites surrounded by a
medium X phase in a light -PtAh matrix. (b) shows a higher magnification of the
microstructure.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PARI4 Arc- Overall 64.0 ± 0.4 13.6 ± 0.4 22.4 ± 0.2 5
melted Light 57.8 ± 0.6 32.4 ± 1.1 9.8 ±0.9 -PtAh 7

Medium 69.7 + 0.5 13.9 + 0.7 16.4+1.0 X 7
Dark 63.9 + 0.5 0 36.1 + 0.5 RuA12 7

Pt 14
(As-Cast)

 
 
 



The primary dendrites of RuAb formed in the liquid. The liquid then reacted with the
RuAb peritectic ally and formed X, which coated the primary dendrites. This was
followed by another peritectic reaction where -PtAlz formed from the liquid and X

The proposed solidification sequence is:
L~RuAb
L+RuAlz ~X
L+X~-PtAb

The BSE images show 'island', with a two-phase structure in them, in a matrix that also
shows a finer structure (Figures 4.30 a and b). The two fine phases differ in appearance
(Figures 4.30 c and d).

The phase compositions determined by EDS analyses are listed in Table 4.16 and have
been plotted on a ternary projection in Figure 4.31.

Figure 4.30. (a) shows the overall microstructure of PAR 15. (b) shows the 'grain'-like
structure. (c) shows the solid state decomposition of a primary ~ grain while (d) shows
the difference in decomposition microstructures.

 
 
 



Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PARI5 Arc- Overall 42.0 + 0.3 55.7 + 0.8 2.3 + 0.7 5
melted Light 35.0 + 0.4 61.9 + 0.6 3.1 + 0.5 -PtsA13 5

Dark 45.2 + 0.2 52.1 + 0.7 2.7+0.6 -PtAl 5

Pt 15
(As-Cast)

Primary discrete 13 phase 'islands' formed in the liquid. The reaction then changed to a
eutectic reaction where 13 and -PtsAh formed from the liquid. The 13 phase decomposed
below 1533 K to -PtAl and -PtsAh. Inside the 'islands' it was only 13 phase
decomposing; in the matrix as -PtsAh was already present before the 13 decomposed,
resulting in two different microstructures of -PW and -PtsAh in the primary 'islands'
and in the eutectic mixture. This is illustrated schematically in Figure 4.32.

The proposed solidification sequence is:
L~13'
L ~ 13" + -PtsAh

(13' is the primary 13phase which formed form the liquid, 13" is the eutectic ally formed 13
phase)

 
 
 



The P phase then decomposes
P ~ -PtAI + -PtsAh

The development of the solidification microstructure is illustrated in Figure 4.32. Primary
p particles forms from the liquid (showed as PO). The remainder of the liquid solidifies
eutectically, leaving the Po in a p" and -PtsAh matrix. The P phase then decomposes to
-PtAI and -PtsAh, as described above.

8~
I" "d ~
lqUi ~

Figure 4.32. Schematic development of the solidification microstructure of the PAR15
alloy.

4.2.16 The PAR 16- Ah4:Pts:RulS alloy

The PAR 16 alloy was very brittle. Some porosity was visible.

The BSE microstructures (Figures 4.33) show a medium grey dendrite phase that is
coated by a black phase. The coated dendrites are surrounded by a light grey phase,
which shows some coring. Finally there are small particles of a very light phase present
in a light cored area.

PtAI+
PtsAh

 
 
 



Figure 4.33. (a) shows the overall microstructure of PAR 16. (b) shows the medium
primary RuAh dendrites coated by the black RU4Al13phase. Small, very light areas of
PtAh can be seen in the cored X phase.

The phase compositions determined by EDS analyses are listed in Table 4.17 and have
been plotted on a ternary projection in Figure 4.34.

Sample Condition Phase Composition Proposed No of
Description AI Pt Ru phase(s) analyses

PAR16 Arc- Overall 71.9 ± 0.4 8.9 ± 0.3 19.2 ± 0.3 5
melted Medium Grey 63.9 ±0.3 0.5 ± 0.2 35.6 ± 0.3 RuAh 5

(dendrite core)
Dark 75.3 ±0.2 0.5 ± 0.2 25.2 ± 0.2 RU4All3 5
Cored phase 71.5 ± 1.6 15.2 ± 1.3 13.3 ± 2.5 X 5
Very light 65.4 + 0.9 34.6 + 0.9 0 PtA12 5

Pt 16
(as-cast)

Primary RuA12 dendrites formed in the liquid. Through a cascade of peritectic reactions,
the primary dendrites were coated by RU4All3,then by a very cored X phase and finally
by PtA12•

 
 
 



L~RuA12
L + RuA12~ R\4Al13
L + R\4Al13~ X
L+X~PW2

4.3 XRDresults

The initial attempt to identify and confirm the phases suggested by the EDS analyses
proved to be no simple task. This was due to the fact that only some of the binary phases
are included in the ICDD [2002ICD] and ICSD [2002ICS], which contain the standard
diffraction data for phases. The diffraction data are normally only for the pure phases and
solid solution phases are not considered. Furthermore, when there is third element solid
solubility of an element in a binary phase, the diffraction patterns shifts.

These complications lead to a separate, but related XRD project on the binary phases of
this study, thus the work presented in this section is still ongoing at the CSIR-NML. In
most cases, the pure binary phases would have to be evaluated before the effect of the
third element can be considered. It has also been found that the analyses of the
corresponding heat-treated samples were easier to interpret than the as-cast samples, as
the heat-treated phases are closer to equilibrium conditions. Unfortunately, only the
600°C heat treated samples of the first six alloys were available at the time of this study.

Two new ternary phases were suggested in the EDS analyses. It is considered that the one
phase is a high temperature phase that decomposed. The 0 ther phase was present in a
number of samples. The high temperature phase is preliminary called phase T with a
suggested composition of RUI8Pt28Al64.Since the phase decomposed, it was not detected
by XRD and no prototype could be suggested. The second ternary phase, called phase X
here, was matched through a search-and-match procedure to be similar to IrAl2.7Sand/or
RhAh.63. It is proposed that the composition is RUI2PtlSAl73,that the phase has a
primitive cubic structure and that the lattice parameter is 0.7712 nm.

In some cases the peak 0 verlaps made the phase identification complicated. In sample
PAR4, RuAl and PtAh were found in the EDS analysis. However, the main reflections in
the diffraction patterns for the two phases overlap almost completely, as both phases are
cubic, with the PtA12lattice parameter about twice the size of the RuAllattice parameter.
By looking at the (311) reflection, which is the second strongest reflection in the PtA12
pattern and absent in the RuAl pattern, it could be determined with XRD that it was in
fact RuAl and not PtAh in the sample, thus confirming the EDS results. Similarly, in
sample PAR3, the RuAl and RuAl2 patters also overlap. Although the former is cubic and
the latter orthorhombic, the identification of the RuAl2 was difficult: it was a minor phase
and its major reflections were overlapping with the RuAl phase. Again, the presence of
the (311) reflection in the RuAl2 and absence in the RuAl phase was used as a signature
in identification. In sample PAR8, the RuAl phase have not been identified in the XRD
spectrum, as it is not the major phase and t he main reflections 0 verlap with t heRuA12
reflections.

 
 
 



Three crystal structures have been reported for the Pt3Al phase. The cubic L12 structure is
not included in the ICDD or ICSD, and was also not found in any sample in this study.
Sample PAR6 only contained the low temperature DOc structure. Pt3AL was also found
in sample PARI2, where it preferred orientation. It could not be determined which Pt3Al
structure formed in P AR12, as both structures gave a very good R 2 value through the
grain refinement procedure. It could also be that both forms are present.

The PW phase is not included in the ICDD. The PdAl phase was used as a prototype.
However, the PdAl phase has a high temperature and low temperature polymorph. The
high temperature polymorph agrees with the r3 phase that has been suggested in the Al-Pt
binary system, and the lattice parameter calculated through the refinement program was
in good agreement with the experimental lattice parameter. The presence of the r3 phase
in the samples indicated that the decomposition was not complete, probably the cooling
rate was too slow to quench the phase in, but too fast to allow complete decomposition as
initially suspected in the EDS analysis.

In some cases where there are many phases in the alloy, all the phases (especially when
they were minor or trace phases) could not be identified by XRD. For example, in sample
PAR3, the X phase could not be detected in the XRD spectrum. However, from the EDS
analysis it is known that there was only a minor amount of X phase in the sample. The X
phase was also only found in some regions and not throughout the sample's
microstructure.

No phases have yet been confirmed satisfactorily in sample PARll. The difficulty is
probably due to the high percentage of third element in the binary structures.

The lattice parameters are influenced by the presence of the third element in the binary.
Since the samples were not ate quilibrium, no attempt could b e make to calculate the
relationship between the lattice parameter and the solid solutions of the third element.

The XRD results are listed in Table 4.18. For each alloy, the phases suggested by EDS
analyses are listed. The crystal detail for each phase, as reported in the 1iterature, was
compared with the XRD results. The ICDD numbers have been listed only where a phase
had been identified by XRD. Only where the lattice parameters have been calculated with
the refmement program, have values been listed. Details on specific phases are provided
in the footnotes. The XRD analysis of sample PAR 4 is attached in Appendix B.

Although not all the phases could be identified by XRD at this stage and while some
minor discrepancies still remain, it was found that EDS and XRD are complementary to
each other in this work. Where XRD data existed in the ICDD, the techniques were in
good agreement. XRD proves to be a powerful technique to identify the phases in a metal
alloy sample. Furthermore, where EDS could only pick up the composition of the phase,
and not distinguish between phases with similar compositions, XRD revealed the
presence of different prototypes on some phases. In some cases where the high
temperature binary phase was thought to have decomposed completely, evidence of the
high temperature phases was still found.

 
 
 



Sa~1e EOS proposed Space Group Prototype Reported lattice parameter Reference Prototype Prototype ICOO Calculated lattice parameter R' n Notes
PAR phase rnm] used number fnml·

a b c a b c
I X Ir Aim 50-1335 0.7663 0.9991 II I

PtsAh. (cI416) 1.923 I964Huc 2
RuA4 Cmcm MnA4 0.74886 0.6556 0.8961 1965Eds RuA4 30-0036 3
(AI) Fm-3m 0.4049 (AI) 04-0787 0.4050 0.9998 8

4
2 T

PtAtz Fm3m CaF2 0.5926 I937Zin PtAtz 03-1006 0.5929 0.9996 13 I
X Ir Aim 50-1335 0.7710 0.9993 15

3 RuAl Pm-3m CsCl 0.295 1966Eds RuAl 29-1404 0.2998 0.9995 8
RU2Ah I4/mmm AI~3 0.3079 1.443 1966Eds 5
T 4
X I
PtAtz Fm3m CaF2 0.5926 I937Zin PtAh 03-1006 0.5937 0.9992 8
RuAtz Fddd Si2Ti 0.8015 0.4715 0.878 I963Sch RuAtz 18-0057 0.8028 0.4713 0.8800 0.9993 12

4 RuAl Pm-3m CsCI 0.295 1966Eds RuAl 29-1404 0.2979 0.9994 7
PtAI P213 FeSi 0.4866 I963Fer PdAl 34-0564 0.4866 0.9996 20 6
Pt2Ah P3ml NbAh 0.4208 0.5172 I963Fer Pd2Ah 06-0654 0.4211 0.5167 0.9994 10 7

5 RuAl Pm-3m CsCl 0.295 1966Eds RuAl 29-1404 0.3018 0.9995 4
6 Pm-3m CsCl 0.3125 I978Bah PdAl 06-0626 0.3057 0.9996 5 8
PtAI P213 FeSi 0.4866 I963Fer PdAl 34-0564 0.4868 0.9995 8 6
PtsAh Pham RhsGeJ 0.514 1.07 0.395 I964Huc 9

6 (Ru) P6Ymmc Mg 0.27059 0.42819 (Ru) 06-0663 0.2752 0.4340 0.9980 3
PtsAl PtsAl 48-1815 0.5446 0.7808 0.9995 15 10
(Pt) Fm-3m Cu 0.39231 (Pt) 04-0802

7 PtAtz Fm3m CaF2 0.5926 I937Zin 03-1006 0.5920 0.9996 9
X Ir Ah.7S 50-1335 I

8 RuAl Pm-3m CsCI 0.295 1966Eds
RuAh Fddd SbTi 0.8015 0.4715 0.878 I963Sch RuAh 18-0057 0.7997 0.4718 0.8786 0.9990 19
X Ir Ah.7S 50-1335 0.7731 0.9993 24
PtAtz Fm3m CaF2 0.5926 I937Zin

 
 
 



Sa~\e EDS proposed Space Group Proto-type Reported lattice parameter Reference Prototype used Prototype ICDD Calculated lattice parameter R' n Notes
PAR phase rnml number rnml

a b c a b c
9 RuA1 Pm-3m CSC1 0.295 1966Eds

Pt~h P3ml NhAh 0.4208 0.5172 1963Fer Pd2Ah 06-0654 0.4229 0.5153 11
PtAh Fm3m CaF2 0.5926 1937Zin PtAh 03-1006 0.5942 8 11

10 (Ru) P6J/mmc M2 0.27059 0.42819 (Ru) 06-0663 0.2711 0.4305 0.9995 7
RuA1 Pm-3m CSC1 0.295 1966Eds
8 Pm-3m CSC1 0.3125 1978Bah 8
PtA1 P213 FeSi 0.4866 1963Fer 6
PtsAh Pbam Rh,<ieJ 0.514 1.07 0.395 1964Huc

11 RuA1 Pm-3m CSC1 0.295 1966Eds
8 Pm-3m CSC1 0.3125 1978Bah 8
PtA1 P213 FeSi 0.4866 1963Fer 6
PtsAh Pbam Rh,Ge3 0.514 1.07 0.395 1964Huc 9

12 (Ru) P6J/mmc M2 0.27059 0.42819 (Ru) 06-0663 0.2689 0.4335 0.9994 5
PtsA1 P4/mbm GaPt3(Ln 0.5448 0.7814 PtsA1 48-1815 10

14/mcm 0.3830 0.3890 29-0070

13 X Ir Ah.7, 50-1335
PtsAhl 1411a 1.29595 1.06731 1966Eds
PtsAhl (cI416) 1.923 1964Huc
(AI) Fm-3m 0.4049 (AI) 04~787 0.4045 0.9995 4

14 RuAh Fddd ShTi 0.8015 0.4715 0.878 1963Sch RuAh 18-0057 0.7999 0.4714 0.8784 0.9993
X Ir AIm 50-1335 0.7712 0.9990 1
PtAh Fm3m CaF2 0.5926 1937Zin PtAh 03-1006 0.5914 0.9990

15 6 Pm-3m CSC1 0.3125 1978Bah 8
PtA1 P213 FeSi 0.4866 1963Fer PdA1 34~564 0.4860 0.9993 6
PtsAh Pbam Rh,<ieJ 0.514 1.07 0.395 1964Huc 9

16 RuAh Fddd ShTi 0.8015 0.4715 0.878 1963Sch RuAh 18-0057
RI4AI13 C21m 1.5862 0.8188 1.1736 1965Eds 12
X IrA1m 50-1335 0.7732 0.9990
PtAh Fm3m CaF2 0.5926 1937Zin PtAh 03-1006

Notes
R2

- Coefficient of determination (confidence level)
N - number of peaks in diffraction pattern assigned used to identify the phase.

 
 
 



1. Proposed new temary phase X with composition -RuJ2PttSAI13with primitive cubic structure and a = 0.7712 nm. Similar to IrAh.7s and RhAh.63. Trace amounts
only in PAR3, which was not detected by XRD.

2. Only Pearson symbol reported in the literature.
3. > 10 at. % Pt in RuA~, structure too distorted in the non-equilibrium condition.
4. High temperature ternary phase T, decomposed at lower temperatures. Estimated composition -RUtsPt28A~.
5. RU2Ah proposed in solidification reactions, decomposed and not observed in EDS or XRD.
6. PtAI not in ICDD. Found that PdAl-1l from AI-Pd system is very similar. PdAI in ICDD: 34-0564 and a=O.4867nm.
7. Pt2Ah not in ICDD. Pd2Ah is very similar. Pd2Ah in ICDD: 06-0654 and a=O.4221 nm and c=O.5155 nm.
8. ~ not in ICDD, only reported by [1978Bah]. Found that ~ in AI-Pd system is very similar, also stable at high temperatures only. PdAI-~ in ICDD: 06-0626 and

a=O.3049 nm.
9. PtsAh not in ICDD, could not match up with prototype or any other similar phase and could not identify the pattern. Structure is orthorhombic, so presence of

the third element shifts peaks in different directions. Need equilibrium pure binary sample.
10. Different prototypes of Pt3AI exist. Ll2 (cubic, a = 0.3876nm) is high temperature, DOc' (tetragonal, a = 0.3830 nm and c = 0.3890 nm) is stable -600 -1200 K,

DOc (tetragonal, a = 0.5448 nm and c = 0.7814 nm) stable below 600 K. Ll2 not in ICDD, DOc' in ICDD 29-0070 and DOc in ICDD 48-1815. In PAR 6, only
DOc was found, in PARI2 DOc' and/or DOc were found, could not distinguish as both gave good R2.No trace ofLl2 in the as-cast samples.

II. Not observed in EDS analysis
12. Ru~113 in ICDD, but pattern only recorded up to 400 2 theta. Could not identify.

 
 
 



Figure 4.35. Summary of results for ternary Al-Pt-Ru alloys (square = overall
composition, triangle = phase composition).

The liquidus surface is dominated by RuAl; it occurred to within 10 at. % of the Al-
Ptbinary.

(Ru) also has a large liquidus surface. This is an important factor to consider when
making alloys that are just outside of the region of the alloys targeted for
commercialisation.

 
 
 



RU4Al13and RuAlti were difficult to analyse, since they were found together on a fine
scale.

Most of the other phases showed limited solubilities for the ternary element, less than
2 at. %: RU4Al13,Pt2Al), PtsAl), PtsAl21andPW.

A ternary phase X, with a composition ~RU12PtlSAl73,was found to be present.
Initial XRD analysis showed that the X phase probably has a primitive cubic
structure and is similar to ~RhAh.63 and ~IrAl2.7S .The lattice parameter is 0.7712
nm.

RU2Al3,T and /3 decomposed through solid-state reactions:
RU2Al)~ ~RuAl + ~RuAl2
T~X+~PtAh
/3 ~ ~PtAl + PtsAl3

~RuAl was involved in a number of subsequent reactions in different alloys:
peritectic formation of ~PtAl,
peritectic formation of ~PtAl2
peritectic formation of /3 phase of the Al-Pt binary.

There was good agreement between the experimental EDS and XRD results,
despite the lack of phases present in the leDD. In many cases, the structures of
prototypes could be used through a grain refmement process to identify the binary
phases.

The proposed liquidus surface projection is presented in Figure 4.36. The overall
compositions of the alloys have been superimposed on the liquidus surface projection in
Figure 4.37. The solidification reaction sequence for the Al-Pt-Ru systems, starting at the
platinum comer, is summarised in Table 4.16.

 
 
 



 
 
 



The primary phase of each of the alloys indicated on which liquidus surface it lay. The
solidification sequence was then used to determine the rest of the liquidus surface. Where
there was a reaction between more than one phase and the liquid, it means that the
liquidus surfaces of the phases must be adjacent. The liquidus surface projection is
consistent with the solidification sequence of the alloys.

Two ternary phases appear on the liquidus surface projection. The ternary phase T is only
stable at higher temperatures, as it decomposed on cooling. The ternary phase X is stable
to lower temperatures.

4.4.2 Solidification reaction sequence

The solidification reactions are shown in Figure 4.37, and are listed in Table 4.19.

Figure 4.38. Experimental liquidus surface projection for the AI-Pt-Ru system, showing
the solidification reactions.

 
 
 



Equation number Reaction
A L ~ (Ru) + (Pt) + -Pt3AI

B L + (Ru) ~ PtsAh + -Pt3AI

C L + (Ru) + -RuAI ~ -PtsAh

D L + -RuAI ~ ~ + -PtsAh

E· (t) L + -PtAI ~RuAI + ~

(,J..) L + -PtAI + -RuAI ~ ~

F L + -RuAI ~ -PtAI + Pt2Ah

G· L + Pt2Ah ~ -PtAh + -RUlsPt2sAI64

HI· L + -RuAI ~ -RUlsPt2sA~ + Pt2Ah

G· L + -RuAI ~ -PtAh + -RulsPt2sAI64

H2 • L + Pt2Al3 ~ -RuAI + -PtAh

I L + RU2Ah ~ -RuAI + -RuAh

J L + -RuAI + -RuAI2 ~ -RulsPt2sAI64

K L + -RUlsPt2sA~ + -RuAh ~ -RuI2PtlsAI73

L L + -RulsPhsAI64 ~ -RuI2PtlsAI73 + -PtA12

M L + -RuAh ~ -RuI2PtlsAI73 + -R\4AI13

N L + -PtAh + -RU12PtlsAI73~ -PtsAhl

0 L + -PtsAI21~-Ru12PtlsAI73 + -PtsA121

Q L + -RuI2PtlsAI73 + -PtsAhl ~ -RuA4

P£ L + -RuI2PtlsAI73 ~ -Ru4A113+ -RuA16

R L + -RuAI6 ~ -PtsAhl+ (AI)
* Not enough experimentaldata availableto conclude in which direction this reaction proceeds.
£ Exit reaction must be peritectic to be consistentwith the AI-Rubinary.
• not enough experimental data are available to determine conclusively which direction this reaction goes.

Sixteen alloy samples were studied with SEM/EDS and XRD. The results from the two
techniques were in good agreement. The solidification sequences and a liquidus surface
projection have been proposed.

 
 
 



Chapter 5
Phase Diagrams with the CALPHAD Method

Materials science investigates the structure, properties, preparation and processing of
materials. These investigations are increasingly supported b y models based 0 n concepts 0 f
chemistry, physics and crystallography as modem society is constantly looking for new and
innovative materials to enable and support new technologies.

If one considers that 86 of the about 100 elements known to man (excluding the inert gasses
and transuranic elements) combine to as many as 7.7x1025 systems (binary, ternary,
quaternary up to the 86-element system), it is not surprising that as computational power
became available and was developed, many modelling methods have been adopted to predict
phase diagrams, material structures, material properties and processing conditions by
computational methods.

One of these methods, based on the 19th century work of Gibbs, is the CALPHAD
(CALculation of PHAse Diagrams) method, a completely general, extendable and
theoretically meaningful technique. With this technique, experimental data is used to derive
the Gibbs energy of an element or phase as a function of temperature, pressure and
composition. From the Gibbs energies, the thermodynamic properties of a system can be
derived and the equilibrium phase diagram can be predicted, since a phase diagram is a
graphical representation of the loci of thermodynamic variables when equilibrium (lowest
energy state) among the phases of a system is established under a given set of conditions
[1996Pel].

A brief overview of the development of computational methods is given, as well as the
software available. However, as the Thermo-Calc [19858un] software was used in this study,
most of the emphasis will be placed on it.

Gibbs's famous study in 1876 provided the theoretical background for the thermodynamic
examination of complex, chemically reacting systems. In 1908, VanLaar applied the Gibbs
energy concepts to phase equilibria. Then, in the 1930s, Hume-Rothery [1934Hum]
developed an alternative approach based on band-structures. When it became evident that his
concepts could not be applied to industrially-relevant materials such as steels, nickel-based
alloys and the emerging titanium and uranium alloys, interest focused on the thermodynamic
approach again, especially those of Meijering and Hillert in Europe and Kaufinan in America.
Meijering [1957Mei] calculated a phase diagram for Ni-Cr-Cu, giving a quantitative
description to all topological features of the phase diagram. This was pioneering work, as the
mere interpolation of the binary systems would have yielded an erroneous diagram. Meijering
had to extrapolate a lattice stability value (the relative Gibbs energy for a crystal structure of
the pure element) for fcc Cr as this could not be obtained directly from experiment - it is
interesting to note that these early results from Meijering have only been marginally improved
over the years!

 
 
 



The thermodynamic approach showed that the lattice stabilities were not only related to the
solubility limits, electron concentrations (or electron per atom ratios) and electrochemical
(valence) factors from Hume-Rothery's band-structure theory, but that they also depend on the
properties and interaction of the co-existing phases as well as on the temperature. Kaufinan
and Hume-Rothery had extensive discussions to try and clarify the conflict in different value
sets of lattice stabilities. Not only was there the Hume-Rothery approach, with Jones and Mott
[1936Mot] taking the electron per atom ratio model further, but also Engel [1949Eng] and
Brewer [1963Bre] developed a method which correlates the structure of metals with the
number of s and p valence electrons in the system. Their proposed lattice stabilities, based on
spectroscopic data, differed as much as an order of magnitude in some cases with
experimental values. In the next development, lattice stabilities were also obtained from
electron energy calculations. The lack of agreement in these fundamental values delayed the
more general acceptance of the CALPHAD technique. Pettifor [1972Pet], by following a
Jones-type analysis, related band-structure to the density-of-state (DOS) in transition metals.
These density functional calculations have confirmed the existence of wave mechanical
oscillatory energy difference functions between lattices in a crystal, which is difficult to
handle in an extrapolation technique like CALPHAD. Another factor that contributes to the
discrepancies in theory and CALPHAD lattice stability values is that in the CALPHAD
technique, positive melting temperatures are assigned to the metastable phases, while they are
theoretically predicted to be mechanically unstable at absolute zero.

At the same time, two other modelling methods were developed to predict alloy properties.
Already in 1949, Kikuchi [1951Kik] introduced the cluster variation model (CVM), but
further development only started in the 1970s as the method requires substantial computing
power. CVM is based on the mutual interactions of all the atoms, which are described in sets
of clusters. The tetrahedron is the smallest cluster in a three-dimensional lattice and can thus
reflect a great variety of atomic interactions. CVM is very powerful in treating order/disorder
phenomena. Miedema [1988deB] developed a semi-empirical technique to predict the
enthalpy of formation and interaction parameters for binary and some ternary alloys.

Despite the differences that existed, Larry Kaufinan went ahead with his vision in 1970 and
used the name 'CALPHAD' for a technique where one may calculate an improved phase
diagram after assessing the thermodynamic properties of all the phases that may form from a
set of components (elements, ions, compounds). This method is based on the axiom that
complete Gibbs energy versus composition curves can be constructed for all the structures
exhibited by the elements right across the complete alloy system. This involves the
extrapolation of G/x (where x is the composition) curves for many phases into regions where
they are metastable or unstable. The relative Gibbs energy for various crystal structures of the
pure elements (lattice stabilities) in the system must, therefore, be established. Kaufinan
drafted a bilateral agreement to generate official meetings between the American and French
experts, and he extended this invitation to representatives from the UK, Sweden and
Germany. This was the birth of the CALPHAD meetings. The objectives defined by Kaufinan
and Ansara in 1973 are today still the CALPHAD objectives:
We believe that substantial progress can be made in a short period of time if we would
arrange to work together for one week at one of our facilities to define problems, disband,
carry out some individual activities, and meet again for a week at a second facility to
compare results and chartfuture activities. (2003: www.calphad.org)

In 1977, the first CALPHAD - Computer Coupling of Phase Diagrams and Thermochemistry
journal was published. Since 2000, the journal also accepts ab initio contributions.

 
 
 



The CALPHAD technique has clearly come of age and it now allows for the calculation of
complex phase equilibria equations. A number of commercial software packages are
available. These include Thermo-Calc, FactSage, MTDATA, PANDAT, MALT and Exterm.
An edition of the Calphad journal was dedicated to detailed overviews of these commercial
packages (CALPHAD, Vol. 26, No.2, 2002). Another popular program was the Lukas
program (BINGS and TINGS programmes), developed by Hans-Leo Lukas at the Max Planck
Institut fur Metallforsung in Stuttgart [1977Luk], Germany, but this program has not been
commercialised. The CALPHAD technique is used extensively in alloy development, as well
as hardmetals (carbides), aqueous solutions, chemical vapour deposition and corrosion
applications. It is also possible to apply the CALPHAD technique to model polymer
solutions, though this is a relatively new application and suitable models are still in an early
stage of development. Extensive databases have been developed for general as well as
specific applications, with the most significant being the Science Group Thermodata Europe
(SGTE) consortium's databases (www.sgte.org). Databases for alloy-specific applications,
e.g. Ni-based superalloys, AI-alloys, solder and steels, have been developed by the relevant
industry sectors. These databases are the result of CALPHAD optimisations.

Some of the software includes a module for the optimisation of the Gibbs energy functions,
e.g. the Parrot module [1984Jan] in Thermo-Calc. Many databases have been developed for
various commercial alloy systems. Conversion programs are also available to transport data
from one system to another, although the current trend is to present data in the SGTE format,
which can be used by all the programs.

The success of the CALPHAD technique is underwritten by the many application
programming interfaces which are being developed to use the results from the equilibrium
CALPHAD calculations in third party software programs like MatLab®. Major successes
have been the combination of thermodynamics and kinetics to simulate diffusion
transformations, e.g. DICTRA in Thermo-Calc and JMatPro, a software program developed
by ThermoTech in the UK [2001Li], which uses thermodynamic and kinetic databases to
predict material structures and mechanical properties. The Phase Field method is a new
method under development, where the microstructures of alloys are simulated through
equilibrium calculations based on the CALPHAD method. A commercial application
program, MICRESS, has been released by ACCESS e.V. Solidification, solid-state
transformations, grain growth and recrystalisation can be studied.

Evaluating recent literature, it is clear that the different modelling techniques are getting
closer to each other and increasingly often data are extrapolated between the different
methods. Themochemical and first principle (ab initio) values are becoming more
comparable. It seems that most of the discrepancies which still exist are associated with cases
where the postulated metastable allotrope is mechanically unstable to shear and will
spontaneously collapse at 0 K [ 1988 Pet]. Miedema's semi-empirical method is frequently
used to generate enthalpies of formation for the assessments of systems where no
experimental data are available. The CALPHAD thermodynamic assessments also have been
successfully performed using a CVM approach to describe the lattices [1990Sun].

One of the major obstacles in the marriage of the different thermodynamic modelling
techniques, however, still remains the extrapolation of sets of data between the CALPHAD
technique and ab initio modelled systems, as the data are incompatible and the conversions

 
 
 



are complex. This limits the use of data from one technique to another to the use of individual
values for constituents, substances and phases.

The CALPHAD technique fits experimental data on the phase equilibria, thermochemical
information on the separate phases and physical information of the elements, constituents and
phases through a mathematical regression process to Gibbs energy curves. One of the most
significant advantages of this methodology is that, because a total Gibbs energy is calculated,
all the associated functions (heat capacities, enthalpy, activity, chemical potential, etc.) and
characteristics of phase equilibria (phase diagrams, potential diagrams, Scheill diagrams, etc.)
can be derived.

The standard methodology of a CALPHAD type assessment is illustrated in Figure 5.1. The
procedure defines three different stages: first the literature is critically evaluated and models
are proposed for the different phases in the system. Secondly, the Gibbs energies are
calculated and re-calculated, in an iterative process, continuously comparing the calculated
result with the experimental data, until the final stage, where a workable description is
obtained such that it satisfies the application requirements. These stages will be discussed in
broad terms to provide an understanding of the principles involved. For more detailed
information, the reader is referred to the optimiser program's manual, 'CALPHAD - A
comprehensive Guide' by Saunders and Miodownik [1998Sau] and some general and practical
optimisation guidelines by Kumar and Wollants [2001Kum].

A thorough literature review of the experimental data of the alloy system to be assessed is
essential. Data that can be used for an assessment includes experimental phase diagram data
and thermodynamic data. Experimental phase diagram data can be invariant reactions, phase
compositions and composition ranges, liquidus temperatures and crystal structure
information. Thermodynamic data can be experimental, calculated with ab initio methods or
predicted by empirical models. Enthalpies of formation, activity data, chemical potentials,
differential thermal analysis (DTA) and differential scanning calorimetry (DSC) results, etc.
can be used. Ab initio methods have proved to be successful in providing data for cases where
there are no data available. Predictions, like Miedema's semi-empirical model, are useful to
estimate enthalpies of formation, especially when the necessary experiments cannot be
performed due to adverse conditions necessary, for example, very high temperatures or very
reactive compounds.

The data must be evaluated for accuracy, reliability and consistency. Different types of data
have different accuracies associated with them. For instance, composition analysis can be
performed by analytical chemistry, microprobe analysis or X-ray energy dispersive analysis
(EDS) with or without standards, in the scanning electron microscope. Chemical analysis
using a primary method will produce much more accurate results than standardless EDS
analysis. Thermodynamic data from DTA are affected by whether a heating or cooling cycle
has been used for the calculations. It is thus important to not just rely on review articles, but to
scrutinise the original publications to objectively evaluate the data. According to the accuracy,
reliability and consistency 0 f the data, relative weights a re assigned tot he data during the
CALPHAD optimisation. Unreliable and inconsistent data should not be included in the
optimisation.
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The data can be compiled as a set of equilibrium data-points in the system. Each data-point is
such that there are zero degrees of freedom in the phase rule

F=C-P+2
where F is the degrees of freedom, C is the number of components and P is the number of
phases.

A measurement error associated with the equilibrium data-point must be determined. Each
equilibrium data-point contains dependent and independent quantities. The dependent
quantity of each data-point must fulfil the phase rule, since it will be calculated in the
optimisation. Thus it is important, when extracting data from, for example phase diagrams,
that care is taken as to whether the composition or temperature is set as the dependent
quantity. This is illustrated in Figure 5.2. For a steep slope on a phase diagram, a larger error
is associated with the temperature than with the composition, so the composition should be
the dependent value, as it has a smaller error in comparison the error associated to the
temperature value, so that the smallest value contributes with the sum of squares in the
optimisation.

Figure 5.2. Phase diagram showing regions where only composition can be reliably measured
at a given temperature and vice versa [2001Kum].

A reference state must be established for each element or component. This is generally taken
to be the crystal structure in which the element exists at standard temperature and pressure.
For consistency, and to allow extrapolations between different calculated systems, the
reference state as prescribed in the SGTE database is usually referred to.

An important factor in the calculation of the Gibbs energy curves for a phase or system is the
selection of the models that are used to describe the phases. Although the models are not
strictly based on the crystal structures, some consideration should be given to the crystal
structure and the model must have some physical meaning in describing the phase as for
example a stoichiometric compound, an ordered phase or as a solid solution phase.
Homogeneity ranges in a phase are normally due to defects (either anti-site atoms - atoms
occupying the 'wrong site' - or vacancies) in the ideal structure of the phase. In most cases, the
types of defect are not known and then a general approach can be applied adding the defects

 
 
 



on an additional lattice. However, care must be taken to select a suitable, simple and robust
model, especially if the data are needed for extrapolation into higher order systems, as
complex models are difficult to handle by the software and can lead to problems when
extrapolated. Where possible, the model must follow 'standardisation' to ensure consistency,
for instance the order/disorder transformations and structure relations of bcc-A2/B2 and fcc-
Al/Lh. Although there are good references available in the literature for some specific
models [2001HilC, 1999Dup], models are constantly refined and changed as knowledge and
understanding of the phase and its behaviour increases.

The assessments in this study were performed with the Parrot module [1984Jan] in the
Thermo-Calc software [1985Sun]. Parrot is a program for the evaluation of thermodynamic
model parameters from experimental observations of quantities describing a set of equilibrium
states of the system. The model parameters are estimated by a weighted non-linear least
squares optimisation of thermochemical and constitutional data.

The CALPHAD method is based on Gibbs free energy functions. The state of a system can
always be described in terms of the Gibbs free energy, since a system always tries to minimise
its energy by minimising its enthalpy while maximising its entropy at constant pressure Thus,
the Gibbs energy is the most fundamental way to describe a system in terms of its energy
status.

The Gibbs energy is always given related to some reference, since for many elements more
than one structure is stable, depending on the temperature and pressure. In the CALPHAD
method, the state of the element that is stable at 101 325 Pa and 298 K is usually selected as
the reference state.

Data must be kept consistent, that is, refer to the same reference states and have the same
mathematical polynomial formalisms, in order to allow interchanging data with other data as
well as to extrapolate data from various assessments to higher order systems. This study
complies to the format of the Science Group Thermodata Europe (SGTE). All reference data
for elements in this work is from Dinsdale [1991Din], who published a unified database under
the auspices of SGTE.

G[P.TI= H[P,TI - TS[P,TI

where H[p,T]and TS[p,T],respectively, are the enthalpy and entropy as a function of
temperature and pressure. These data are obtained from the SGTE database [1991Din]. The
SGTE format for a pure element i, at constant atmospheric pressure, is

GHSERj = Gm[TI-H~ER(298.15K) =a+bT+cTln(T)+'Ld"T"

 
 
 



The left-hand side of the equation is defined as the Gibbs energy relative to a standard
element reference state (SER) where H;ER is the enthalpy of the element in its defined
reference state at 298.15 K; a, b, c and dn are coefficients and n r~resents a set of integers,
typically taking the values of2, 3, -1, 7 and -9. The terms i' and T have been introduced to
remove the possibility of phases becoming incorrectly stable at high or low temperatures,
respectively. The equation can be expanded to include terms to describe pressure and
magnetic dependence. These effects are not relevant to the elements (AI, Pt and Ru) in this
study.

The first and second derivatives of GHSER with respect to temperature are related to the
absolute entropy and heat capacity of the element at the same temperature. This means
experimentally determined heat capacity values can be used directly and the coefficients will
be related to c, d, e,f, g and h.

This convention is convenient since all the data in a database, stored relevant to the SGTE
reference state, are inter-consistent and can be combined to calculate chemical and
metallurgical equilibria.

In CALPHAD, a solution phase is defined as any phase in which there is a range of solubility
of more than one component. On atomistic scale, solutions consist of a mixture of different
species, in the simplest case atoms. Solutions can be classified as substitutional solutions,
sublattices, ionic, aqueous or polymers/organic molecules, and for the first four, specialised
models have already been developed. The models for substitutional solutions and sublattices
will be discussed in detail since they are relevant to metallic alloy systems. Although metallic
alloy systems are referred to as solid solutions in physical metallurgy, the general terminology
'solution' will be used here as more than just metallic alloy systems can be described as
'solutions' in CALPHAD models described below.

The format for solutions is the same as the SGTE format used for pure elements (Equations
5.2 and 5.3). However, in most cases only the terms a + b T are used. The term Tin Tis
usually only used in cases where heat capacity data are available, which depicts the use of this
term to ensure the correct derivation of the heat capacity from the Gibbs energy.

where Gref is the contribution of the pure compounds of the phase to the Gibbs energy, Gid is

the ideal mixing contribution and GXs is the contribution due to non-ideal mixing, also known
as the Gibbs excess energy of mixing. Gref for a system with N pure elements is obtained
from

 
 
 



where 0 G;ef is the Gibbs energy of i for the reference state obtained from the SGTE database.

A random substitutional approach is used for phases such as the gas phase or simple metallic
liquid and solid solution phases where components can mix on any spatial position which is
available in the phase. For instance, in a simple bcc phase of two bcc components, any of the
components can occupy any of the atomic sites that define the cubic structure. In a gas and
liquid, the crystallographic structure is lost, but otherwise positional occupation of the various
components relies on the random substitution rather than any preferential occupation of a site
by any particular component. Randomness can only be assumed as long as the species, atoms
or molecules are sufficiently similar in size, shape, electronegativity, etc.

In evaluating simple mixtures, ideal solutions follow Raoult's law, i.e. the activity of an
element i in the solution is equal to its mole fraction at all compositions as the bond strength
between A and B are so similar that A and B are randomly distributed. Gases tend to follow
ideal behaviour. However, in real A-B solutions, the interaction between A and B is different
from that between A and A or B and B. Due to these attractive or repulsive forces, there will
not be a random distribution of the compounds in the solution. The Gibbs energy of an ideal
solution is

where Gj
G defines the Gibbs energy of the phase containing the pure component i. Xj is the

mole fraction of component i. Ideal solutions do not have an excess energy contribution
associated with them.

Some solutions exhibit random mixing, but the net heat absorbed or released is not zero
(HM

:¢: 0). This is called a regular solution. For a regular solution, an excess energy is
needed and this is described with the excess energy Gxs term.

The excess energy GXs can be expressed as xAxBLAB, where LAB is the interaction parameter
as defined by Hildebrand [1929Hil]. The physical meaning of LAB can be described as
follows: When one considers the magnitude and sign of the interactions between the
components in the phase that will have an influence on the total energy, but assumes that it is
composition independent and further assumes that the total energy arises from only nearest-
neighbour bond energies, the total energy becomes

where (OAA,(OBB,(OAD,EAA,EBB and EADare the number of bonds and their energies associated
with the formation of different bond types AA, BB and AB respectively. Assuming the
reference states of pure A and B and that the bond energies are temperature dependent, it is
then deduced that

 
 
 



with Lij the temperature dependent interaction parameter between species i andj. For an ideal
solution, the last term falls away as XjXj becomes zero for pure i as well as purej (Equation
5.6).

Since the regular solution model is composition independent, Kaufinan and Bernstein
developed the model further to include composition dependence and proposed the sub regular
model. In this model, interaction energies are considered to change linearly with composition
and the Gibbs excess energy can be expressed as

The subregular model can be expanded to more complex composition dependencies in terms
of a power series. The Redlich-Kister expansion is the most commonly-used expansion and
the Gibbs energy for a substitutional solution can then be rewritten as

Gm = LXjGjo+RTLx;logxj+ LLXjXjL(Xj-xjYL;,j (5.10)

The index v denotes the regularity of the solution, LO is designated for the regular solution,
L1 is referred to as the subregular solution parameter and L2 the subsubregular solution
parameter.

Equation 5.10 is usually used to describe metallic systems for substitutional phases and to
describe a disordered solution such as liquid, fcc, bcc and hcp.

The above-mentioned models fall short in accurately extrapolating to higher solute contents or
extending the description to higher order alloy systems for phases which display some form of
order. As the CALPHAD approach sometimes needs to evaluate or estimate unknown,
unstable and/or metastable phases and stoichiometric compounds, a sublattice model (SL),
also designated the Compound Energy Formalism (CEF), has been developed [1970Hil,
1945Tem, 1981Sun]. This model can be envisaged as interlocking sublattices on which the
various components can mix. Although the model does not define any crystal structure,
internal parameter relationships can be defined with respect to different crystal structures,
such as the order-disorder transformation. This is now one of the most commonly-used
methods to describe solution and compound phases because it is flexible and can account for a
variety of different phase types (e.g. interstitial phases, intermetallics, cr, J.1). In simplified
form, this model can also describes stoichiometric line compound phases where each
sublattice is occupied by a single type of atom, and substitutional solution phases which
contain only one sublattice. To be in line with modem literature on sublattice modelling, the
term 'Compound Energy Formalism' (CEF), will be used.

 
 
 



The physical meaning of the sublattice model for the system (A,B) 1(C,D)l has been
schematically described by Saunders and Miodownik [1998Sau] with a composition space
and reference energy surface, as illustrated in Figure 5.3.

All possible compositions in the system are encompassed by the composition space AC-AD-
BD-BC. These four compounds at the comers of the composition space are the so-called 'end-
members'.

The reference energy surface can be represented by the equation

G,ej = y~y~G~:c + y~y~G~:D+ y~y~G;:c + y~y~G;:D

The Gibbs energies of the compounds AC, BC, AD and BD control the interactions A-C, A-
D, B-C and B-D respectively. Mixing on the sublattices controls A-B and B-D interactions
and the simplest form of interaction is a regular solution format such that

Gxs 1 1£0 1 1,0
= YAYB A,B:· + YCYDLJo:C,D

where L~,B:. and E:.:C,D denote regular solution parameters for mixing on the sublattices
irrespective of the site occupation of the other sublattice and ,*, denotes that the sublattice is
independent of the constituent on that sublattice. Equation 5.13 is composition independent.
However, the interactions can be composition dependent and the excess energy is then
described with a subregular model (Equations 5.10 and 5.11).

According to the sub lattice model developed by Sundman and gren [198ISun], an
intermetallic phase can be described as

(A . B ..... )p(C . D " ....)q..... (5.14)
YA Y8 Yc YD

where the species A, B ... can be a toms or vacancies. p and q are the n umber of sites, Y;
and Y~ are the respective site fractions of species i and j in their respective sub-sub lattices,

designated by' and It. Each sublattice (s) has the condition L>: = 1. Whenp + q + ...= 1, the
j

thermodynamic quantities are referred to as one mole of sites.

 
 
 



(5.16)

(5.17)

G~:B , G~:D, G;:c and G;:D represent the Gibbs energy of formation of the stoichiometric
compounds ApCq, ApDq, BpCq and BpDq, which might be stable, metastable or even unstable
in the system. y; is the site fraction of element i on sub lattice s. In Equation 5.18, L is the
interaction parameter and expressed as a function oftemperature L = a + b*T.

For the special case where order-disorder relationships exist between phases in a system, the
Gibbs energy can be described as [1998Ans]:

G Gdis () Gord* ." ord*
m = m Xi + L\ (YiY;) - L\G (Xi'X;)

where G~is(x;) is the molar Gibbs energy contribution from the disordered state and

L\G:d (y;;y) is the ordering energy contribution, equal to zero in the disordered state and

L\Gord
* (Xi' X;) represents the extraneous excess energy contribution from the ordered

parameters when the phase becomes disordered.

The power 0 f t he s ublattice m odell ies in the fact that many 0 f the 0 ther models, like the
substitutional solution model, are simplifications of the SUCEF. On the other hand, the model
can be specifically applied to a complex ordered crystal structure, like sigma phase, or used to
describe order-disorder relations between similar phases, like the yly' in Ni-based super
alloys. Some of the applications of the CEF are listed in Table 5.1.

Phase Description
Stoichiometric Compound (A)a(B)b
Interstitial Solutions (Fe,Ni) p(C,N, Va)q
Substitutional Solutions (Ax!' Bx2,Cx3,...)
Ordered Phase (ie NhAI -LI2) (AI,NiJo.25(AI,NiJo.25(AI,NiJo.25(AI,NiJo.25
Ordered Phase (e.g. RuzAl) (AI)3 (AI,Ru)2 (Ru, Va)
Salt Mixtures (A+,B+)a(C-,l)-)b
111-V compounds (AlII ,BIII)..t(CV l)v)b
Liquid Ionic solution (Ar3)p(O-2,SiO:)q

A number of custom two-, three- and four-sublattice models have been developed to describe
additional parameter relations in certain order-disorder transformations. These models ensure
consistency and data compatibility in the descriptions from different researchers and allow the

 
 
 



data to be extrapolated to higher order systems without adjusting the phase descriptions. The
application of the CEF to fcc and B2 ordering will be discussed as in the AI-Pt-Ru system.

Hillert [200lHil] recently published a comprehensive review article on the compound energy
formalism. It was accompanied by an applications article by Frisk and Selleby [200lFri],
which will give the reader more insight into CEF modelling.

The disordered format of the B2 phase (CsCI-type) is the A2 phase (W-type). Figure 5.4
presents schematic diagrams of both structures. The B2 phase can be seen as two
interpenetrating primitive cubic sublattices and in the completely ordered crystals (ideal case)
the positions of the first sublattice, a, are occupied by atoms of kind A and the other
sublattice, ~, by atoms of kind B. In the A2 structure, all the sites are equivalent and the
structure is called disordered. Disordering reactions have been experimentally observed as
first or second order.

Figure 5.4. Schematic crystallographic structure of the A2 and B2 phases. (a). A2, the
disordered structure, where all the sites are equivalent. (b) B2, the ordered structure where the
occupation of the site in the centre of the cube is different to the one on the comer.

Phases with the B2 structure are generally formed around the equiatomic composition in
binary systems and are often characterised by a considerable homogeneity range. In many
cases, they remain ordered to high temperatures, and normally melt congruently. The
deviations from the stoichiometric composition AB are possible by formation of statistically
distributed point defects (so-called constitutional defects). Four basic kind of defects can
occur in a crystal of the CsCI type (interstitial positions are not considered)

(i) A atoms on the ~ sublattice;
(ii) B atoms on the a sublattice;
(iii) vacancies on the a sublattice or
(iv) vacancies on the ~ sublattice.

The first two defects are called the anti-structure atoms. Traditionally, the B2 phases are
divided into two groups according to the predominant defect mechanisms, the first group is
dominated by anti-structure atoms (also called substitutional type) while the second group is
dominated by vacancies on the a sublattices with A atoms on the ~ sublattice. The latter is
called the triple defect, as two vacancies are needed to balance one anti-structure atom on the

 
 
 



other lattice. In only some B2 structures the defect mechanisms have been identified. In the
modelling of the B2 phases, these defect structures have to be considered. This could be quite
troublesome when the defect mechanism is not known and assumptions must be made. This
has also lead to the use of different models to describe the B2 phase. Problems arose when
different models were used and higher order systems had to be extrapolated.

Two CEF models have been used in the past to describe the B2 phase, where for a simple
binary case, it can be described as

Due to the different defects assumed, the models are incompatible and complex and
cumbersome conversions are required to make the models equivalent.

A modification of the traditional two-sub lattice model has been introduced by Dupin and
Ansara [1999Dup]. It is called the Modified Sublattice Model (MSL) and considers all defects
simultaneously in a symmetrical description of the B2 phase

This description is mathematically equivalent to the previous models. The mathematical
conversion between the different models has been reported by Dupin and Ansara [1999Dup].
In the light of this modified model, Hillert and Selleby [2001Hi12] then suggested to treat all
defects rather as point defects, as this simplifies the usage of the MSL model.

The MSL model introduces some constraints that must be met. As both lattices are identical,
the Gibbs energy contribution of the ordered state is given by

GB2 GB2
Al:Ru:Va - Ru:Al:Va (5.21)

(5.22)GB2 GB2
Al,Ru:Ru:Va = Ru:Al,Ru:Va

In the case of the MSL the disordered state of the B2 phase is described by the bcc-A2 phase.
However, when the MSL is used in an optimisation, certain parameters are not free and
should not be optimised [1999Dup].

The Pt3AI phase is an ordered structure (L12) of the disordered fcc phase (AI), the latter in
which the atoms are randomly distributed on the lattice. The Pt3AI phase shows both long-
range and short range order (Iro and sro respectively).

A four sub lattice compound energy formalism (4SL CEF) has been successfully used by
Sundman et al. [1998Sun] to describe the order-disorder relationship in the L12, L10 and fcc-
Al phases in the Au-Cu system, where they introduced the concept of reciprocal parameters to
describe the short range order. Kusoffsky et al. [2002Kus] described the general principles of
the CEF applied to fcc ordering.

In order to model the disordered fcc phase (AI) and the ordered fcc phases (L10 and Lh)
phase with a single model, it is necessary to consider four sub lattices. Thus according to 4SL
CEF, the fce phases for the case AI-Pt ean be described with the following model

 
 
 



Physically. the sub lattices describe the four comers of a tetrahedron in a unit cell. which are
illustrated in Figure 5.5. Due to the crystallographic symmetry of the unit cell. the sublattices
must be identical. implying that all nearest neighbours of an atom are on a different sub lattice.
With 0.25 sites for each sublattice. the requirement of 1 mole of atoms in the model is met.
For the disordered structure (fcc_AI). all the sub lattices are equivalent. which reduces this
model to an equivalent (AI.Pt) substitutional model. When two sublattices have the same
fractions. but are different to the other two which also have the same fractions. it describes the
PtAl phase (Llo structure). When three sublattices have the same fractions and the fourth
sub lattice a different fraction. the above model describes the AhPt and Pt3AI phases (Lb
structure). Not all four phases are necessarily stable in a system. PtAh and Pt2Ah are unstable
in the AI-Pt system. i.e. they don't exist in any stable form in the AI-Pt system.

Figure 5.5. The face-centred cubic (fcc) structure. The numbers indicate the four sublattices
for ordering.

LY; =1

Xi =0.25Ly;

(5.24)

(5.25)

G = """"y~l)y~2)y(3)y(4)OG.. +0 25RT"y~S) In(y~s»+EGm L..J L..J L..J L..J I } k 1 l:}:Jd' L..J I I m
i j k 1

where the first term describes the mechanical mixing of all the stoichiometric compounds
defined by the model. with °Gi:j:k:1 being the Gibbs energy of the stoichiometric compound
ijk/ relative to the pure elements in the fcc state. The second term is the random mixing of all
elements in each sublattice. The excess term EGm includes the first two interactions according
to the CEF model and is defined as

 
 
 



The comma "," separates interacting constituents on the same sub lattice and the column ":"
separates the sub lattices. The first summation describes the regular interaction parameters,
Li\,i2

:j:k:1' which represents interactions between il and i2 on sub lattice r, when the other
sub lattices, s, u and t, are occupied by constituents j, k and I. This is the next nearest
neighbour interactions.

The second summation is called the reciprocal parameters. It represents the interaction on two
sublattices, r and s, simultaneously while the other two sublattices, t and u, are occupied by
constituents k and I respectively. This describes the nearest neighbour interactions, thus
introducing a component to describe sro in the model. As all the sub lattices are equivalent,
symmetry relations can be applied to reduce the number of independent parameters.

The 4SL-CEF described above is mathematically equivalent to the two-sub lattice CEF (2SL-
CEF, first introduced by Ansara et al. [I98Ans] for the AI-Ni system, as (Al,Ni)o.2s(Al,Ni)o.7s,
describing fcc-AI and NhAI simultaneously. The 2SL-CEF has been widely used to describe
the order-disorder relation in fcc phases. However, the 4SL-CEF can describe all the related
fcc phases, resulting in a simpler description for multi-component systems where many of the
fcc phases are stable.

The optimisation is based on the calculation of the local equilibria for the data-points used
with the set of parameters. This is done through a least-squares method. The success of the
optimisation depends on a number of factors, which, if not considered, can result in a set of
parameters which give totally wrong results when the calculation is completed, even though a
minimum set of parameters have been obtained.

1. the selected models,
2. the selected experimental data,
3. the number of model parameters,
4. starting values for the model parameters, and
5. the order in which the parameters are optimised.

The main difficulty in starting an optimisation, after selecting the models, parameters and
experimental data, is to supply starting values for all the model parameters that are optimised.
Often parameters of a similar system can be used as starting values. However, the
optimisation can fail to calculate a corresponding value for the data-points with the given set
of starting values.

Thus, it is generally best to start with a minimum set of data and first calculate only the liquid
phase and the end members, e.g. f cc 0 r h cp, 0 f t he sy stem. It is a Iso important to include
thermodynamic data-points as they can be explicitly calculated from the Gibbs energy model,

 
 
 



unlike phase diagram data that are implicit and have to be calculated through solving non-
linear equations. Once acceptable descriptions for these have been obtained, the phases can be
introduced one by one. The results should regularly be evaluated against the experimental
data by calculating the phase diagram for the phases that have been assessed.

The optimisation programs report a standard deviation for each parameter being optimised,
and its meaning should be considered throughout the optimisation, since it is a measure of the
significance of the parameter. A large standard deviation implies that the parameter is badly
determined and should not be included in the optimisation. ill such cases, a fixed value can be
assigned to the parameter or the model should be changed.

The usual strategy for assessment of a multi-component system is shown in Figure 5.6. First,
the thermodynamic descriptions of the constituent binary systems are derived.
Thermodynamic extrapolation methods are then used to extend the thermodynamic functions
of the binaries into ternary and higher order systems. The results of the experiments are
compared to the extrapolation, and if necessary, interaction functions are added to the
thermodynamic description of the higher order system.

The coefficients of these higher-order system interaction functions are, similar to the binary
case, calculated using experimental data and the CALPHAD method. ill principle, this
strategyis followed until a1l2, 3, ... n constituent systems ofan n-component system have
been assessed. However, in most cases, no corrections or very minor corrections are necessary
for reasonable prediction of quaternary or higher component systems, as true quaternary
phases are rarely found in metallic systems.

G =1: ~Gp + R T Xi In xi + (JIX

I J
Assessment: ~

I
t

Extrapolation (1:G'~)
+ Assessment: a:,

•__ ----11

Extrapolation (1: ~ + 1:~~ )
+ Assessment: ~qua

I

Figure 5.6. Extrapolation to higher order systems [1997Kat].

The results of such extrapolations can also be used to design critical experiments, saving the
time and experimental cost to evaluate the complete system.

 
 
 



It has been shown above that computational methods can play an important role in materials
science. Although the models used are simplified in comparison to real crystal structures,
good approximations can be made of real systems. For some specialised cases, such as where
order/disorder relationships exists between similar type 0 f phases, specialised models have
been successfully developed to address the relationships and simplify the calculations.

The CALPHAD method can be used to build databases that can predict the phase and
property diagrams for a system. Where there is not enough data yet for accurate predictions,
computational thermodynamics is a useful tool to critically design experiments.

 
 
 



Chapter 6
Results and Discussion of the Assessments

The Al-Ru, Al-Pt and AI-Pt-Ru phase diagrams were assessed with the CALPHAD
method, using the Parrot module [1984Jan] in Thermo-Calc [1985Sun]. This chapter
describes the models used in the assessments, the experimental data used and reports the
modelled sets ofparameters for the phases in each system. The Pt-Ru system has not
been optimised. Instead, the existing description has been taken from Spencer's
[1998Spe] noble alloy database, which is only an extrapolation of the elemental data.

As no textbook is available on the fmer subtleties of optimisation, the optimisations are
discussed in detail. The reasons for certain decisions are provided, as in many cases,
model parameters are fixed by the user and not optimised. The reader is referred to the
Thermo-Calc user's guide for information on the format of the data.

The success of an optimisation is based on the selection of sound models to describe the
phase. Although the phase descriptions in the CALPHAD method are not strictly based
on the crystallography of the phases, the crystallography can provide insight in how to
model the phase. Certain phases, like the intermetallic B2 phase, are important in many
related alloy systems and should be modelled to be consistent with previous descriptions
to allow future combination of phase diagrams for extrapolation to higher order systems.

The models used in this study are listed in Tables 6.1 and 6.2 for the Al-Ru and Al-Pt
systems respectively. A phase is called 'stoichiometric' when it is a line compound.
Where the phase model was selected after a similar phase already modelled, it is
referenced. Furthermore, in the phases where there are defects on the sublattices, instead
of a separate set of parameters, only an enthalpy term was added in the calculation to
compensate for the defect. Vacancies are indicated as Va.

RuA4
R14A113
RuAl2
RU2Al3
RuAl

Table 6.1. Thermodynamic models of the intermetallic phases in Al-Ru.

Phase Model description Model Reference
roto e

MnAl6
Fe~13

NhAl3
NiAl-B2
CoTi-B2**

Stoichiometric
Sublattice
Sublattice
Sublattice
MSL
Sublattice

 
 
 



Phase Model description Model Reference Comments
prototype

PtsAhl Al 21(Pt)s Stoichiometric
PtSAl21 Al 21(Pt)S Stoichiometric
PtAl2 Al 2(Pt) Stoichiometric
Pt2Al3 (Al 3(Pth Stoichiometric
PtAl (Al)(Pt) Stoichiometric
a (Al)O.4S(Pt)O.S2 Stoichiometric
PtsAl3 (Al)3(Pth Stoichiometric
Pt2AI (Al)(Pt)2 Stoichiometric
Pt3AI (Al,Pt)O.2S( Al,Pt)O.2S( AI,Pt)o.2s(AI,Pt)O.2S(Va)AUCU3 [l998Sunl 4SLCEF

The RuAl6 phase is the only stoichiometric phase (line compound) in the Al-Ru system
and the model is the simplified sublattice model for stoichiometric phases. RU4A113and
RuAh both have a composition range over which they are stable, but no data are
available on the defects resulting in the composition ranges. RU4AI13has been divided
into 3 sublattices and modelled after the Fe~13 phase [COST507], as the structure has
been compared to Fe~13 by Edshammer [1965Eds]. For RuAh, a sublattice has been
added to accommodate the defects, only Va and Al atoms have been considered as
defects as the phase width is more to the Al side of stoichiometry. RU2Al3is similar to the
ordered NhAl3 and the description of Ansara et al. [1997Ans] was adopted. RuAl is a B2
phase with a very high degree of ordering throughout the temperature range that the
phase is stable. Both vacancies and aluminium atoms have been suggested as defect
mechanisms for this phase. In the sublattice description, the defect lattice contains Al and
Va. The modified sublattice model (MSL) is completely symmetrical and the defects are
only treated in selecting the model parameters which have to be calculated.

All the phases in the Al-Pt system, except for Pt3Al, have been modelled as
stoichiometric line-compound phases. According to the literature, the ~ phase is of the B2
type and has a composition range. The ~ phase has been simplified to a line compound,
as no experimental or thermodynamic data are available. If data becomes available in
future, the model can be changed without major impact on the overall set of parameters
calculated for the system. The Pt3AI phase has been described using the four-sublattice
compound energy formalism (4SL CEF), suggested by Sundman [1998Sun] to treat the
order-disorder relation in fcc structures (AI and LI2). To simplify the calculation, a
functional approached is used for the 4SL CEF.

When the phases are modelled with different sublattices, the ratio of the sublattices can
either be the stoichiometric ratios, or they can be defmed as fractions so that the total
number of sites adds up to one, so that the description describes one mole of atoms. In the
first case, the parameters are then expressed as J/mole, while the latter is defmed as
J/mole of atoms. It is good practice to use only one of these methods, as mixing of the

 
 
 



methods can lead to confusion in the unit of the Gibbs energy for a phase. For example,
the phase description for RuA4 can be (modified syntax)

ent-phase RUAL6 , 2 6 1 AL ; RU; N N
G(RUAL6,AL:RU;0)=-156000+7*T+6*GHSERAL+GHSERRU

ent-phase RUAL6 , 2 0.8571 0.1429 AL ; RU; N N
G(RUAL6,AL:RU;0)=-22286+T+0.8571*GHSERAL+0.1471*GHSERRU ;

where the first set gives the results in J/mole and the second set the results in J/mole of
atoms, as the description is referring to one mole of atoms only. In this calculation of the
AI-Ru system, both these descriptions had been used, while all sublattices were
normalised to one mole in the AI-Pt system.

The AI-Pt-Ru phase diagram has only been extrapolated from the binaries; no ternary
elements have been added to any of the intermetallic phases. A ternary assessment will
only be possible when some thermodynamic data becomes available for the system.
Ternary parameters would then probably have to be added to the liquid and fcc/Lh
phases in the system. The optimisation of the ternary system falls outside the scope of
this study.

The thermodynamic database for AI-Pt-Ru is listed in Appendix C, providing detailed
descriptions of the phases.

The best approach to an optimisation with the Parrot module is to create a set-up file
containing all the phase information, with variables for the model parameters that will be
calculated. This is a text file with a .TCM extension and it is run with the 'macro'
command in Thermo-Calc. Extra information can be entered into this file for future
reference, model changes can be indicated allowing the user to keep track of the input
and major phase compositions can be set to assist in the calculations.

To assist in the calculation of the ordered RuAl-B2 phase, a command setting the major
composition was included, thus having AI on the first sublattice and Ru on the second.
Only model parameters for the enthalpy contribution were set in the RuAI-B2 phase, the
entropy contribution is described by the disordered bcc-A2 phase.

Experimental data are summarised in the POP file. The data are entered in 'equilibrium'
sets. Each condition has its own data-set associated with it, and an example for the
eutectic reaction L ~ (Ru) + RuAl at 2193 K and 70 at'l.loRu is provided here.

 
 
 



CREATE 11
SET-LABEL AINV
CHANGE-STATUS PHASE LIQUID RCP B2=FIX 0
SET-CONDITION P=le5 T=2193:2
EXPERIMENT X(LIQUID,RU)=0.7:0.05
EXPERIMENT ORO~.9
SET-ALT-COND X(RCP,RU)=0.96
SET-ALT-COND X(B2,RU)=0.505

The conditions of the fixed phases, pressure and temperature fix the equilibrium. The
'experiment' is not an independent condition.

The ordering of the RuAl-B2 phase is important and a function

ORO = (Y(B2,AI#I) - Y(B2,AI#2)i

was included in all the datasets containing the RuAl-B2 phase to ensure the RuAl-B2
phase is always ordered; this was met when ORO ~ 0.7. The physical meaning of this is
that the difference of the fraction of AI atoms on the first and AI atoms on the second
lattice is calculated and when this is equal to one, the structure is fully ordered (only AI
atoms on the one sublattice, and only Ru atoms on the second sublattice).

ALT conditions were added for when the optimisation is done in ALT mode. The ALT
mode is discussed below.

Additional datasets were also added where negative driving forces were set to ensure the
stability of a phase to lower temperatures. The Thermo-Calc POP files containing the
datasets used in the optimisations are listed in Appendix D.

The phase (AI) shows virtually no solubility for Ru, and on the phase diagram, (AI) forms
through the eutectic reaction L ~ (AI) + RuAl6 at < 0.01 at % Ru and 923 K, only 3
degrees lower than the melting point of pure AI. This implies that the slope of the
liquidus must be negative at the temperature axis. So, as a first step, to ensure that the
slope of the liquidus was correct at the melting point of the AI-fee phase, only the liquid,
AI-fee and Ru-hcp phases were optimised. A metastable eutectic reaction was created for
this purpose. This also ensured that the slope on the Ru-side is correct, though this would
not have been a problem due to the high melting temperature of Ru and the fact that the
eutectic L ~ (Ru) + RuAl occurs at 2193 K and 70 at. % Ru, about 414 K lower than the
melting temperature of Ru.

 
 
 



However, when there is virtually no solubility of ruthenium in the (AI) solid phase, the
slope of the liquidus surface is dependent on the enthalpy of melting. This means that the
parameter cannot be effectively optimised and arbitrary values can be selected and fixed
for the fcc phase. For fcc-AI, the interaction parameter L~/.RU was set to -10 000 - lO*T
from experience with other systems [2000Sun].

Once an acceptable liquidus slope was calculated, the RuAI-B2 phase, using the modified
sublattice (MSL) formalism description, was included in the optimisation as this is the
only phase with experimental thermodynamic data. This also gave the liquid phase a
reference point. The bcc-A2 phase had to be introduced with the RuAl-B2 phase, as the
bcc-A2 phase describes the disordered Gibbs energy contribution of the RuAI-B2 phase.
The model parameters for the bcc-A2 interactions, where mixing with vacancies occurs
(L~/.va and L~u.va)' were set to a high positive value (80*T) as this prevents the
stabilisation of the bcc-A2 phase due to excess vacancies in the RuAl-B2 phase.

The ALT mode in Parrot was used to determine the first model parameters, as the
parameters initially were set to zero. The optimisation was continued in the normal mode
once the ALT mode converged. The ALT m ode is based on a 'reversal' of the normal
model: the difference in chemical potential for each phase is calculated as the
'experimental information' and the program adjusts the model parameters to make the
chemical potentials of all the phases the same, usually resulting in model parameters
which can be successfully used as starting values in the normal mode. When the ALT
mode is going to be used, extra information, such as the compositions of all the phases
partaking in the equilibrium, should be included in the POP file.

An alternative to the ALT mode is to select starting values for model parameters from
similar systems previously optimised. In a second optimisation, prompted at a later stage
due to a model change, this approach was followed. There are many examples of the B2
phase, and the most well-known is probably the NiAI-B2 phase. However, the parameters
from NiAl-B2 phase [1999Dup] could not be used, as NiAI-B2 has its phase extension to
the Ni-rich side while RuAl-B2 has its phase width to the AI-rich side. TiCo-B2 has a
similar phase shape as RuAl-B2, and the data from Davydov et al. [200IDav] was used
as a first estimation. In the initial optimisation, it was necessary to relax t he ordering
requirement to 0.7 until better model parameters were obtained.

The other phases, except for the RU2AI3phase, were introduced simultaneously. The
liquid parameters were fixed while introducing the other phases into the calculation.
These phases were introduced as stoichiometric congruent melting phases instead of the
cascade of peritectic reactions by which they form in the phase diagram. This was done
as congruent melting equilibria are easier to calculate than peritectic reactions. Once the
phases were forming at the correct composition ranges in the calculated phase diagram,
the peritectic reactions were introduced and the weights on the metastable congruent
melting data were set to zero. The phase widths for RU4AI13and RuAl2 were only
introduced after satisfactory results were obtained for the peritectic reactions.

 
 
 



Finally, the RU2Ah phase was introduced in a similar fashion as the above phases. The
solid-state decomposition dataset was included at the end.

To ensure stability of the thermodynamic parameters of the intermetallic phases, a
condition forcing the entropy of formation to be negative was set. The coefficients of the
B2 and A2 phases were tested for interdependence and the entropy contribution of the
ordered B2 phase is described by the disordered A2 phase. The interdependence testing
was done by calculating the solubility range of the B2 phase as a function of the L(bcc-
A2,Al,Ru) parameter. When the L(bcc-A2,Al,Ru) parameter is made more negative, the
solubility range for B2 becomes wider, whereas when the G(B2,AI:Ru) = G(B2,Ru,Al) is
made more negative, the solubility range becomes more narrow. Thus the parameters for
the bcc-A2 phase could be fixed to give a reasonable solubility range for the B2 phase
and the B2 parameters were optimised to adjust the solubility range.

The parameters were fixed through a rounding process. The parameter with the largest
standard deviation was fixed with the number of significant numbers determined by the
exponent of the standard deviation. The set of parameters was optimised again to ensure
that the total sum of squares of error does not increase. This was repeated until only one
value was left.

As the B2 phase can be described by either the MSL or the SL model, a second
assessment was performed to obtain model parameters for the B2 phase using the SL
model. The mathematical conversion model proposed for converting between MSL and
SL parameters is not valid for the Al-Ru system as the bcc-A2 phase is unstable in this
system, forcing some constraints on the MSL parameters [1999Dup].

For the SL optimisation, all the parameters calculated in the MSL optimisation were
fixed. The description of the B2 phase was changed to the sub lattice format. Only these
parameters were optimised during the second assessment. The values from the TiCo-B2
phase [2001Dav] were used as starting values.

The optimisation of AI-Pt was a re-assessment, as Wu and Jin [2000Wu] assessed the Al-
Pt system. The re-assessment was considered to be necessary as their assessment did not
describe the ordering in the Pt3Al phase, and they also excluded the J3 and Pt2AI phases
from their optimisation due to a lack of experimental data on the phases. To be
compatible with the latest order-disorder modelling of systems with a y/y' relation, the
disordered fcc-AI and ordered Pt3AI should be described using one Gibbs energy
function. Furthermore, based on new experimental data [2000Bigl, and this work], which
were not available previously, the Pt2Al and J3 phases have been confirmed and should
thus be included.

The values reported by [2000Wu] were used as initial input values to the re-assessment.
When their results were reproduced, the description for the fcc phases were changed to

 
 
 



the four-sublattice compound energy formalism (4SL CEF). In the 4SL CEF, the ordered
Pt3Al (L12 type fcc phase) and disordered fcc-AI phases are described with one Gibbs
energy function. The physical meaning of the 4SL CEF has been described in Chapter 5.
In the Al-Pt system, only the fcc-AI and Pt3Al-LI2 phases are stable, the PtAl3-Lh and
Pt2Al2-L10 phases are unstable. Pt3AI forms congruently. Metastable congruent melting
equilibria were introduced for the unstable phases, and a condition was set to suppress the
phases in the diagram.

The Pt2Al and r3 phases were also introduced initially by a metastable congruent melting
as described in the Al-Ru system. The metastable conditions were removed and the
peritectic reactions were introduced. The solid-state decomposition of the r3 phase was
added in the final step. Although the literature [1986McA] suggests that the r3 phase has a
B2 structure, it was decided not to model r3 as a B2 phase for a number of reasons.
Firstly, the B2 phase descriptions are usually sypnnetrical around the 50:50 at. %
compositions, thus a B2 phase description will have to be too far off the stoichiometry
composition, suggesting excess defect formation in the phase. No data were available to
conftrm or contradict this. Secondly, because the r3 phase decomposes through a solid-
state reaction at 1250 K, structural studies are extremely difficult. Thirdly, the PtAl phase
is stable at 50:50 at. % in the system, with the Pt2Al2phase from the 4SL CEF unstable at
this same composition. Adding another phase at this composition would have
complicated the optimisation too much. Also, the r3 phase (suggested to be the B2
structure) and RuAl-B2 phase are not continuous in the ternary system, so they can be
modelled separately as simpler systems. It is usually better to model phases which are not
continuous separately when a binary will be extrapolated to higher order systems.

The Al-Pt-Ru phase diagram was predicted by extrapolation only from the three binary
systems after the binary optimisations had been performed. However, thermodynamic
parameters for the metastable descriptions of hcp-Pt, bcc-Pt and fcc-Ru were added from
the SGTE database since all the metastable forms relevant to the system must be included
in the description. Only the MSL B2 description version of the calculated Al-Ru system
was used in the extrapolation.

Pt and Ru were added to the B2 and L12 phases respectively to stabilise these phases in
the ternary system. B2 and L12 are both ordered phases and are described with one Gibbs
energy function for the ordered and disordered forms of the phases, using the MSL model
and 4SL CEF respectively. The inclusion of the third element to the disordered solutions
(bcc and fcc respectively) requires the inclusion of the third element in the ordered phase
as well. However, no parameters were included in the ordered descriptions for the third
elements. No ternary interaction parameters were included for any phase in the system.

 
 
 



6.4.1 J\J-Ilu
The calculated model parameters for the Al-Ru system are listed in Table 6.3. The
calculated phase diagram is shown in Fig 6.1. The calculated phase diagram is compared
with experimental data in Figure 6.2 and the invariant temperatures and compositions are
compared in Table 6.4.

Table 6.3 Calculated thermod c arameters for the Al-Ru s
Uquld Disordered Solution Phase: (AI,Ru)

°G~r (T) - H~/ee-AI (298.15) : [199IDin]

°G;~ (T) - H~~hep-A3(298.15) : [199IDin]

°Lf1r,RU) = -73000-14T
IIIL(lt,RU) = -56000

(AI) (fcc-AI) Disordered Solution Phase: (AI,Ru)(Va)
°G{~e-AI (T) - H~/ee-AI(298.15): [199IDin]

°G£~e-AI (T) - H~!ee-AI (298.15) : [199IDin]

°L{~~R~~ = -10000-10T

(Ru) (bcp-AJ) Disordered Solution Phase: (AI, Ru)(Va>o.s
°G;:-A3(T) _ H~~hep-A3(298.15): [199IDin]

°G~~P-A3 (T) - H~ihep-A3 (298.15) : [l99IDin]

°Lhep_A3 = -105000+ 30T(AI,Ru)

bcc-A2 Disordered Solution Phase: (AI, RU,Va)(Va)3
°Gt;e-A2 (T) - H~ibce-A2 (298.15) :[I 99IDin]

°G;:'e-A2 (T) - H~~bce-A2(298.15) :26500-6.2*T+GHSERRU [199IDin]

°L~~R:;a= -176000 + 32 *T
°Lbce_A2 -120* TAI,Va:Va-
°Lbce_A2 -120*TRU,Va:Va-

RuAI6 Stoichiometric Phase: (AI)6 (Ru)
IGRuAI

6 =60Glee-AI+oGhep-A3 -156000+ 7 * TAI:Ru AI Ru

Ru..AI13 Sublattice Solution Phase: (AI>O.627S(Ru)O.23S(AI,Va)O.137S
IGRu•AI

I3 = 0 765° Glee-AI + 0235° Ghep-A3 - 35100 + 1 65 * TAI:Ru:AI' AI . Ru .
IGRu•AI

I3 = 0 6275° Glee-AI + 0235° Ghep-A3 - 35100 + 1 65 * TAI:Ru:Va' AI . Ru .

 
 
 



Sublattice Solution Phase: (AIMAI,Ruh(Ru,Va)
f GRU2A/3 =50Gbcc-A2

A/:A/:Va Al

f GRU
2
A/

3 =50 Gbcc-A2 +0Gbcc-A2
A/:A/:Ru Al Ru

fGRu2A/3 =30Gbcc-A2 +20Gbcc-A2 -312630+30 5*T
A/:Ru:Va Al Ru •

fGRu
2
A/

3 =30Gbcc-A2 +30Gbcc-A2 -312630+30 5*TA/:Ru:Ru Al Ru •

Sublattice Solution Phase: (AI,Ru)(Al,Va)
f GB2 _20Gbcc-A2

A/:AI - Al

f GB2 =OGbcc-A2 + 60000A/:Va Al

f GB2 =OGbcc-A2 + 60000Ru:Va Ru

f GB2 =OGbcc-A2 +°Gbcc-A2 -138700 + 15 5 * TRu:AI Ru Al •

°L~;:AI.va = 49100 - 22.4 * T

°L~::A/:va = -51770 + 20 * T

°L~;.RU:AI = -30000

°L~;.Ru:va = -30000

Modified Sublattice Model: (Al,Ru,Va)o.s(Al,Ru,Va)o.s(Va)3
fGB2

- 0A/:A/:Va -

fGB2 -0Ru:Ru:Va-

fGB2
- 0Va:Va:Va-

fGB2 _fGB2 - 87600A/:Ru:Va- Ru:A/:Va - -

°L~;.Ru:A/:va =oL~;:AI.Ru:va = -73000
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Figure 6.1 The calculated AI-Ru phase diagram showing RuAl-B2 calculated using the
SL (-) and MSL (---) models.
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Figure 6.2 Comparison between the calculated AI-Ru phase diagram and experimental
data from the literature (as listed in Table 6.4)

 
 
 



The calculated temperatures for the invariant reactions are in good agreement with the
experimental temperatures, except for the peritectic formation of the R14AI13 phase,
which is about 50 K too high. This is probably due to the modifications to the invariant
temperatures for the RuAh and RU2AI3phases by Prins and Cornish [2000Pri] to correct
the liquidus slope from the diagram of Boniface and Cornish [1996Bon2].

The homogeneity ranges of the R14AI13and RuAh phases are acceptable in comparison
with the experimental data. RU2AI3 appears as a stoichiometric compound with no
homogeneity range. The optimisation was simplified due to the lack of data for this phase
and no interaction on any of the sublattices was taken into account, so effectively no
defects were considered. The phase appears in the correct composition and temperature
ranges and the description is considered satisfactory for the purpose of this work.

The two descriptions for the RuAl-B2 phase compare well, with the MLS description
giving a better agreement to experimental data for the composition range. Both
descriptions have a very limited extension to the Ru-rich side and correctly have the
composition range to the AI-rich side.

Table 6.4 Calculated and Experimental invariant temperatures and compositions for the
AI-Ru system.
Reaction (at. %Ru) Reaction Temoerature rKl Reference
L .....• (AI) + RuAlt.
0.1 0 14.8 923 [1988Anl)
0.1 0 14.3 922 This work
L + Rl4AI13 ...... RuA16
1.5 25 14.3 996 [1988Anl)
2.5 25.4 14.3 997 This work
L + RuA12 .....• Ru~l13
17.6 33.6 25.8 1676 [1988Anl)
18.1 31.1 26.7 1725 This work
L + RU2Ah ...... RuAh
26 36 33.4 1733 [1996Bonl)
23 36.1 33.9 1873 [2000Pri)*
23.4 39.6 31.8 1854 This work
L + RuAl .....• RU2A13
33.5 42.5 42 1873 [1996Bonl)
27 42 41 1973 [2000Pri)*
35 45.9 39.9 1978 This work
RU2Ah •....•RuAl + RuA12
395 46 35.9 1249 [1996Bonl)
40 49.5 32.9 1243 This work

L ...... RuAl
50 50 2333 [19600br)
50 50 2342 This work

L .....• RuAl + (Ru)
70 51 96 2193 [19600br)
69.7 50.7 95.7 2189 This work
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Figure 6.3. Phase diagram of temperature against chemical potential of AI.
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Figure 6.4. Comparison of calculated enthalpy of formation for the SL (-) and MSL (---)
RuAl-B2 models with experimental results [1992Jun] and ab initio [1992Lin, 1998Wol,
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In Figure 6.3, the phase diagram is plotted as a function of the chemical potential of the
AI instead of composition. The slope of the curves is equal to dG/dT, which represents
the entropy. The diagram shows that no phase has an excessive entropy contribution,
which is important as most of the thermodynamic data that was used in the optimisation
was obtained by Miedema's semi-empirical method. In Figure 6.4 the enthalpy of
formation for the sublattice and MSL descriptions of the RuAl-B2 phase is compared to
experimental and ab initio values from the literature. The enthalpy of formation is in
good agreement with the experimental value from Jung and Kleppa [1992Jun]. As
expected, the MSL description resulted in a more symmetrical curve for the enthalpy of
formation. For the sublattice description, the curve on the Ru-rich side of the 50:50 at. %
composition indicates that the phase becomes more unstable at the higher Ru contents,
which is in agreement with the non-symmetrical model.

The calculated model parameters for the AI-Pt system are listed in Table 6.5. The
optimised/calculated phase diagram is shown in Figure 6.5. The optimised phase diagram
is compared with experimental data from the literature in Figure 6.6 and the invariant
temperatures and compositions are compared in Table 6.6. The reactions for the PtAl, 13
and liquid phases are enlarged in Figure 6.7, as these are nearly indistinguishable on the
full binary diagram.

The calculated compositions and temperatures for the invariant reactions for the
intermetallic phases are in general good agreement with the experimentally reported
compositions and temperatures. However, there are some areas in less good agreement,
and in most cases it is due to the models being used.

The congruent formation of the Pt3AI phase and L ---+ Pt3AI + (Pt) eutectic reactions are
not in very good agreement with the experimental diagram, both reactions are shifted to
lower platinum compositions in the calculated system. The 4SL CEF model is such that
the formation composition ofPt3AI is fixed at 75 at. %, while it has been reported in the
literature to form congruently at 73.2 at. %. This off-stoichiometry formation cannot be
described with the model, and had subsequently an influence on the temperature as well
as the enthalpy of formation for the Pt3AI phase. The symmetry and fixed compositions
of the 4SL CEF model made it also impossible to move the eutectic reaction to lower Pt-
contents. Furthermore, the phase area of the (Pt) solid solution is too narrow, especially at
lower temperatures, but the phase area for the Pt3AI phase is acceptable. However, the
Pt3AI phase is ordered throughout its phase area and the unstable PW3 (Lb) and Pt2AI2
(Llo) phases, which are introduced through the 4SL CEF, are not stable at any
composition or temperature in the phase diagram, which is correct.

Since the 13-phase has been modelled as a line compound, with the stoichiometric
composition fixed to the experimentally reported formation composition of 52 at"10Pt,
there are some discrepancies in the comparison of the calculated and experimentally
reported compositions and temperatures. The formation composition and temperature are
in good agreement with the value reported in literature, but the decomposition

 
 
 



composition is incorrect. The literature suggests the rl-phase as an irregular phase area
(see the Al-Pt phase diagram, Chapter 2, Figure 2.1), with the decomposition at higher
platinum contents than the formation platinum content. This affected the calculated
results for the reactions involving the rl-phase. The calculated eutectic temperature for the
L ~ rl + PtSAl3 is -50 K too high. This can also be due to the estimate of the enthalpy of
formation for the rl phase. The phase area is enlarged in Figure 6.7.

The PtsAl3 phase forms experimentally through a peritectic reaction L + Pt3Al ~ PtsAl3,
which is very close to the liquid, it seems very close to a congruent melting reaction. The
calculated PtsAl3 phase forms congruently at 1750 K and 62.5 at. % Pt. This introduced
an extra eutectic reaction L ~ PtsAl3 + Pt3Al at 1720 K and 67.1 at. % Pt, which is not
observed in the experimental diagram.

On the Al-side of the phase diagram the (Al) shows a too high solubility for platinum.
This is again due to the use of the 4SL CEF to describe the fcc phases. This also shifted
the eutectic reaction L ~ (Al) + PtsAl21 to a too high Pt-content. As a result of the too
high platinum solubility and the shift of the eutectic reaction, the liquidus is also too far
too the right in comparison to results reported in the literature. However, the calculated
results were accepted since the work is not aimed at studying Al-based alloys.

Table 6.5. The calculated model parameters for Al-Pt rJ/mole of atomsl.
Liquid Disordered Solution Phase: (AI,Pt)

°G~r (T) - H~/cc-AI(298.15): [I 99IDin]

°G~q (T) - H~hCP-A3(298.15) : [I 99IDin]

°Lf'1J,Pt)= -352540+ 114.8 * T

ILf'1J,Pt)= 68570 - 53 * T

Disordered Solution Phase: (AI,Pt)(Va)
°G{~C-AI(T) - H~/ce-AI (298.15) : [199IDin]

°G~e-AI(T) - H~fee-AI(298.15) : [I 99IDin]

°dee_AI -ULDO+DGO+l 5*USRO(A/,Pt) - .
Idee _AI - ULDI +DGI(A/,Pt) -
2dee_AI - ULD2 +DG2 -1 5*U.'C'RO(A/,Pt) - . /oJ.

Stoichiometric Phase: (AI)o.8077(Pt)o.1923
fG~~~/21 =0.8077°G{C;C-AI+0.1923°G~c-AI -56870+14.8*T

Stoichiometric Phase: (AI)o.7242(Pt)o.27s9
f G~~~/21 = 0.7242°G{~e-AI + 0.2759°G~e-AI - 81805 + 23.2 * T

Stoichiometric Phase: (AI)o.666(Pt)0.334

f G~~}; = 0.666°G{~e-AI + 0.334°G~e-AI - 87371 + 22.1 * T
Stoichiometric Phase: (Allo.6(Pt)o.4

 
 
 



f G:r~':/3 = 0.60G{~C-AI + O.4°G~C-AI - 89885 + 21.5 * T

Stoichiometric Phase: (Al}o.s(Pt)o.S

f G:r~ = 0.50G{~C-AI + 0.50G~C-AI - 94071 + 24.1 * T

Stoichiometric Phase: (Al)o.48(Pt)o.s2
f G~,:Pt = 0.480G{~-AI+ 0.52°G~C-AI - 92959 +24.1 * T

Stoichiometric Phase: (Al)o.37S(Pt)o.62S
f G:r~~'3 = 0.375°G{~C-AI + 0.625°G~C-A' - 87260 +24 * T

Stoichiometric Phase: (Al)o.334(Pt)0.666
f G:r:z~1 = 0.334°G{~C-AI + 0.666°G~C-AI - 85325 +24.9 * T

4SL-CEF: (Al,Pt )o.2s(Al,Pt)o.2s(Al,Pt)o.2s(Al,Pt)o.2S
fGLlz _fGLlz _fGLlz _fGLlz - T TPTAL3

AI:AI:AI:Pt- AI:AI:Pt:AI- AI:Pt:AI:AI- Pt:AI:AI:AI - v,
fGLlz _fGLlz _fGLlz _fGLlz - TTPT AL

AI:A/:Pt:Pt- AI:Pt:Pt:AI- Pt:Pt:A/:AI- Pt:AI:AI:Pt - v,
fGLlz _fGLlz _fGLlz _fGLlz - T PT3AL

AI:Pt:Pt:Pt- Pt:A/:Pt:Pt- Pt:Pt:AI:Pt- Pt:Pt:Pt:AI - v,
LLlz - 1L1z _ 1L1z - 1L1z - ULOAI,Pt:.:.:. - L.o:AI,Pt:.:. - L.o:.:AI,Pt:. - L.o:·:·:AI,Pt -

LLlz _ 1LI2 _ 1LI2 _ 1LI2 _ LLI2 - T TC'RO
AI,Pt:AI,Pt:.:. - L.o:AI,Pt:AI,Pt:. - L.o:.:AI,Pt:AI,Pt - L.o:AI,Pt:.:AI,Pt - AI,Pt:.:AI,Pt:. - VI.,).

UPTAL3 =4 ·UAB

UPT3AL =3 ·UAB

USRO =UAB

ULO = 1412.8 + 5.7 • T

ULDO = -110531 - 22.9 • T

ULDl = -25094

ULD2 = 21475

DOO = UPTAL3 + 1.5 • UPTAL + UPT3AL

DOl = 2· UPTAL3 - 2· UPT3AL

D02 = UPTAL3 - 1.5 • UPTAL + UPT3AL
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Figure 6.6. The calculated Al-Pt phase diagram compared with experimental invariant
data points from the literature [l986McA].

 
 
 



Table 6.6. Experimental and calculated invariant temperatures and compositions for the
Al P- t system.
Reaction and Compositions Reaction Reference
(at. % Pt) Temperature rl(1
L ++ Pt3Al + (Pt)
79.5 76.4 85.7 1780 [1986McA]
83.7 81.1 99 17481 This work
PtAl + L ++ ~
50.0 53.7 51.5 1783 [1986McA]
50.0 58 52.0 17252 This work
L ++ Pt2Ah + PtAl
44.47 40.0 50.0 1741 [1986McA]
46.7 40.0 50 1770 This work
L + Pt3Al ++ PtsAh
62.3 67.3 62.5 1738 [1986McA]

Not included 3
PtsAh + Pt3Al ++ Pt2Al
62.7 67.0 67.5 1703 [1986McA]
62.5 72 66.5 1701 This work
L + Pt2Ah ++ PtAh
31.8 40.0 33.3 1679 [1986McA]
40 40.0 33.3 1671 This work
L ++ ~ + PtsAh
55.7 57.9 66.5 1670 [1986McA]
58 52.0 62.5 17234 This work
~ ++ PtAl PtsAh
54.2 50.0 61.5 1533 [1986McA]
52.0 50.0 62.5 1533 This work
L + PtAh ++ PtsAh.
18.8 32.6 27.5 1400 [1986McA]
30 33.3 27.5 1404 This work
L + PtsAht ++ PtsAhl
3.1 27.5 19.2 1079 [1986McA]
9 27.5 19.2 1097 This work
L ++ (AI) + PtsAh.
0.4 0.0 19.2 930 [1986McA]
4 3 19.2 910 This work

L ++ Pt3Al
73.2 73.2 18291 [1986McA]
75.3 75.3 1877 This work
L ++ PtAl
50.0 50.0 1827 [1986McA]
50.0 50.0 1827 This work
L ++ Pt2Ah
40.0 40.0 1800 [1986McA]
40.0 40.0 1800 This work
L ++ PtsAh
62.5 62.5 1800 This work 3

I 0Pt3AI phase at too high at. ~ Pt due to symmetry of 4SL CEF. See text for diSCUSSion.
21l phase modelled as line compound, simplification and assumed stoichiometry influences equilibria.
3PtsAh in calculated diagram forms congruently and not by peritectic reaction [1986McA]. See text for discussion.
450 K too high, due to Ilphase model and congruent formation ofPtsAl3.
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Figure 6.9. The AI-Pt phase diagram of temperature against chemical potential of AI.
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Figure 6.10. Comparison of calculated enthalpy of formation for Pt3Al (Lb) phase with
experimental results [1968Fer, 1981Wor, 1993Mes], Miedema estimations [1989deB]
and ab initio predictions [2002Ngo].

 
 
 



Figures 6.8 and 6.9 show the phase diagram as a function of the chemical potential
instead of the composition. The slope of the curves is equal to dG/dT, which is the
entropy of the phases. It does not show any excessive entropy contributions for any of the
phases in the system, since the slopes are all more or less similar. The decomposition of
the J3 phase (phase number 6) is shown, as well as the solid-state formation of the Pt2Al
phase (phase number 8).

a e .. xpenmenta an ca c at en alples 0 ormation or e - sys em.
Phase Mil Method Reference

rJ/mole atoms]
PtsAl21 -57320 Solute solvent drop calorimetry (1968Fer]

-56827 Calculated This work
PtsAl21 -71130 Solute solvent drop calorimetry (1968Fer]

-81 751 Calculated This work
Pt Al2 -84000 Solute solvent drop calorimetry (1968Fer]

-87325 Calculated This work
Pt2Al3 -94980 Solute solvent drop calorimetry (1968Fer]

-79000 Miedema semi-empirical method (1988deB]
-96500 Direct Synthesis Calorimetry (1993Mes]
-89839 Calculated This work

PtAl -100420 Solute solvent drop calorimetry (1968Fer]
-100000 Direct Synthesis Calorimetry (19911un]
-82000 Miedema semi-empirical method (1988deB]
-67440 Ab initio (2002Ngo]
-94025 Calculated This work

J3 -91300 Calorimetry· (1968Fer]
-92913 Calculated This work

PtsAh -90730 Miedema semi-empirical method (1988deB
-87213 Calculated This work

Pt2Al -88280 Miedema semi-empirical method (1988deB
-85278 Calculated This work

Pt3Al -69870 Solution Calorimetry (1968Fer]
-63600 Direct Synthesis Calorimetry (1993Mes]
-50990 Miedema semi-empirical method (1988deB]
-76000·· Electrochemical (1981Wor]
-74380 Ab initio (2002Ngo]
-51 668 Calculated This work

* estimated from the curve fitted to the enthalpies offonnation experimentally determined by Ferro et. al. (l968Fer].
** estimated from the Gibbs free energy of mixing aGm = -76 640 + 7.48*T [1981Wor].

The calculated enthalpies of formation are compared to the experimental values in Table
6.7. They are all within the 10% error of Ferro's (1968Fer] experimental results, except
for Pt3Al, which is much lower, indicating the predicted phase is more stable than the
experimental phase. This can also be affected by the fact the Pt3Al forms at 73.2 at. % Pt

 
 
 



and not the expected stoichiometric 75 at % Pt of the perfect crystal structure, and the
modelling could not fit the composition to 73.2 at. % Pt for the congruent melting. The
enthalpy of formation for the Pt3Al phase is compared with the experimental and ab initio
predicted values in Figure 6.10.

Although there are some differences between the calculated and experimental Al-Pt
phase diagrams, these are in areas where limited experimental data are available. In some
cases the experimental diagram is based on the results on only one report. The limited
data forced the need for simplified models, especially for the J3phase. Thus the data
appear to be not in good agreement, however, it is due to the simplified model.
Considering the assumptions and limited data, the calculated phase diagram is in general
excellent agreement with the experimental phase diagram.

The predicted liquidus surface projection is shown in Figures 6.10 and 6.11. The
solidification reactions are listed in Table 6.9. The reaction types were identified by
projecting the surface on a temperature against liquid composition diagram (Figure 6.12).
Ternary eutectic reactions were recognised by the meeting of three lines, forming a local
minimum. A true ternary peritectic was identified by one of the line above the reaction,
and two below [1965Wes].
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Figure 6.11. Liquidus surface projection for Al-Pt-Ru, indicating liquidus surface areas
for the phases.
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Figure 6.12. Enlargement of the Al-corner of the AI-Pt-Ru liquidus projection (Figure
6.10).

The solidification projection is only presented up to 80 at. % Pt. Although the Thermo-
Calc software calculated individual equilibrium values above this composition, it was not
possible to map the liquidus projection for the area above 80 at. %. This is probably due
to the 4SL CEF description of the Pt3Al phase, as this phase is too stable in this
projection, giving a too large phase surface on the liquidus projection. The extrapolation
gives about 10 at% Ru in Pt3Al, while experimental work [2001Bigl, 200 1Big2,
2001Hill] showed a limited solubility of ruthenium in Pt3Al. No attempts have been
made to correct this at this stage. No thermodynamic data are yet available for the AI-Pt-
Ru system, and an optimisation without thermodynamic data to give the liquid a
reference point, would be meaningless.

Very little has been published to date on ternary extrapolations and ternary optimisations
using the 4SL-CEF. Kuskoffsky [2002Kusl, 2002Kus2] evaluated the use of ternary
parameters in the 4SL-CEF, and calculated the Ag-Au-Cu ternary. It was noted that care
had to be taken with the reciprocal parameters. In the case of Ag-Au-Cu, data on the
bonding energies of nearest neighbours and next-nearest neighbours were available to
allow successful use of the 4SL-CEF.

Reactions 1 and 2 in Table 6.8 include the formation ofPt2Al. This is an artefact of the
modelling, again probably due to the use of 4SL-CEF. In the binary, Pt2Al forms by a
solid-state eutectoid reaction, PtsAl3 + Pt3AI ~ Pt2Al. Pt2Al should, therefore, not form

 
 
 



from the liquid as it does in this extrapolation. However, it is possible that the presence of
a third element in a binary structure can change the reaction in the ternary. In this case the
extrapolation stabilised the Pt2Al phase too much.

Equation Reaction Temperature [K]
number
1 L + Pt3AI ~ (Ru) + Pt2Al 1445
2 L ~ (Ru) + PtSAl3 + Pt2Al 1443
3 L ~ RuAl + PtSAl3 + (Ru) 1435
4 L + B ~ RuAl + PtsAl3 1485
5 L + PtAl ~RuAl + B 1500
6 L ~ RuAl + Pt2Al3 + PtAl 1620
7 L + RuAI ~ RU2Ah + Pt2Al3 1525
8 L + Pt2Al3 ~ RU2Al3 + PtAl2 1507
9 L + RU2Al3 ~ RuAl2 + PtAl2 1500
10 L + PtAl2 ~ Rl4A113 + PtSAl21 1415
11 L + RuAh ~ Rl4A113 + PtsAhl 1408
12 L + PtsAht ~ Rl4A113 + PtSAl21 1080
13 L + Rl4A113 ~ RuAl6 + PtsAht 945
14 L ~ (Al) + RuAl6 + PtsAl21 900
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Figure 6.15. Solidification reactions, as listed in Table 6.8 (enlargement of AI-comer in
Figure 6.13)

Stable Gibbs energy functions have been calculated for the phases in the AI-Ru and AI-Pt
phase diagrams. Two models have been used to describe the ordered RuAI-B2 phase in
the AI-Ru system. The results from M SL model were in better agreement with results
from the literature. Although there were some areas of lesser agreement in the calculated
AI-Pt system, they can be contributed to the 4SL CEF that has been used, as well as a
lack on experimental data for the J3-phase, which necessitated the stoichiometric
treatment of the phase.

The ternary AI-Pt-Ru phase diagram was extrapolated from the calculated binary phase
diagrams. The extrapolated diagram is in good agreement with the experimental diagram.
The major differences arised from the fact that two new ternary phases were found in the
experimental study. Since an extrapolation was based on the Gibbs energy functions for
already entered phases, the software could not predict these new phases.

The good agreement between the experimental and calculated liquidus surface
projections proves that thermodynamic modeling is powerful technique in the
development of new alloy systems.

 
 
 



Chapter 7
Comparison of Experimental and Computational Results

The results of the experimental determined AI-Pt-Ru liquidus surface projection and
solidification reaction scheme are compared to the predicted liquidus projection and
solidification reaction sequence. The agreements and discrepancies are discussed.

Figures 7.1 and 7.2 show the experimental and predicted liquidus surface projections
respectively. The results are in good agreement except for the Pt3Alliquid surfaces, which is
more stable in the predicted diagram than in the experimental diagram. The predicted phase
diagram does not include the two ternary phases, X and T, which were found in the
experimental investigation.

The solidification reactions are compared in Tables 7.1 and 7.2. There are some
inconsistencies when comparing the experimentally deduced solidification sequence and the
sequence predicted from the calculated AI-Pt-Ru system.

In the experimental solidification sequence, not enough data were available to determine the
solidification direction of some of the reactions (direction of liquidus slope) listed in Table
7.1. However for most reactions the direction of decreasing temperature could be deduced.
For the reaction at E, the data were not enough to decide which reaction is more probable.
Both possible reactions are listed.

In the predicted system, the - PhAI phase area i s too large, implying the calculated Gibbs
energy function is too stable relative to the function for the (Pt). The predicted solidification
reactions 1 and 2 in Table 7.2 show the Pt2AI phase forming from a liquid reaction. In the AI-
Pt binary system, Pt2AI forms from the solid state through a peritectoid reaction. Although it
is possible that the presence of a third element in a binary phase can change the behaviour of
the phase, e.g. stabilise it to higher temperatures, the results from the extrapolation is not in
agreement with the experimental results. The experimental results did not show Pt2AI forming
during solidification.

Reactions C and D from the experimental solidification sequence compare with reactions 3
and 4 in the predicted solidification sequence, although the reaction types differ. This could
be either due to not enough experimental data or due to the extrapolation from pure binary
phases without taking into account the possible effect of a third element on the Gibbs energy
functions of the binary phases.

The ternary extrapolation also does not include the two ternary phases, as the extrapolation is
based on phases already entered in the data file. Thus the rest of the solidification sequence
cannot be compared beyond reactions 4 and D.
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Figure 7.3 Predicted liquidus surface projection for the AI-comer, showing the solidification
reactions (1-12) (enlargement of the AI-comer from Figure 7.2).

Although there are some discrepancies, the general comparison is excellent. The comparison
of the experimentally determined and calculated prediction shows that predicting phase
diagrams through computational methods is a useful tool for the metallurgist. The
discrepancies in the comparison are mainly due to the absence of the two new ternary phases
in the extrapolated phase diagram. To include these the ternary lattice stabilities will have to
be calculated through an optimisation procedure, which fell outside the scope of this study.

In the continuation of the project, which this study was part of, this predicted ternary phase
diagram will be used to select experimental points for further investigation in order to obtain
maximum results from them.

 
 
 



Equation number Reaction

A L ~ (Ru) + (Pt) + -Pt3A1

B L + (Ru) ~ PtsAh + -Pt3A1

C L + (Ru) + -RuAI ~ -PtsAh

D L + -RuAI ~ /3 + -PtsAh

E* (t) L + -PtAI ~-RuAI + /3
(-1-) L + -PtAI + -RuAI ~ /3

F L + -RuAI ~ -PtAI + PtzAh

G* L + PtzAh ~ -PtAh + -RUlsPtzsAI64
Hl* L + -RuAI ~ -RUlsPtzsAIM + PtzAh

G* L + -RuAI ~ -PtAh + -RUlsPtzsAI64
H2* L + PtzAh ~ -RuAI + -PtAh

I L + RuzAh ~ -RuAI + -RuAh

J L + -RuAI + -RuAh ~ -RUlsPtzsAIM

K L + -RUlSPtzsAIM + -RuAh ~ -RU12PtlsAh3

L L + -RUlSPtzsAIM ~ -RU12PtlsAI73+ -PtAh

M L + -RuAh ~ -RUlzPtlsAI73 + -R\4A113

N L + -PtAh + -RU12PtlSAI73~ -PtsAlzI

0 L + -PtsAhl ~-RUlzPtlSAI73 + -PtsAhl

Q L + -RU12PtlSAh3 + -PtsAlzI ~ -RuA16
p** L + -RUlzPtlSAI73 ~ -R\4AI13 + -RuA~

R L + -RuA~ ~ -PtsAlzI+ (AI)
Not enough experimental data available to conclude in which direction this reaction proceeds.
Exit reaction must be peritectic to be consistent with the AI-Ru binary.

 
 
 



Equation Reaction
number

1 L + Pt3Al ~ (Ru) + Pt2A1

2 L ~ (Ru) + PtsAh + Pt2AI

3 L ~ RuAI + PtsAh + (Ru)

4 L + J3 ~ RuAI + PtsAh

5 L + PtAI ~RuAI + J3

6 L ~ RuAI + Pt2Ah + PtAI

7 L + RuAI ~ RU2Ah + Pt2Ah

8 L + Pt2Ah ~ RU2Ah + PtAh

9 L + RU2Ah ~ RuAh + PtAh

10 L + PtAh ~ R14AI13+ PtsAht

11 L + RuAh ~ RU4AI13+ PtsAht

12 L + PtsAhl ~ R14AI13+ PtsAht

13 L + RU4AI13~ RuA~ + PtsAhl

14 L ~ (AI) + RuAl6 + PtsAhl

 
 
 



The Al-Pt-Ru phase diagram was investigated experimentally and a liquidus surface
projection is proposed. The experimental results were compared to a predicted liquidus
surface projection using the CALPHAD method.

The liquidus surface is dominated by the RuAl phase; it occurred to within 10 at. % of the
Al-Pt binary.

(Ru) also has a large liquidus surface. This is an important factor to consider when
making alloys that are just outside of the region of the alloys targeted for
commercialisation.

RU4A113and RuA~ were difficult to analyse, since they were found together on a fine
scale.

Most of the other phases showed limited solubilities for the ternary element, less than 2
at. %: RU4A113,Pt2Al3,PtsAl3, PtsAl21and PtAl.

A ternary phase X, with a composition ~RU12PtlsAh3, was found to be present. Initial
XRD analysis showed that the X phase probably has a primitive cubic structure and is
similar to ~RhAh.63 and ~IrAh.7S .The lattice parameter is 0.7712 nm.

RU2Ah, T and ~ decomposed through solid-state reactions:
RU2Ah--+~RuAl + ~RuAh
T --+X + ~PtAh
~ --+~PtAl + PtsAh

~RuAl was involved in a number of subsequent reactions in different alloys:
o peritectic formation of ~PtAl,
o peritectic formation of ~PtAl2
o peritectic formation of~ phase of the AI-Pt binary.

There was good agreement between the experimental EDS and XRD results, despite
the lack of data on some of the phases present in the JCDD. In many cases, the

 
 
 



structures of prototypes could be used through a grain refinement process to identify
the binary phases.

The binary phase diagrams were calculated with the Thermo-Calc software, using the
CALPHAD method. The calculated binaries are in excellent agreement with the experimentally
reported phase diagrams in the literature. Furthermore, a liquidus surface projection has also
been predicted from extrapolating the ternary system from the calculated binaries. The
predicted results are in good agreement with the experimental results, thus showing that
computational thermodynamics is a powerful tool in alloy development. Thermo-Calc did not
provide any evidence for the ternary phases, which is not surprising.

Thermal analysis should be conducted on some of the samples to obtain reaction
temperature and thermodynamic values (enthalpy of formation) for phases in the
system, as these are required for the further optimisation of the ternary system. DTA,
DSC, TG and calorimetry should be considered.
Samples should be heat treated, as this will bring them to equilibrium conditions. This
would assist in the XRD analyses (some heat treatments were done at 600°C, although
1000°C would be more relevant for the future applications of Pt-based alloys. Analysis
of the samples after heat treatments is in progress and is part of a continuing project.).
Ab initio predictions could be useful in predicting the enthalpies of formation for some
of t he binary phases, and the new ternary phases. M ore ab initio calculations 0n the
polymorphs of the Liz phase would be valuable information for the CALPHAD
modeling of this part of the AI-Pt phase diagram.
XRD work should be conducted on especially the binary AI-Pt system, as very little
standard data is available (this is planned as part of the current continuing project).
TEM studies of samples containing the ternary phases would be needed to confirm the
crystal structures.
The calculated ternary phase diagram should be optimised. The ternary phases must be
included. However, this is subject to first obtaining some thermodynamic values of the
phases and suggesting crystal structure models for the new ternary phases. The
optimisation will also solve the current discrepancies in phase stabilities with the
experimental results.
Re-optimisation of the AI-Pt system. A change in the use of the 4 SL CEF has been
proposed after this work was submitted. The metastable phase diagram for the fcc
ordered and disordered phases must first be optimised using ab initio calculated
enthalpies of formation. Once an acceptable description for the fcc phases has been
obtained, the complete system should be optimised in such a way that the metastable
phases are not stable in the optimised system. The revised optimisation and use of the
model will be published in the CALPHADjournal.
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A reassessment of the AI-Pt binary system

S. Prinsl,2, L.A. Cornish3, W. Stumpf2, B. Sundman4

ICSIR-NML, P.O. Box 395, Pretoria, 0001, South Africa;
2Department of Metallurgical Engineering and Materials Science, University of Pretoria,

Pretoria, 0002, South Africa;
3Physical Metallurgy Division, Mintek, Private Bag X3015, Randburg, 2125, South Africa
4Department of Materials Science and Engineering, Royal Institute of Technology, S-10044

Stockholm, Sweden

The AI-Pt system is important as it is similar to the AI-Ni system and also showing a y/y'
(Pt)lPt3AI phase relation. This phase relation in the AI-Pt system has been earmarked as the
basis of potential high temperature alloys, replacing the Ni-based superalloys in applications
where the Ni-based superalloys have reached their upper temperature limits [OlHill].

A current study investigating the AI-Cr-Pt-Ru alloy system has lead to this reassessment of
the AI-Pt binary system as in the CALPHAD assessment by Wu and Jin [OOWu],modelling of
the L12 Pt3AI phase does not accommodate the ordering of the L12 phase, as reported by
Mishma et ai. [86Mis] and Bronger et ai. [97Bro]. A low temperature martensitic
transformation for the Pt3AI has also been reported [86Mis] and experimental observations of
ternary AI-Pt-X alloys indicated that the ternary additions either stabilise the high temperature
or the low temperature form of Pt3AI (L12 and DOc respectively) [01HiI2]. The previous
assessment [OOWu] also did not include the J3 phase since there are some discrepancies about
its existence [90Mas]. However, experimental analysis of some ternary alloys indicated a
phase which is probably J3.

The current reassessment allows for the ordering of the Pt3AI phase and the Pt2AI and J3
phases has been included and the phase diagram is in good agreement with experimental
observations.

P.J. Hill, L.A. Cornish, P. Ellis and M.J. Witcomb, J. Alloy Compo 322 (2001)
166.
P.J. Hill, Y. Yamabe-Mitarai, H. Murakami, L.A. Cornish, M.J. Witcomb, I.M.
Wolff and H.Harada, 3rd International Symposium on Structural
Intermetallics, TMS (2001 - rescheduled for April 2002) 527-533.
K. Wu and Z. Jon, J. Phase Equilibria, 21 (2000) 221.
W. Bronger, K. Wresien and P. Muller, Solid State Ionics 101-103 (1997) 663.
T.R Massalski, Binary Alloy Phase Diagrams, ASM Publishers (1990).
Y. Mishima, Y. Oya and T. Suzuki, Proceedings of the International Conference
on Martensitic Transformations, Japan Institute of Metals (1986) 1009.
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Two-phase high Pt content alloys have been shown to exhibit a structure similar to that of
y/y' (Ni)/-NhAI in the Ni-based superalloys [1] and very good properties have been
obtained, even at high temperatures [2]. High Pt content alloys in the AI-Pt-Ru system
were studied after heat treatment at 1350°C to allow the two-phase structure to be
optimised at the envisaged application temperature [3]. This work is part of a larger
investigation in which the component phase diagrams of the AI-Cr-Pt-Ru system will be
studied in detail, so that the phase relationships and phase compositions can serve as an
input to Thermo-Calc™. The solidification reactions were required, thus the alloys were
studied in the as-cast condition.

Six alloy samples were manufactured by arc-melting the elements and were studied in the
as-cast condition using a LEO 1525 FE-SEM with an Oxford Inca EDS. At least five
analyses were made on each phase or area.

The highest Pt content alloy had a very similar structure to an alloy studied by Biggs et ai.
[3]. There were (Ru) needles in a eutectic comprising (Ru) needles and small (pt) dendrites
in a -PbAI matrix. Figure 1 shows a ternary eutectic which was not reported before [3].

Results from three alloys indicated that the -RuAI phase was found to contain at least 20
at.% Pt. The -PtAlz phase exhibited up to 11 at.% solubility for ruthenium. The -RU4AI13
and -RuAI6 phases were difficult to analyse accurately, since they were found together on a
fine scale (Figure 2), but they both showed solubility of at least 10 at.% platinum. Most of
the other phases showed a more limited solubility; -RuAlz, -PhAb and -PtAI contained
only about 2 at.% of the third component.

The liquidus surface was dominated by the -RuAI phase, which stretched to within 10 at.%
of the AI-Pt binary system, and then by the (Ru) phase. This is not surprising since both of
these phases have very high melting points and they often dominate the phase diagram in
related systems [4]. The -RuAI phase was involved in a number of subsequent reactions in
the different alloys. It was involved in at least three peritectic reactions, forming -PtAI,
-PtAlz and a phase which was too fine to be analysed accurately, although it appears to
have a composition close to the f3 phase of AI-Pt [5]. It was also involved in the ternary
invariant reaction:

Figure 3 shows the remnants of -RuAI dendrites, appearing as fine particles, after the
peritectic formation of -PhAl. This reaction was followed by an eutectic reaction forming
-PhAI and -RU4AI13. Figure 4 shows -RuAI dendrites surrounded by a thin two-phase

 
 
 



region (probably produced by subsequent solid state precIpItation at much lower
temperatures), then a -RuAlz + -PtAlz eutectic. The binary eutectic reaction forming -PtAI
and -PtzAb was also observed, very close to the AI-Pt binary. The other reactions were
mainly peritectic in nature and tended to form more aluminium-rich phases. This is
consistent with the AI-Ru and AI-Pt phase diagrams.

More alloys are being manufactured and the alloys are also being studied using XRD so that
the phases can be confirmed.
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Figure 1. BSE image of AhJ:Ptsz:Ru27 showing primary (Ru) needles in a ternary eutectic
comprising (Ru) (smaller needles) + (Pt). Figure 2. BSE image of Als4:Pts.5:Ru7.5
showing -PtsAlzI within a fine mixture of -Ru4AII3 and -RuAk Figure 3. BSE image
of AI6s:Pt27:Rus showing remnant dendrites of -RuAI (dark particles) within -PtzAl
dendrites (light), surrounded by -PtzAI + -Ru4AII3 eutectic. Figure 4. BSE image of
AIs4:P1I4:Ru3z showing -RuAI dendrites (medium) within -Ru4AII3 (dark) + -PtAlz
eutectic (light). There are regions of solid state precipitation at the dendrite edges.
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THE DEVELOPMENT OF PLATINUM·BASED ALLOYS
AND TfIEIR 'fUERMOP\'NAi\IIC OATAB,\S£

Lt.-sIe)' AUson Cornish I , Jellnefte Hohls!, Pllfrit;iJl JO:ln Hill I,
Saru PdnJu, Rainer Silnl ulld DlJvl:11NOr1humbilrlllnd Cumpton'

JPh)'5ica/ Jfl!l~!hIrgy Dfwli!m. Mintek. Private Bog 1. RUlldhurg. 2115 . .soutb ,.Jjhca
'CS1R·lvML 1'.0. Box j9i. Priuwi'l. (JOOJ,Sow;l.'ljh;u

IDllfn'MtnlJllt j)i.\tiftl~(furgical EHgm,ulrmg ilml ;tktt!rials &iMCIl.
. f'r.t(oria, OQ(J]. S'lU!h ;-lfh,',1

t\ 5c:rit~ I1f 'IUll.ltm.:l1:'Y lllilHnulll-bJ!:lccll Jl!O)'~n3\: been J.:tt1DnHfaltL! III f:'l:rulut tho;: ~;tm~ I',I,'-ph,be
slrutlure ,'l5 Ni-h"'fttl !i1!per;\llo}. 1l.I1.J.lt~\\e~ i!1)0L! mcd13l1k·al jmJpttll4'l, The pr"f,l<l11¢> uf Lelllar)' :111('"
Wllr<~ It 1)00.:1 II1,h~.Il;Ill!1l ttl:tl Ill.: (jUiltcrJ\:t/)' 11110,':1,Wilh lh~jt belief 1111,;nnlrLlctute, Will tl<: elen b.:Utt Tl1e
qualtfllW'j' allor ~ompoSnj<l1l1l1tl ht:tI;ll{lplirnucd lit Pl.,' AI" R\l::CrIIOf the b<:it ml'm~lrU';Ulrc ilnd hYdncu

Work Jus be~Uf1 00 t:.illlbhsllftljlll tl'hllmndjllornu: dlll,lh.we fill P'·t\I·!tu-C'-r 1I11iJ}'.artJ Illrtha \\urk \\ ,Il
be done l.;l cnll:l/lCl: !ht: Illc.::lurll1i:lll mnd oxJdatlQI1 IlWflcf1i¢; of tJle lllJoy,; hy ilddlng 5111JI! :tJ1w:tl1u nf C:lh~1
dcmtnu 1J)the b.w;e l:om;:",.itliJll Ot'PI ••:AII1:fl;u(Crl

Nickcl-h:ucd su;-::rnJloys hal{O: e",ccllcllt Ull.'.:hlllliCilI prop.:rt[i!.~ b~LlU;\~ th':} hi!\ ~ oJ

micmstn!cl ure comp ruing fllm:- 5!1lllll. "t.wl1C'd-.;uh;;rL':o!. plJ,ttidc;I in 11 nWirl'" II ',IX7Siffi I, The
strengthening oriBlnnt,:; from dislocatiO!1$ being slowed down l'lit the) n~~'jtiJ.t:i th..: ;im:lll l.'~Jmd
pnrtlde~_ Additi\lnally, there is solid solution i1n:I1$Ih.min!,l in the (Nit matrh. AlUh1ugh th::-c
lift l.lSl.'1l at rd:Uivd)' hl~ Ii:mr,:r,ttur('>, co,lf,:llir.g doe, cO! aC<:lJt i-(,l:jm~ the ~url':l'::~I;:r~}jt;:li 15
\'ery iffiall. TItls i5 OOcil16iJ: Ih: partlC] e Slru:turc ij \":ry rdilted I,,) tlult of th: m:11r!:•. R'J.:h ~re
ba.s-edon the fll1:e cem!.:.:.! I:uhic ~!\lclure.:Ihe mll!.:h t-,..tSa r;mdom fce :'111!':1\11':. :lIld Ib: I"'.mide.,
ba\-eWI Ll: ordcr<!tl 5trl.:cl~, Th': lllttlee mWit ll:I\\c:1': lll<!S: .~lrut::turCji iE "~'r;.sm.lll :md renders tll:
surfAce cncrgr liegligih!\l (l987SlmJ.

lhe Ni·bnscd sup:ralloys huvc \'irn:aJ~· rco.:hed tlu:ir tempCTllIUtl: Hndt 1,11 IJper.lli011 in turbin::
cngJnes. However, there is II n..:ed 10 lillthtr lllCfo,!l1;iC Ih: operAtional t:m~rnlllres v:lne:l<: Illljjlnl:::i l~)
l1chlcve g~r thrust, ~dtlceJ fuel consumptioTl UIld lovler pcUuthm, Tim,>, [n.::f~i,; int.;rc,'l If1
developing ll.\thole new suitll.ofsirnilar it.rI.Il:nm:d 111]0)'>bused on n metal \\1111 higher meltill.!! pQJn:
which Cllll be wed OIl k'mpctllnJtcs of -1 JtiO"t',

Platinul1l lms been selected liS the base mntcri:ll ror Ihe!c nHo}'s bccnU$c Df it. sil11iJJl1Jl} lU ;..,'\ III
f« sll'\lcum: and similu chcmlsny. 11tus, simll::lJ' pltnse~ [0 NiJAI could ~ USeD 10 [iinr .sitllilu
mc.chanblTlu as found in 1111:Nt·based fupi!tllHo}'S. The importunt ditrcrI::n.:es :II": lite hJiV1cr m~!ljng
point (17<i9"C to. plntlmml compured 10 1455'C for l'Iickd) lllld lmprov~d corro:iicm rc.sisl.:U1cll.
AlUlough pt:uinum·b:!slld alloys are unlikely 10 rIlplacr: all Xi·bll.Std supcmlloy.s an a;;CQun! of bOIJI
higher pri;;e and higher densit)'. it is lilrely Ill:!! Ihey can be used for the hlght:jl lIpplk~tio[J
tClllpCrllllm: components, Pt~ IUIS t>HI thrrns, Me! the mare ucsimbl!: high IcmpcmlJ.JTe L I:: form
IlCcrls to be S1llblliscd,

E.xpcrfmcnlaJ fit-based llIJO.rS have been 5I'UJi\:.d~ It wus fOWill Ihat ru,c:55ful Xi·l!.:t.>cd
P1lT.l.1l0}'11I1ll1ogues could be manuraemd will1lifl.J)'s ofthc approxlmale compo$ition Plt=·:~:lj:X4

Wllere X was Cr, Ti nnd Ru POOIHIII, 200 mill} The ~1 propcrtio:s wltre cxhl~[!r:rlh;. the Pr-t\I-Cr
IU1d Pt·A!·Ru alloys. IJlulough the pn:cipltlllc volume Irlll:titln \\1!.3 not lU high us in the 'Nl·!J~d
lupuml!o)'1. Although much fll:l1vier, UI¢ Pt.blJ3ed alfO)-5 h:l\;C the lld\'lltllj1g¢~ of goud mcdlimicnl

pmtic:; and hlgh lempcl'lltUre oxJd:rtlon n:5i~no: [2tlOOHill, 200 ISUll), The tcm:l1'j' alloys hnve
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rncch nleal rfoper1ies \\hkh lll'l' ~tter dum those o[ the NI- nnd Co-based sUp¢lul!oys. higher llmn
con\'cnHonnl solid·solutioll strengt!Jr:n~d rt,bDscd alloys. llnt! 'COrnpi:Ir.lblc with mcchl1nicJ.lly
ilJ[O)'1::\1 f~rrilic OOS llllCJYs L:1.001 usj.

SC\'croll allo~'5 wc:re made up In onlcr to i15l:crtllin '\hdhcr the: two-phase structure coulL! be
J:c1lil!\ cd in th~ qU:ltcmury s>'5tcm. Compositions were SCIci:lro b:lS-cd on thr rC$ultS of lhc ternary
Pt·AI·Cr and Pt-AI-RlJ systems.

The IIl1ay> were preprrrcd by !lJ'C-mclling th~ purl: elcmcnlS severn1 limes to nchieve ~
hOIl1Qgencil). TIle Si11llph:5were lllCfl heal tre:llled ill 1350"C for 96 hours. The h~.nt·IWltcd snmple:r
~\efe th¢n cUI in hlllt: mounu:d ::I11dpolished Tile rnlcrostructure \'o.'7l5 I:.xomined lI~ing sCiuming.
electron mil:wScOIJ)' (SEM} and. \vhc,re possible, the ph:lSl,:~ \wte lInalrsed using clc'ctron •
dispc:r~i\"e X-ril)' ~pcclro~c0\'lY ( DS). The hardMss of the nllo)':; was mClI5urcd lI~ing a Vi k<n .'
hardness rester WIth a 10 kg IQad.

Three :1111.1)'5"wen: single-ph:lSc -PhAI, \\hlle three hnd two-ph:tSc micruslruclun:S Two of
lh.:.5': h.w I;;tgc l1r~;; of -Pt;Al,IC!~{'lhcrwith 0 mi:-'ltJTC nf(I'I) and-PIJAf (Figure la). The Lhinl
(PI,._-\III :Rll~:CrJ) \1;15 compOse,} erHirdy [lj" J fine: lwo-rha~~ mlXIUtc. \\ htch IS lhe: desired
microstnu:IUl L'lflgun: Ib}. The EDS ll11J.lysc' r th.: OHrall and phJ.Sc cumpO~ifi(}11S arc given in
Table I. VCI)' flne. rh~cs wen: nDI 'U1illl)'~';lJ,

TIINe I CQ"lvClljJIOrrS n(illi! Pr·AJ·RII-Cr nl,i/ll's (1{t.:.r IUJaltrliJJmelll 01 JJ.50·'C lor 96 Jwur,1.
Alloy Composition Phase Phase comtll;ull1DlI (:It.%

fit AI Ru Cr
Ptu:Al , .:Ru.·Cr, ' iPt] ;9.7±\).5 8.·10:.0.5 ~.I±o.s 6.5=:D's

-PI,AI 7n±OJ lO,~O.4 O.8±O,2; 3.5±O.-l
yN 79,3:l.0.5 10.0=1),6 ,UiO.4 5,~O,7

Ph, ~:t\11 ,:Ru-,:Cr~! -PIlAI 760±O.1 2Jl.9:illA O,J:tOJ 2,8~O.1

i'IV 81 "±O,) 11.6±O I .1.7=0,3 -t.S±O.3

PIH:AlllRu;.('r] '(,1-/ U5±1.3 llJ±O.6 1..I±i},5 !,8±0.4

il) PIli j:;\111 !'Ru: ;Cr4 ~ 01PtI.:Alll:Ru;.Cr~
figl,T,' I SE.II mrcragrapfl.s. UI hl.':k·uo:JIi<!fi:d dc~';rOI1 (aSEI mod•.•."fllt'! twO r:oP~so/r",,,'

pJliJIi! ••J[op, lJ) Willlprinfary -!'I~1 ,.fill*. L'DJUr(IJrl inafirtl! mi.Ttltfi! v/(P(J ar.d
-PIIAI, 0) Fir/it mixture 0/(1'1) (:mil -PlytJ

fhe h:irdne~~ L1i 'ne Ihn;c
Tub!~l. TIlt: Illfoys ".~re
sm:t1J~rad:.'i on ;h~ cageS.

Tabli!]. : 1'~t:'I'S'l'arl
AHoy Ocs1::rn.Lrior!
1'1-,:;\1; •• :RIJ;.Cr ••
rlH ,::\JII.;l~U·.Cr .•
Pr •• ;..\III.Ru.:Cr,

Alia O~5;gnoti(m

P[I~:AIII·J{.u:.c.:r-

1'1,cs:AI, .:RII-:Cr· ,

Phl:.r\lr.:r~U••.Cr"

]'1.".:,\1.· .:KII •• :l'r"

1'111\:\III"[{~~

t\lU!~ilIJIJ~!.".:r •..,no
h.; jrtct~;1~e,1 fobl.:,:1 h,
]:;5tlT in ;Jr.:;:ml. Unl'. Ih,
\\'cr~ .d..;u:Hfl.i'll J~~L1 - :IJ 1':-

Th~ b..:.rdl1':~~~f tit.: J~1m~
1h~11J.rJn.'·' t.llI~,.J ('(l"1n
iJrolJllli lite i1,JCllt~:llJllS.

AHol' Desilln:ujon

Pt,,'A] I RU"CI·
Pl"1:r\11l .:Hu,:Cr· \
-!In..:\11! :Ru· ,'Cr; ,
fi, I .:,.\1'0 .:[tu:, <. I••
Ph. " \1". Itu. ,:(r, ,eFt,,: .\11'1 ,:RlI~"L t, ,

r11~Ii ::JllL'mnl III If'll'

It':.;'llI':J1l \\J; .l111lil,';h:J Ji:
mlJII ~i.•.: of LIII.! ~,'It1i l.:_. t

imprl1\1.!1Ih:r,1 I [u,>\ ~\ cr.
i1iClt' lrudU:'': .a::_r I'li II

rher.· '., lJ~11:'r:·.lI.:lI~ - p,
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mIxture:' ."I~l±OJ :il.0'0 PI, 1_I±O.8 III ~~ AI. 3.1=':0,8 'a;"." Itu enu -l.6d>'l cL% Cr. Since Ihe
IIl'emll campos:il[on changed. lb~ ~;lll1plt:wi.l.!ll~d~S:gnllU.•d J.$ P15l:Ali:f{u!:Cr ••

Fj~lm: :2ShOlIS th;: mlmlstrul;lun: of thl~ allll) afh:r the tlm lmd ccond hC~llr~llmle:nts, Md
lhat of the: Pl":AI,,.Ru.:Crl aHo)' tiDm tho: first bolCh. It can be seen Ih:\llh~ precipitates u,:>
Plu'r\I! ,'!tu;.Crj u.re nppmxlmlllL'!y 1\\ ice \15 largl:, but mon: \,\;/]-.ucfincd than those' 'Of":"
PI15:AI,:!<uj:Crj, TIle ni1.rdnCSSc5 were. rc·mC:lUuwJ :md are given in Tahle: 7. 'nley rnng{: from J!16
to -11- H V IU, and \\ ere less after [he second IUlIlca].

,-' ~
r:irst hellt lr;;tm~nl
P[II!:Alll .:/tu: !:Cr4!

Figlll'i' } SEM HS£ IJllcrographs r:.(a!/o)' rJ~Fl'.·1/ /I J -RII; J r.:'r~.Ja.;i~rOIll!, o1nJ fIl'a heat
11'l!,Wm'.'Jl!t mTiJ l'U"y PI~~,AliI JlfJ}<CrJ 11,./;"" <JII,; ll~i1I tr~"lfmi:1l1 (S.:ra.h·h~scalf ut! Jl!ell)

rjJbI~ .:!. -:. r'idu!n IIl11"drress of rh~.ra:mrd butch ufl1JW1J!1'I1a1")' iJlfays (rj! r rhe l.<.c:rmd IrMJ
rn:UJml!ll/. (lsill n In k rdaJ.

Allov nl.'~il!nntion
PI.~:.AI :RIJ.:Cr·
1"t•.•:AI I .:Ru·:Cr ••
Pln:AI, ,Ru· .:C •••
Pr,- .7AI" ,:RU1\:Cr ••
IJI .:Al ,;Ru c;Cr", ,
Pit" ,:.\JI~{RIJ4 .;Crn

RunJllcss. HV hI
·lD3 ±:W
.JD3± H
-l05±&
·114 :l:9
396± 6
415 ± lO

D1SCLI srON

A. hIlS been ~ho\'-11 bl:fOfl: POOl HilJ}. i[ is piJss:bk [0 Qbtnj~ n (PI) -rt;t\l trIkro~trUclUie~
In lile qUliti:"TIr.ll) alloys. Tile \' IUlJl!! (T;1l;lj ~ of -PrJAI was c~timalcd, using il1l11JfGanillysjs. 10 be
J.pproximmclr :!5-~rY-J~. Thl.' hi£.hest hitrdnc5S "as found ill Ihl! ::lUO)' 1\ i,hoUl prim;\1)' -l>ll,\I, In "
tI,e second b1t.ch of qU:H':triUry olloy~,Ihi:1c II':J.S no C.I::1f r~J~ltl1mhip bCII\ L:c-n lhc ]'I\rdn~~and.¥:
,omposifi(l.11 ,'r mICft151nJcturc:.. The dccre.l~e ill hJ.rdness nfter the ~(!ccnd hcallrealm~llt fS lIkel)' CO ,
f1Juc 10 Ih~ chlll1f\:.S in amp ~itilln Jue to uxiJd;lon,

The bc~t ,,11.))'10 dJH~ is P1l,,,,\lll :Rul,Cr; It hns :hc required SlI'Ueturo:, nO rTl111ary-PI;,\[
<lr.tl rCJ.J'tllltl1l1c h::lonc:ss. Olhcr "I'ork h:l$ olready shown thU1 liS o:\ldo.!ioll reSl:.IJllCe ts bettcr IItIU'l
lbe ong:n.:IJ :~mary ulloys !:!OtH Sus:?] . • -

The olh:.'l r;:.l"l. of the: project is Ihe ul:l"cl,'rmem of a thcm1l1dynwnic d:.t.:lb:l.~e ID ~llClhlJte ~
further dlm:]oTTmt>nt <If tht:se PI Illfu:5. whtlc simultom:ously d':l t[oping the Illlo)'s lunl1(-r. ~
wmk will buill.! Olt Ih~ In(Qrmlltioo o.lrc.1dy g.1etI11ed from prior 1I'0rk. llJ1dwHl Illso c.\Rl1d dlC",\0'
Ii'! rl dIllY; (If higher order ri.e. ullo\ s \\ itl1 more carnpton.:nl's. suc.h flS Nil.

ThePnrtOl moJule ir
UJ.5c:J DO 11m of 'G'n~(1
the AI·Ru .m\! Ph\1 5)'5tC'
pJlll!C di:lgr:ln1 t~1r AI-PI
[10f):!1'rj 11 as \Vu Ilnd Jill
only d~scrtb~J lme loml I

lliis P~:lSCArc impol1.Y11 J(
['h2 '\j·j(lI 5)~k;11 1

S}·;tCIn ·\(iJ b:: lTlJl~;l;C~i I

WIH ~ J:tlI1,bmtd hll' ill':
synl:J1i~:AI,Cr·[).u r~0;1
pa01~u)}J Tho: Fl-t\]·Cf
Also l c studicd. Re$1.!1~5 r
p1Jl1Sc Or Ol:<ir ,ingJc-phll!
I1ptinm:lli on.

One;; [hi! ['ht!! )' dil

additions. added 10 lmprCl'

1>11[111115 lion

It i~passl))!!: to pro
prCClpl1J1C5 of sf:nilui ,ha
11•• ;,\lll :Ru:.Cr) i~ Ih~ ilj

the P,-:\l-Ru-Cr lhcrmody
Tll.: :ls:;;i5.t:mc~ (DACo;;T

13.Sundm,ln, B.
:!. C.T. Sims. N.:::
3. Noble )0.-1<:1;,,1Dal
I :\.1'. Dini.:l:Jk. C
~ D.N. ClJJnptun. J

Voh,mc G. Supp:
::mou.
D.N Complon. [
\' llul1\<: fl. p 9,

7 P.J Hill, L.A C,
Tcmp TiltUlC elll

1"11h·22no S~"lt>
S P H;ll L.A Cor

\'nlumc ](L r 1;
4) K. Wu lIn,l Z. rn
10. D.N. Com;Jlon, 1

\- II. 1. Supplcm,
CiJliibrnin, l"lSA

II. PJ Hill, Y. i'lliT
andII II i.lr::d.l •.
":cpt 2UIII. l{.:s
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4.fi±Q I llU. Cr. Sillce:
,R\.l]:Cr~

sec1.I1uJ l\(lU ll'l:l'ltmcl1U.

sellll thaI the prec]pitat~,
we11.detineu thlm those
obI\! 7. Tn.:)' range from
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Abstract. The CALPHAD technique was used to calculate the AI-Ru binary phase diagram. The RuAl (B2)
phase was described with the sublattice model (SL), also designated Compound Energy Formalism (CEF), as
well as the Modified Sublattice Formalism (MSL), which describes the order disorder transformation with one
Gibbs energy function. The RuAl6 phase was described as a stoichiometric phase and the remaining
intermetallic phases (RU4A113,RuAh and RUzA!3)were modelled with the sublattice model. The solubility of Ru
in (AI) was considered negligible. Good agreement was obtained between the calculated and the experimental
phase diagrams. © 2003 Published by Elsevier Science Ltd.

The RuAl compound has an unusual combination of properties which have been exploited in high
temperature and high WEar environments such as spark plugs [1994Ste]. Fleischer and co-workers [1991Fle]
first reported the excellent room temperature toughness, compared to other intermetallic compounds, and
recommended its potential for structural applications because of its high melting point and good oxidation
resistance. The improved toughness is due to five independent slip systems in the crystal.

The excellent corrosion resistance of RuAl in hot, concentrated mineral acids was fust reported by
Wopersnow and Raub [1979Wop], and more recently, McEwan and Biggs [1996McE] demonstrated its
capability as a coating in a range of aqueous media. They recognised that it has potential in corrosion-resistant
coatings and electrochemical applications. The electrical conductivity of RuAl is high, almost metallic in value,
and it exhibits good work function attributes [1995Smi]. This, and the good thermal conductivity [1998And]
also renders the material suitable for spark-plug electrodes [1997Wol].

Although RuAl is difficult to manufacture by melting because of its high melting point, it can be
manufactured by powder processing techniques, especially by reactive powder processing [1996Cor], or
reactive hot isostatic processing (RHIP) [1996Wol].
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Phase Diagram Data
The crystal data for the phases of the AI-Ru system are listed in Table I. Obrowski [19600br] reported

the first phase diagram for the AI-Ru system and this was based on microscopic, X-ray and thermoanalytical
observations. Six intermetallic phases were reported: RuAI12 (although some uncertainty existed of the exact
composition), RuAl<" RuAb, RuAh, RU2Ah and RuAI, taking part in eight invariant reactions. The Ru-rich
solid solution was reported to dissolve -4 at. % AI at the eutectic temperature. No solubility of Ru in (AI) was
detected and it was also concluded that all the AI-rich intermetallic compounds were line compounds. The RuAI
phase was observed to melt at 2333 :t 20 K and the eutectic reaction between RuAI + (Ru) was at 2193 ± 20 K.
Reactions were observed at 1573 and 1873 K and these were assigned to eutectic and peritectic reactions
respectively. It was concluded, however, that some uncertainty existed of the solid-state reactions between 20
and 40 at. % Ru. Apart from Obrowski, no subsequent workers have reported the existence of RuA112.Other
reactions reported by Obrowski, but not found by other workers were:

L- RuAl6
L - RuAl1j+ RU2Ah
RuAl6 + RU2AI3- RuAl3
RuAb + RU2Al3- RuAh

Schwomma [1963Sch] undertook X-ray work on a 33.3 at. % Ru sample, and found RuAh and RuAI.
The possibility of contamination by silicon and oxygen was, however, raised as a possibility by the author.

Edshammar determined the crystal structure for RU~13 [1965Eds] (Obrowski's RuAl3 [19600br]), and
noted the similarity with Fe~J3 because of the twinned prismatic structure and' co-ordination numbers,
although RU4A113showed even better agreement with 0S4A113.He also found that AI atoms were absent from
some of the sites which were partially occupied by AI in Fe4AI13and CO~13. RU4A113was, therefore,
considered to be the ideal structure of RuAl3 [19600br]. Subsequently with X-ray powder methods, Edshammer
reported the crystal structures for five more intermetallic phases: RuAl, RU2Ab, RuAl2, RuAL2.5 and RuAl6
[1966Eds, 1968Eds]. The phase RuAL2,5was observed only in arc-melted samples. There were some additional
CsCI-like phases reported around the composition RuAl, but no further details were given. No evidence of the
RuAl12 phase was found, and there were other inconsistencies with Obrowski's phase diagram [19600br]
concerning the RuzAl3 and RuAl2 phases.

Anlage et al. [1988AnI] undertook experiments up to 26 at. % Ru using scanning electron microscopy,
X-ray diffraction and thermal analysis (DSC). The RuAI12phase could not be confirmed, and Edshammar's
[I965Eds] notation for the RU4AI13phase was used. It was also reported that both RuAI6 and RU~13 melt by
peritectic reaction at 996 K and 1676 K respectively, and not congruently as suggested by Obrowski [I9600br].
Some liquidus temperatures were provided. Problems with homogeneity of the alloys were reported, and also
that the peritectic reaction forming RuAI6 was sluggish. Under rapid solidification conditions, icosahedral
phases were reported between 2.4 and 23.5 at. % Ru.

e cryst ata or tee ements an compoun s 10 t e - u system.
Phase Struktur·bericht Peanon syDlboI Prototype Reference
AI Al cF4 Cu
RuAI6 oC28 [1968Eds]

MnA4 [1982Cha]
RU4A113 mC102 Fe4AI13 r1965Edsl
RuAI2 Clla d6 Cac2 [1960bbr]

C54 oF24 TiSh rI966Edsl
RuzAl3 D513 hP5 NizAl3 [I 9600br]

dlO OSzAl3 f1966Edsl
RuAI B2 en CsCI fl9600brl
Ru A3 hP2 Mg

Table I
d

 
 
 



tpenmenta ,pre Icte an ca cu ate ermo lynamlc ata.
Phase AH' [J/mole atoms) Reference
RuAl6 -17930:t: 10% Estimated using Miedema's method [1998Wol]

-22286 Calculated - this work
RU4Aln -30030:t: 10% Estimated using Miedema's method [1998Wol]

-38535 Calculated -this work
RuAh -38260 ± 10% Estimated using Miedema's method [1998Wol]

-45125 Calculated -this work
RU2Ah -44040: 10% Estimated using Miedema's method [1998Wol]

-43946 Calculated -this work
RuAI -47320 ± 10% Estimated using Miedema's method [1998Wol]

-62 050 :!: 3000 Experimental, calorimetry [19921un]
-70740 Ab initio [1992Lin]
-58150 Ab initio [1999Man]
-95510 Ah initio [20020ar1
-51 126 Calculated - this work (MSL)
-51 057 Calt:ulated - this work (SL)

Table 2
d' d d I I d th

Boniface and Cornish (1996Bon1] confirmed Anlage's results for the high-Al end of the phase diagram.
No evidence of the L -- RU2Ab + RuA~ eutectic reaction reported by Obrowski [196OGbr] was found and the
presence of RuAh in as-cast samples indicated stability at higher temperatures. The microstructures revealed
that there was a peritectic cascade of reactions from the formation of Ru~b to the formation ofRuAl6. A slight
endothermic peak at 1733 K suggested the formation temperature for RuAl2 [1996Bon2]. The RU2Al3phase was
found to decompose at -1223K.

Although Varich and Luykevich [1973Var] found a maximum solubility of Ru in (Al) of 3.23 a1,% Ru
by rapid solidification techniques, this solubility has not been reported at equilibrium conditions.

Thennodynamlc data
The only reported experimental thermodynamic result for the Al-Ru system was determined by Jung and

Kleppa [19921un] by dropping a mixed 1:1 powder mixture (atomic percent) of the elements into the
calorimeter, which showed that RuAl (82) has a high heat offormation, -124.1 kJ.mor1•

Miedema's method was used to estimate values for the heats of formation for the intermetallic phases
[1998Wol], as no other data were available.

Several ab initio results have been reported for the enthalpy of formation of RuAl. However, the data are
scattered, probably due to the different assumptions for defect formation in RuAl' which has been indicated to
be vacancies [1987F1e] or anti-structure defects [1976Neu).

The thermodynamic data are listed in Table 2.

Elements
The pure elements in their stable states at 298.15 K were chosen as the reference states for the system.

Thermodynamic descriptions for the stable and metastable states of the pure elements were taken from the
SaTE Database [1991Dio].

The data (l99lDin] are described as
°G~ _ HSI:R _ A· + B·r + cj·Tlor+ D·r2 +E·rJ + F·r) + /·r' + J~r..Jl (1)

, ~ .•.~ , I J I J I

 
 
 



where H;~ER (in which 'SER' stands for standard element reference) are the enthalpy values for the elements in
their stable forms at 105 Pa and 298. 15K.

Disordered solution phases: liquid, fcc, hep and bee
The solution phases were modelled as substitutional solution phases according to the polynomial

Redlich-Kister Model. The Gibbs energy for a solution phase Ijl is expressed as

where "(J,~ is the Gibbs energy of the pure element i with the structure Ijl (Eq. 1) and Xj is the mole fraction of
the phase. The excess Gibbs energy is given by

where ''L~/.Ru is the interaction parameter expressed as a + b*T. The a and b parameters are calculated with the
CALPHAD method.

Intennetallic phases
There are five stable intermetallic phases in the AI-Ru binary system (Table I). The intermetallic phases

were modelled with the sublattice model, which is flexible enough to be applied to all of them. For Ru4Alu,
RuAl2, RU2Ah and RuAl some defects have been introduced on the sublattices to model the solubility range,
whereas RuAI6 has been modelled without any solubility range. Furthermore, the RuAI-B2 phase was also
modelled with an alternative model, the modified sublattice model (MSL), which can describe both ordered 82
and disordered bce-A2 with one single Gibbs energy function.

The Gibbs energy of mixing for a sublattice phase is given by

An intermetallic phase can schematically be described as follows [l981SunJ
(A. B ..... )p(C . D .... )q .....

>.'1 YII )Ie .Y"

where the species A, B... can be atoms or vacancies. p and q are the number of sites, y; and y; are the
respective site fractions of species i and j in their respective sub-sublattices, designated by , and ". When p + q
+ ... = 1, the thermodynamic quantities are referred to as one mole of sites

G~;8 ,G~;D ,G;:c and G;;D represent the Gibbs energy of formation of the stoichiometric compounds ApCq,
ApDq, BpCq and BpDq, which might be stable, metastable or even unstable in the system. y;' is the site fraction
of element i on sublattice s. In Eq. 7, L is the interaction parameter and it is expressed as a function of
temperature L :::a + b*T.

For the pure stoichiometric phase RuAl6, the sublattice model reduces to

 
 
 



The models for R\4Al13, RuAh and Ru~h were based on models from previous assessments of similar
phases in other systems. The R\4Al13 phase was modelled after the Fe~13 phase in the COST507 database, as
these phases have been reported to have similar structures [1965Eds]. Several crystal structures have been
reported for RuAh and Ru~h. RuAh was finally modelled after the TiSh prototype suggested by Edshammer
[1966Eds]. In the COST507 database the TiSh phase has been described as stoichiometric but to allow for the
solubility range, an interstitial sublattice for defects was added since no information is available for the defect
structures in RuAl2. This would be filled with vacancies at the ideal stoichiometry and both Al and Ru were
allowed to enter this. To ensure compatibility with the Ni-Al system, RU2Ah was modelled after the reported
NizAl3 prototype [19600br]. The model used in this assessment is based on the ordered model for Ni2Ah by
Ansara et al. [1997Ans].

The RuAl-B2 phase was exprf'.ssed with the sublattice (SL) model with vacancies (Va) as the main
defect, as found by Fleischer [1993Fle]. The model, (AI,Ru)(Al,Va), allows for the phase extension to the AI-
rich side rather than the Ru-rich side of the B2 phase. This SL model is different to the more frequently used
form, (Al,Ni)(Ni,Va) suggested by Ansara et al. [1997Ans], since RuAl decomposes eutectically on the Ru-rich
side of the stoichiometric composition.

Applying the MSL formalism, the RuAI-B2 phase was described as suggested by Dupin and Ansara
[1999Dup] as (AI,Ru,Va)o.s(Al,Ru,Va)o.s(Va)3,the Gibbs energy is expressed as

where G~is(XI) is the molar Gibbs energy contribution from the disordered state (bee-A2, modelled as a

disordered solution phase) and (~G:",(y;; y;) - ~G"rd'(Xi,XJ) is the ordering energy contribution, equal to zero
in the disordered state. Though the value zero is now built in for the ordering energy, some constraints must still
be introduced between the thermodynamic parameters of the function. Since the lattices are indistinguishable
because of the crystallography, the following constraints in the model parameter must be met

(10)

(11)

LMSL,B2 LMSL,82 (12)
JII.Ru:A1 - A/:A/.R.

The symmetrical MSL model description of RuAl-B2 introduces substitutional vacancies to the bcc-A2
disordered description. To ensure that the vacancy fraction in bee-A2 is low at all temperatures, a high positive

I f 120*T h be . ed h" °Lbcc-A2 d °Lbcc-A2va ue 0 ave en assign to t e mteractlon parameters AI,Va:V. an Ru,V.:V.'

In the SL model description of RuAl-B2, the interaction parameters for the two unstable end-membersG:/~V.and G:~y. were fixed to 60000 J/mole of atoms. This ensures that the unstable B2 structure, where half
the sites are empty, does not become stable, as this will represent a simple cubic bee structure with no ordering.

Some of the high Al~ntent data of Obrowski [19600br] were found to disagree with that of other
workers [1966Eds, 1968Eds, 1988Anl, 1996Bonl, 1996Bon2], and only data that were consistent were,
therefore, used. The diagram of Boniface and Cornish [1996Bon2] was modified raising the formation
temperatures of the RuAl2 and RuzAl3 phases to give a more correct liquidus slope [2000Pri]. The invariant
reactions used in the optimisation are listed in Table 3. Higher weights were given to reliable and consistent
data. The experimental enthalpy value [1992Jun] was also assigned a higher weight than the enthalpies
estimated with the Miedema method.

The calculations were carried out using the PARROT module [1984Jan] in the Thermo-Calc software
[1985Sun].

 
 
 



As a first step, to ensure that the slope of the liquidus was correct at the melting point of the fcc phase.
only the liquid, AI-fee and Ru-hcp phases were optimised. A metastable eutectic reaction was created for this
purpose. Once an acceptable liquidus slope was calculated, the RuAI-B2 phase, using the MSL description, was
included in the optimisation as this was the only phase with experimental thermodynamic data. This gave the
liquid phase a reference point.

Since one Gibbs energy function describes both the B2 and bcc-A2 phases in the MSL modeL the
parameters were selected so that the entropy contribution of the ordered 82 phase was described hy till'
disordered A2 phase. This required that the coefficients of the B2 and A2 phases had to he tested for
interdependence. This was done by calculating the solubility range of the B2 phase as a function of the l.h;;~:::..
parameter. When the L~;.~::~aparameter is made more negative, the soluhility range for 82 becomes wider.

whereas when the G~~~~: = G;:;;~il:.:parameter is made more negative. the solubility range becomes more
narrow. Thus the parameters for the bcc-A2 phase were fixed to give a reasonahle soluhility range for the 82
phase and the RuAI-B2 parameters were used to adjust the solubility range.

The other phases, except for the RU2Ah phase, were introduced simultaneously. The liquid parameters
were fixed while introducing the other phases into the calculation. The other phases were initiallv modelled to
form by c{mgruent melting. The peritectic invariant reactions were only introdul:ed once the phases appeared in
their correct composition ranges. L;ISlly. the RU2Ah phase was introduced in a similar fashion as the other
phases.

All parameters were fixed and the MSL description of the 82 phase was l:hanged to the suhlatlicc
format. Only these parameters were optimised during the second assessment.

nvanant temperatures an compOSItIOns or_~_~_ ---'.!...~em. _________
Reaction (at. %Ru) Reaction Temperature f Reference I

[KJ i
L (AI) RuAlh

---------j--------- ------_.,.....• + ,
0.1 () l4.k lJ23 ': [1l)88Anll
0.1 () 14.3 lJ22 I Th' k
L + RU4Ab, .....• RuAI(,

---.----.--0 IS wor

1.5 25 14.3 l)9/\ [1l)88Anl]
2.5 25.4 l4.3 997 This work
L + RuAl2 .....• Ru4AI"
17./\ 33.6 25.8 1676 i [1l)88Anl]
18.1 31.1 26.7 1725 This work
L + RU2A1., .....• RuAI2
2/\ 36 33.4 1733 [I 996Bonl 1
23 36.1 33.9 1873 [2000Pri ]*
23.4 39.6 31.8 1854 This work
l + RuAl ..... RU2Ah
33.5 42.5 42 1873 [1996Bonl]
27 42 41 1973 [2000Pri]*
35 45.9 39.9 1978 This work (MSL)

RU2Ah ..... RuAI + RuAI2
395 46 35.9 1249 [1996Bon1]
40 49.5 32.9 1243 This work (MSL)

l ..... RuAl
50 50 2333 [19600br]
50 50 2342 This work (MSL)

L .....• RuAl + (Ru)
70 51 96 2193 [19600br]
61).7 50.7 95.7 2189 This work (MSL)

Table :1
d

 
 
 



To ensure stability of the thermodynamic parameters of the intermetallic phases, a condition forcing the
entropy of formation to be negative was set for all the intermetallic phases.

Despite the lack of experimental thermodynamic data, the calculated phase diagram, as shown in Figure
1, is in good agreement with the later experimental phase diagrams [1988Anl, 1996Bon2]. The experimental
and calculated invariant temperatures and compositions are given in Table 3 and the final set of thermodynamic
parameters is listed in Appendix 1. The optimised diagram is compared to the experimental data in Figure 2.

The solubility range of the Ru:zAh phase is too narrow [1996Bonl], but not enough experimental data
were available to extend the solubility range in the calculations. However, this phase has been shown to have
little extension into the ternary AI-Ru-X (Where X = Ni, Cr, Ir, Pt) phase diagrams [1997Hor, 1999Hil,
2000Hoh, 2001Com1, 2002Com2, 2002Pri].

The B2 phase is also slightly narrower than in the experimental phase diagram, although it agrees with
experimental findings of a larger solubility range towards the AI-rich side than the Ru-rich side. The MSL
description gave a wider phase, and hence a better fit to the experimental RuAl-B2 phase.

The B2 phase remains ordered throughout its stability range, which agrees with the available X-ray data
[1963Sch, 1966Eds and 1994Bon] and the disordered bcc-A2 phase is unstable in the AI-Ru system at any
composition.

The composition ranges of the RU4Al13and RuAlz phases are satisfactory, as both have been reported
from stoichiometric compounds to having a 5 at. % composition range [1965Eds, 1988AnI, 1996Bo02]. The
model description for RU~13 is acceptable.

In Figure 3, the phase diagram is represented as a function of the chemical potential instead of
composition. It indicates that, though the optimisation was performed with limited thermodynamic data, the
entropy contributions in the calculated model parameters do not have excessive entropy contributions. The
enthalpy of formation for the B2 phase at 298 K for the SL and MSL optimisations are compared with reported
enthalpies of formation in Figure 4.

A consistent set of thermodynamic parameters, taking into account the ordered RuAl-B2 phase, was
obtained for the Al-Ru binary system, and the resulting phase diagram agrees with a compiled diagram from
experimental data. The results for the SL and MSL descriptions of the B2 phase compare well. The MSL
description gave a better fit to the width of the experimental RuAl-B2 phase.

The MSL description is the preferred model to describe the ordered B2 phase with, and the description
should be as simple as possible.

The financial support of the Department of Trade and Industry, the Department of Arts, Culture, Science
and Technology, now the Department of Science and Technology, and the Platinum Development Initiative are
gratefully acknowledged.
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Appendix I
Thermodynamic parameters for the AI-Ru system [Jlmol]

The temperature range is 298.15 so T so 6000, unless specified otherwise.
Parameters which are not listed are equal to zero.

Liquid Disordered Solution Phase: (AI,Ru)
lIG.~1(1')- H~/,(-AI(298.15): [1991Din]

lIG~=(T) - H ~~h(P-A3(298.15): [1991Din]

1I[,:·~ql.Ru) = -73000-141'

IL:·~.R.) = -56000

(AI) (fcc-AI) Disordered Solution Phase: (Al,Ru)(Va)
lIG{~"-AI(1') _ H ~/,"-AI (298.15) : [1991Din]

lIGL"-AI(T) - H~/,'-'"(298.15): [l991Din]
°L"'C-AI _ -10000-101'

(M.Ru)

(Ru) (hcp-A3) Disordered Solution Phase: (Al, Ru)(Va)o.s
°G;:P-A3 (T) - H~:CP-Al(298.15): [199lDin]

lIG~T-A3(1') - H~ilu.p-Al(298.15): [199lDin]

°L h"p-A3 -105000 + 301'(AI.Ru) = •

Disordered Solution Phase: (AI, Ru,Va)(Ya»)
°G~('-A2 (T) - H ~i",.•.-A2(298.15) :[199lDin]

°G;~(-Az(T) _ H~~hcc-A2(298.15) :[199lDin]

°L~!.;~:~u - -176000+32*1'
°L""'-AZ -120*T

AI.V.:V.

°Lhcc-A2 -120*T
Ru.Va:Va

Stoichiometric Phase: (A1)6(Ru)
IG:~: =6°Gl~c-Al+oG;C:-AJ -156000+ 7 *1'

Sublattice Solution Phase: (A1)o.621S(Ru)o.Z3S(AI,Va)O.1375
r G:7;~~,.•0.7650Glr--1I1+ 0.235°G;C:-A3- 35100+ 1.65 *1'

r G:~~~~. _ O.6275°Gl~c-AI + O.235°G;c:-A3 - 35100+ 1.65 *T

Sublattice Solution Phase: (A1)z(Ru)(A1,Ru,Va)
rG:~~:v._20G{r--Al+0G;C:-A3-136500+8*T

rG:;"i::A1_3°GI~c-Al+°G;C:-A3 -138000 + 8 * T

rG:~~:R" ••2°Gl'(-1I1+20G;C:-A3 -138000 + 8 * T

 
 
 



Sublattice Solution Phase: (Alh(Al,RuMRu,Va)
f G:;~1:~.,",,50G~<-o42
f G:;~1:~ •• 50G~r-042 +°GZ,c-042

f G:;~~:~ •• 30G~/-o4Z +20G::~-o42 - 312630 + 30.5 * T

f G:;~~~. _30G~/-A2 +30G'::<-AZ - 312630 + 30.5 * l'

Sublattice Solutiol! Phase: (Al,Ru)(Al, Va)
f G~12Al _20G':r<-A2

f G~I~V•• OG':rr-A2 + 60000
f G:::v• =OG';.<-o42+ 60000

f G:.~Al=OGz.e-A2+°G~<-A2-138700 + 15.5 * l'

°L~;:o4l,V.= 49100-22.4*1'

°L:;:o4l,VU•• -51770+ 20*1'

°L~;.RUo4l= OOסס3-
°L~;,RU:V.= -30000

Modified Sublattice Model: (Al,Ru,Va)o.s(Al,Ru,Va)o.s(Va)3
f G:,~~t;= f G:'~i~;• -87600
0LAlSL.B2 °LAlSL.82 73000AI,R.:AI:V.'"' o4/:o4l,R.:V.·-
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Figure 4. Comparison of the enthalpy of formation at 298 K for the SL (-) and MSL(---) RuN-B2
descriptions with experimental [1992Jun], Miedema estimations [1998Wol] and ab initio [1992Lin, 1999Man,
2002Gar] values.

 
 
 



Case Study: Comparison of experimentally determined and CALPHAD-method
predicted liquidus surfaces of the AI-Pt-Ru system.

'CSIR-NML, PO Box 395, Pretoria, 0001
2Department of Materials Science and Metallurgical Engineering, University of Pretoria, Pretoria, 0001

3Physical Metallurgy Division, Mintek, Private Bag X3015, Randburg, 2125

The AI-Pt-Ru ternary system has been studied experimentally. Sixteen samples were prepared
by arc-melting. The samples were studied in the as-cast condition. The microstructures and
compositions were analysed using scanning electron microscopy and energy dispersive X-ray
spectroscopy, and the phases were confirmed by XRD. The solidification sequences of the
alloys were derived from the as-cast microstructures and a liquidus surface projection was
proposed. [2003Pri3]

Using the CALPHAD method, the AI-Ru and the AI- Pt systems have been calculated with
the Parrot module in the Thermo-Calc software [2003Pril, 2003Pri2]. The Pt-Ru system was
calculated by Spencer [1996Spe]. The ternary system was extrapolated from these calculated
binary systems to predict the liquidus surface projection. No ternary interaction parameters
have been introduced and calculated for these predictions.

The experimental and calculated liquidus surface projections are in good agreement. The
major differences arise from the fact that two new ternary phases were found in the
experimental study. Since an extrapolation is based on the Gibbs energy functions for already
entered phases, the software could not predict these new phases.

The good agreement between the experimental and calculated liquidus surface projections
proves that thermodynamic modeling is powerful technique in the development of new alloy
systems.
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Thermodynamic Assessment of the AI-Pt-Ru System

S.N. Prins1,z, B. Sundman3, L.A. Cornish4 and W,E. Stumpe

lCSIR-NML, PO Box 395, Pretoria, 0001, South Africa
zDepartment of Materials Science and Metallurgical Engineering, University of Pretoria,

Pretoria, 0001, South Africa
3Division of Computational Thermodynamics, Department of Materials Science and

Engineering, Royal Institute of Technology, SE-100 44 Stockholm, Sweden
4Physical Metallurgy Division, Mintek, Private Bag X3015,

Randburg, 2125, South Africa

The Al-Pt-Ru system has been studied experimentally as part of a project to characterise and
develop Pt-based superalloys [2002Pri2, 2003Pri2]. Pt-based superalloys have the potential to
substitute Ni-based superalloys for high-temperature components in turbine engines, as they
have a higher melting point and better corrosion resistance. The second part of the project
involves building a thermodynamic database for Pt-based alloys.

The Al-Pt-Ru ternary system has been optimised using the CALPHAD method. The ordered
RuAl-B2 phase contains -20 at. % Pt [2003Pri2] and has been modelled with the modified
sublattice model (MSL) where the disorder contribution is given by the bcc-A2 phase. The
ordered Pt3Al-Llz phase comprises -3 at. % Ru [2001Big] and has been modelled with the
four sublattice compound energy formalism (4SL CEF), which describes the Gibbs energy of
the ordered LIz and disordered fcc-AI phases with one energy function. The 4SL CEF allows
for mixing on two sublattices, which gives a thermodynamic description for both short and
long range order, The other Al-Pt and Al-Ru intermetallic phases were extrapolated from the
optimised Al-Pt [2002Pri1] and Al-Ru [2003Pri1] binaries, without the addition of ternary
parameters. Two new ternary phases have been found in the Al-Pt-Ru system, and these have
been included in the assessment.

The calculations were done with the Thermo-Calc software. The calculated liquidus surface is
in good agreement with the experimental results.
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Abstract. The AI-Pt binary system was assessed using the CALPHAD method. The four-sublattice compound
energy formalism (4SL CEF) was used to describe the order-disorder relation between the Pt3AI-Llz and (Pt)-fcc
phases. The model successfully describes both the long-range and the short-range order observed in PtAh-Llz
phase in this system. The optimization included the solution phases and the PtsAlzI, PtsAlz1, PtAlz, Pt3AIs, PtAI,
~, PtsAh, PtAlz and PtAh intermetallic phases. The low temperature polymorph of the Pt3AI phase has not been
included in this optimisation.

Platinum based alloys are studied as potential alloys to replaced Ni-based superalloys (NBSA) in ultra-
high temperature applications. The Pt-AI system exhibits the same y/y' relation as Ni-AI, which is the basis of the
NBSA. The Pt-AI system is of further interest as Pt is used increasingly in the coating technology to increase the
heat and corrosion resistance of NBSA turbine blades, since Pt promotes the formation of stable alumina oxide
layers.

The AI-Pt system has been assessed using the CALPHAD method by Wu and Jin [2000Wu], but their
assessment did not consider the ordering in the system. They have also not included the PtAlz or ~ phases, due to
a lack of experimental data. A study of Pt-AI-X ternaries (X=Ru, Ti, Cr, Ni) confirmed the presence of the PtzAI
phase [2001Big]. Experimental work on Pt-AI-Ru ternary confirmed the presence of the ~ phase in the AI-Pt
binary [2002Pri].

These experimental observations, and the need to include the ordering of the L12 phase, prompted the
reassessment of the AI-Pt binary system.

Phase diagram data
McAlister and Kahan [McAI986] have reported nine stable intermetallic phases in the AI-Pt system, with

two of the phases showing high and low temperature polymorphs (Figure 1). Six metastable phases have also
been reported [1986McA, 2001Lab].

PtsAlzI, PtsAlzI, PtzAh and PtAI are stoichiometric phases, while PtAlz, PtsAh, PtzAI and Pt3AI exist
with a solubility range. A ~ phase exists at high temperatures and decomposes below 1533 K. The phase data for
the stable phases are listed in Table 1. The existence of the ~ phase were not confirmed beyond doubt, but rather
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Table 1.
t I d t f th t bl I t d he crys a aa or esa e e emen s an pJ ases III e - sys em.

Phase Composition Pearson Space Struktur- Prototype Reference
(at. % Pt) symbol Group bericht

(AI) 0 cF4 Fm3m Al Cu
PtSAl21 19.2 c** [1964Huc]

[1980Pia]
PtgAI21 27 tIl16 I41a [1968Eds]

[1982EIl]
PtAIz 31.5 33.5 cF12 Fm3m Cl CaF2 [1937Zin]

[1963Fer]
[1982EIl]

Pt2AI3 40 hP5 P3ml [1978Bah]
PtAI 50 cP8 P213 B20 FeSi [1957Sch]

[1963Fer]
50.4 51.8 [1975Chs2]

13 52 56 cP2 Pm3m B2 CsCI [1975Cha]
[1978Bha]

PtsAI3 61.5 63 oP16 Pbam Ge3Rhs [1964Huc]
Pt2AI 66 67 oP12 Pnma C23 PbCI2 [1975Chal]
Pt2AI(LT) 66 67 oP24 Pmma GaPt2 (LT) [1976Cha]
Pt3AI 67.3 77.7 cP4 Pm3m Ll2 AUCU3 [1962Bro]

[1964Huc]
[1963Mag]

Pt3A1(LT) 73.5 100 tP16 P4/mbm DOc' GaPt3 (LT) [1975Chal]
(Pt) 83.8 100 cF4 Fm3m Al Cu

deduced from thermal arrest data. However, recent experimental results in the AI-Pt-Ru ternary system
confirmed the presence of the f3 phase in the AI-Pt system.
There are discrepancies on the LI2-DOc' transformation temperature of the Pt3AI phase.

Thermochemical data
Ferro [1968] determined the enthalpies of formation by solution calorimetry. Worrel [1981] used a

electrochemical cell technique to determine the Gibbs energy of mixing. Enthalpies of formation have been
predicted using Miedema's method [1989deB]. The enthalpies of formation for PtAI and Pt3AI have been
predicted using ab initio methods [2002Ngo]. The thermodynamic data are listed in Table 2.

The pure elements
The pure elements in their stable states at 298.15K were chosen as the reference states for the system (standard
element reference SER). The Gibbs energies as a function of temperature for the stable elements were taken
from the SGTE database [1991Din].

The liquid phase
The liquid phase was modeled as a substitutional solution phase according to the polynominal Redlich-

Kister model. The Gibbs energy for a solution phase is given by

 
 
 



xpenmenta , pre cte an ca cu ate ent alples 0 ormatIOn or testa e pI ases m t e - sys e
Phase L1B! Method Reference

[J/mole atoms]
PtsAlzl -57320 Solute solvent drop calorimetry [1968Fer]

-56827 Calculated This work
PtsAlzl -71130 Solute solvent drop calorimetry [1968Fer]

-81 751 Calculated This work
PtAlz -84000 Solute solvent drop calorimetry [1968Fer]

-87325 Calculated This work
Pt2Ah -94980 Solute solvent drop calorimetry [1968Fer]

-79000 Miedema semi-empirical method [1989deB]
-96500 Direct Synthesis Calorimetry [1993Mes]
-89839 Calculated This work

PtAI -100420 Solute solvent drop calorimetry [1968Fer]
-100000 Direct Synthesis Calorimetry [199lJun]
-82000 Miedema semi-empirical method [1989deB]
-67440 Ab initio [2002Ngo]
-94025 Calculated This work

~ -91300* Calorimetry [1968Fer]
-92913 Calculated This work

PtsAh -90730 Miedema semi-empirical method [1989deB]
-87213 Calculated This work

Pt2AI -88280 Miedema semi-empirical method [1989deB]
-85278 Calculated This work

Pt3Al -69870 Solution Calorimetry [1968Fer]
-63600 Direct Synthesis Calorimetry [1993Mes]
-50990 Miedema semi-empirical method [1989deB]
-76000** Electrochemical [1981Wor]
-74380 Ab initio [2002Ngo]
-51668 Calculated This work

Table 2.
di d d 1 1 d h 1 ff

* estimated from the curve fitted to the enthalpies of formation experimentally determined by Ferro et. ai. [1986Fer].
** deduced from G = -76 460 + 7.48*T [1981Wor]

where Xi is the mole fraction of the element i and °Gi is the Gibbs energy of the element i in the liquid phase
relative to its reference state. The second term is the ideal entropy of mixing, while the third term is excess Gibbs
energy, which can be expressed as

LA1Pt is the so-called interaction parameter and the composition dependence is expressed as a Redlich-Kister
polynomial

LAlP1 = L(XAI - xP1)V L~1Pt
v=o

The fee phases
The four-sublattice compound energy formalism (4SL CEF) [I998Sun] was used to model the fee phases.

The model is based on the four sublattices describing the four comers of a tetrahedron in an fee unit cell, with all
the nearest neighbours of an atom are on a different sublattice. The model can describe the fcc-AI, Lh and Llo
phases, depending of the positions of the atoms on the tetrahedron. Not all the structures need to be stable in the
alloy system [200IKus].

The 4SL CEF describes the Gibbs energy of the AI, LIz and Llo structures with one function, which
includes an ordered and a disordered energy contribution

G = GdiS (x.) +6.Gord
( ~)m m t m Y,

 
 
 



where is the molar Gibbs energy of the disordered state and the molar ordering energy. The ordering energy,
expressed as

!1Gord = G4s1(y~) _ G4s1( s = .)m m, m Y, x,

is zero when the phase is disordered.
The Pt3AI phase is an ordered structure (LIz) of the disordered fcc phase (AI), the latter in which the

atoms are randomly distributed on the lattice. The associated other two ordered phases in this system, PtAb (LIz)
and PtAI (LIo), are unstable. The Pt3AI phase shows both long-range and short-range order (Iro and sro
respectively).

According to the 4SL CEF, the following model can be used to describe the fcc phases in this system

(AI,Pt)0.25(AI,Pt )0.25(AI,Pt)0.25(AI,Pt)0.25

Physically, the sublattices describe the four comers of a tetrahedron in a unit cell. Due to the
crystallographic symmetry of the unit cell, the sublattices must be identical, implying that all nearest neighbours
of an atom is on a different sublattice. With 0.25 sites for each sublattice, the requirement of 1 mole of atoms in
the model is met. For the disordered structure (fcc_AI), all the sublattices are equivalent, which reduces this
model to an equivalent (AI,Pt) substitutional model. When two sublattices have the same fractions, but different
to the other two, which also have the same fractions, the model describes the PtAI phase (LIo structure). When
three sublattices have the same fractions and the fourth sublattice a different fraction, the above model describes
the AbPt and Pt3AI phases (LI2 structure).

From the model, the following relationships hold

LY: =1

Xi =0.25Ly:

The Gibbs energy expression describing the fec phases of the 4SL CEF is

Gm = LLLLy?)yj2)y~3)YI(4)OGi:j:k:1 +0.25RTLYi(S)ln(Yi(S»+EGm
i j k I

where the first term describes the mechanical mixing of all the stoichiometric compounds defined by the model,
with °Gi:j:k:1 the Gibbs energy of the stoichiometric compound ijk1 relative to the pure elements in the fcc state.

The second term is the random mixing of all elements in each sublattice. The excess term EGm includes the first
two interactions according to the CEF and is defined as

~~~~~~ (r) (r) (s) (s) (/) (u)L. .. + ...L.JL.JL.JL.JL.JL.JY'l Y'2 Yh Yh Yk YI 'l"2:h,hk:1
i1 i2 jl h k I

The comma "," separate interacting constituents on the same sublattice, with ":" separating the sublattices. The
first summation describes the regular interaction parameters, Lit,i2

:j:k:I' which represents interactions between ij

and i2 on sublattice r, when the other sublattices, s, u and t, are occupied by constituents j, k and 1. This is the
next nearest neighbour interactions.

The second summation is called the reciprocal parameters. They represent interaction on two sublattices,
rand s, simultaneously while the other two sublattices, t and u, are occupied by constituents k and I respectively.
This describes the nearest neighbour interactions, thus introduces a component to describe sro in the model.

As all the sublattices are equivalent, symmetry relations were applied to reduce the number of
independent parameters.

 
 
 



The intermetallic phases
The intermetallic compounds Ptz1Als, PtzlAl8, PtAh, PtzAh, PtAI, PtsAh and PtzAI were treated as

stoichiometric compounds. The 13 phase was assumed to be stoichiometric, since very little experimental
information was available. The 13 phase was treated as PtszAl48.

The Gibbs energy per formula unit PtmAln is expressed as

where !1G;tmAln is the Gibbs energy of formation per mole of formula unit PtmAln and is given by the expression

The optimization was carried out with the Parrot module [1984Jan] of the Thermo-Calc software
[1985Sun]. With this module the Gibbs energy functions can be derived by fitting experimental data through a
least square method. Different types of experimental data can be used and the weights can be assigned to the data
based on the uncertainties associated with the original data.

In the initial optimization, the values from Wu and Jin [2000Wu] were used to calculate a basic set of
data. The Pt3AI phase was excluded. Once their phase diagram was reproduced, the fcc description was modified
to the 4SL CEF formal. The ordered phases were introduced using the same Gibbs energy function as the
disordered fcc. The results from Kusskofsky et al [2002Kus] were used to estimate starting values for the
parameters. Conditions were set to ensure that PtAh and PtzAlz, which are experimentally unstable in this
system, were unstable in the thermodynamic description as well.

Both the PtzAI and 13 phases were introduced as a stoichiometric compounds. For the 13 phase, an initial
metastable congruent melting formation was set. This could not be done for the Pt2AI phase, since it forms in the
solid state. The metastable congruent melting for the 13 phase was removed and the peritectic formation included.
The decomposition of the 13 phase was introduced in the final set of optimisations.

A self-consistent thermodynamic description has been obtained for the AI-Pt system. The 4SL CEF has
been successfully applied in describing the order disorder transformation between the fcc and Pt3Al. The
calculated model parameters for the AI-Pt system are listed in Appendix I.

The calculated phase diagram is shown in Figure 1 and compared to the experimental data in Figure 2.
The invariant temperatures and compositions are compared in Table 3. The calculated enthalpies of formation
are compared to experimental, empirical and ab initio values in Table 2. The calculated enthalpy of formation
for the Pt3AI phase is compared with reported enthalpies of formation in Figure 4.

The calculated phase diagram is in good agreement with the experimental phase diagram of McAlister
and Kahan [1986McA].

The calculated temperatures for the invariant reactions and compositions for the intermetallic phases are
in good agreement with the experimental temperatures. The calculated eutectic temperature for the L ---7 13 +
PtsAh is - 50 degrees too high. This is not a well-defined area in the phase diagram from McAlister [1986McA],
and could also be due to the estimation of the enthalpy of formation for the 13 phase.

The congruent formation of the Pt3AI phase and L ---7 Pt3AI + (Pt) eutectic reactions are not in very good
agreement with the experimental diagram. The 4SL CEF model is of such that the formation composition of
Pt3AI is at 75 at. %, while it has been found to form congruently at 73.2 at. %. This off-stoichiometry formation
cannot be reached with the model, and had an influence on the temperature as well as the enthalpy of formation

 
 
 



for the Pt3AI phase. The symmetry of the 4SL CEF model made it impossible to move the eutectic reaction to a
lower Pt-contents.

Although the phase area of the (Pt) solid solution is too narrow, especially at lower temperatures, the
phase area for the Pt3AI phase is acceptable. The Pt3AI phase is ordered throughout its phase area and the
unstable PtAh and PtzAlz phases, which are introduced through the 4SL CEF, are not stable at any composition
or temperature in the phase diagram, which is correct.

The calculated solubility of Pt in (AI) is too high.

xpenmenta an ca cu ate mvanant compOSitIons an temperatures or t e - t system.
Reaction and Compositions Reaction Temperature [K] Reference
(at. % Pt)
L f-7 Pt3A1 + (Pt)
79.5 76.4 85.7 1780 [1986McA]
83.7 99 1748 This work
PtAl + L f-7 ~
50.0 53.7 51.5 1783 [l986McA]
50.0 52.0 1783 This work
L f-7 PhA13 + PtAl
44.47 40.0 50.0 1741 [1986McA]
46.7 40.0 50 1773 This work
L + Pt3A1 f-7 Pt5Ah
62.3 67.3 62.5 1738 [l986McA]

62.5 1720 This work
Pt5Ah + Pt3A1 f-7 Pt2A1
62.7 67.0 67.5 1703 [1986McA]
62.5 1701 This work
L + Pt2A13 f-7 PtAh
31.8 40.0 33.3 1679 [l986McA]

40.0 33.3 1671 This work
L f-7 ~ + Pt5Ah
55.7 57.9 66.5 1670 [1986McA]

52.0 62.5 1724 This work
~ f-7 PtAl Pt5Ah
54.2 50.0 61.5 1533 [l986McA]
52.0 50.0 62.5 1533 This work
L + PtAh f-7 PtgAhl
18.8 32.6 27.5 1400 [l986McA]

33.3 27.5 1404 This work
L + PtgAhl f-7 Pt5AhI
3.1 27.5 19.2 1079 [1986McA]

27.5 19.2 1097 This work
L f-7 (AI) + Pt5Ahl
0.4 0.0 19.2 930 [1986McA]

19.2 910 This work
L f-7 Pt3A1
73.2 73.2 1829 [l986McA]
75.3 75.3 1877 This work
L f-7 PtAl
50.0 50.0 1827 [l986McA]
50.0 50.0 1827 This work
L f-7 Pt2Ah
40.0 40.0 1800 [1986McA]
40.0 40.0 1800 This work

 
 
 



A consistent set of thermodynamic parameters, taking into account the order-disorder relation between
Pt3Al-Llz and (Pt)-fcc, was obtained for the Al-Pt system. The 4SL CEF successfully described the fee phases.
The calculated phase diagram is in good agreement with the experimental phase diagram.
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Appendix I
Thermodynamic parameters for the Al-Pt system [J/mol atoms]

The temperature range is 298.15 ~ T ~ 6000, unless specified otherwise.
Parameters which are not listed are equal to zero.

Disordered Solution Phase: (Al,Pt)

°G~i (T) - H~/CC-AI(298.15): [199IDin]

°G~i (T) - H~/CP-A3(298.15) : [199IDin]

oLf1z,Pt)= -352540 + 114.8 * T

ILf1.t,Pt)= 68570 - 53 *T

Disordered Solution Phase: (Al,Pt)(Va)
°G1.~c-AI(T) - H~/cc-AI (298.15) : [199IDin]

°Gt~c-A\T) - H~/cc-AI(298.15): [199IDin]

oI!cc _AI = ULDO + DGO + 1 5 * USRO(Al,Pt) .
II!cc - Al = ULDI + DGI(AI,Pt)
2 I!cc_AI = ULD2 + DG2 -1 5* USRO(AI,Pt) .

Stoichiometric Phase: (Al)0.8077(Pt)0.1923
f G::~:r121= 0,8077°G1.~c-AI + 0.1923°Gt~c-AI - 56870 + 14.8 * T

Stoichiometric Phase: (Al)0.7242(Pt)0.2759
f G::~:r121= 0.7242°G1.~c-AI + 0.27590Gt~c-AI - 81805 + 23,2 * T

Stoichiometric Phase: (Al)0.666(Pt)0.334
f G::~;:= 0.666°G1.~c-AI+ 0.334°Gt~c-AI - 87371 + 22.1 * T

Stoichiometric Phase: (Al)0.6(Pt)0.4
fG:r~13 =0.60G1.~c-AI +0.4°Gt~c-AI_89885+21.5*T

Stoichiometric Phase: (Al)o.s(Pt) 0.5
f G::~t = 0.50 G1.~C-AI+ 0.50 Gt~c-AI - 94071 + 24.1 * T

Stoichiometric Phase: (Al)0.48(Pt)0.52
f G%z:Pt= 0.480G1.~C-AI+ 0.52°Gt~c-AI - 92959 + 24.1 * T

Stoichiometric Phase: (Al)0.m(Pt)0.625
f GPtsAl3= 0 375°Gfcc-AI + 0 625°Gfcc-AI - 87260 + 24 * TAI:Pt . Al . Pt

Stoichiometric Phase: (Al)0.334(Pt)0.666
f G::~:rl = 0.334°G1.~C-AI+ 0.666°Gt~c-AI - 85325 + 24.9 * T

4SL-CEF: (Al,Pt )0.25(Al,Pt)0.25(Al,Pt )0.25(Al,Pt )0.25
fGLI2 _fGLI2 _fGLI2 _fGL12 - UPTAL3AI:AI:AI:Pt- AI:AI:Pt:AI- AI:Pt:AI:AI- Pt:AI:Al:AI-

 
 
 



UAB
UPTAL
UPTAL3
UPT3AL
USRO
ULO
ULDO
ULDI
ULD2
DGO
DGl
DG2

fGLl2 _fGL12 _fGL12 _fGL12 - UPTAL
AI:AI:Pt:Pt - AI:Pt:Pt:AI- Pt:Pt:AI:AI- Pt:AI:AI:Pt-

f GL12 _fGLl2 _fGL12 _fGL12 - UPT3AL
AI:Pt:Pt:Pt - Pt:Al:Pt:Pt - Pt:Pt:AI:Pt - Pt:Pt:Pt:AI-

LLl2 - TL12 _ TL12 - TL12 - ULO
AI.Pt:.:.:. - 4:AI.Pt:·:· - 4:.:AI.Pt:. - 4:.:·:AI.Pt -

LL12 _ TLl2 _ TLl2 _ TL12 - LL12 - USRO
AI.Pt:AI.Pt:·:· - 4:AI.Pt:AI.Pt:· - 4:·:AI.Pt:AI.Pt - 4:AI.Pt:·:AI.Pt - AI.Pt:·:AI.Pt:·-

= -13595 + 8.3 * T
= 3 * UAB - 3913
=4 *UAB
= 3 * UAB
=UAB
= 1412.8 + 5.7 * T
= -110531- 22.9 * T
= -25094

= 21475
= UPTAL3 + 1.5 * UPTAL + UPT3AL

= 2 * UPTAL3 - 2 * UPT3AL
= UPT AL3 - 1.5 * UPT AL + UPT3AL
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Figure 1. The AI-Pt phase diagram [1990Mas]
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XRD study of phases in an investigation of the AI-
Pt-Ru system. S.N.Prins", P.S. Boucher" and L.A.
Cornishb

, "CSIR-NML, PO Box 395, Pretoria 0001,
RSA, b Physical Metallurgy Division, Mintek, Private
Bag X30l5, Randburg, 2125, RSA.
Keywords: AI-Pt-Ru, Pt-based alloys, XRD

As part of a study for the development of alloys
based on Pt for high temperature applications [1], the
Al-Pt-Ru phase diagram has been investigated. Both
arc-melted and annealed samples have been
characterised using scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy
(EDS) [2]. The samples were annealed in argon at
600°C for 160 hours. The phases were initially
identified by their compositions and morphology, and
X-ray diffraction was used to identify the structures and
verify the phase identification.

Bulk polished halves of the as-cast and annealed
button samples were scanned in a Philips XRD with Cu
Ka radiation using a continuous scan from 4 to 90° 28.

Initially, it was thought that the experimentally
recorded spectra could be matched with standard
spectra from the ICDD database [3] for the expected
phases. However, many phases were not yet included in
the ICDD database. Even for the binary phases that
were in the database, the presence of the third element
shifted the diffraction patterns of the phases
significantly, rendering identification difficult,
especially for non-cubic structures.

A lattice parameter refinement procedure was
followed to identify the phases, as well as to calculate
the modified lattice parameters for the phases. Where
prototypes for the phases were given in the literature,
and the prototype was included in the ICDD, the
prototype structure was used as a starting point.

A ternary phase of composition -Ru12Pt15AI73 was
observed to be stable to room temperature. By
employing a search-and-match method, it was found
that the ternary phase exhibited a primitive cubic
structure and lattice parameter of -0.7721 nm, and was
of similar type to IrA12.75and RhAlz.63.

XRD confirmed most of the phase identification
from the SEMIEDS results, and also showed that the
-Ru12Pt15Ah3 phase was a true ternary phase, and not
an extension of R14A113as initially thought.

The Platinum Development Initiative and
Department of Science and Technology are
acknowledged for supporting this work.

[I) L.A. Cornish, J. Hohls, P.J. Hill, S.N. Prins, R. SUss and D.N.
Compton, 34th International October Conference on Mining and
Metallurgy Proceedings, Ed. Z.S. Markovic and D.T. Zivkovic,
545-550, 30 September - 3 October 2002, Bor Lake, Yugoslavia.

(2) S.N. Prins, L.A. Cornish, P.S. Boucher and W.E. Stumpf,
submitted to J. Alloys and Compounds.
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Diffraction File', Pennsylvania, USA, 2001.

 
 
 



Thermodynamic Assessments of the Pt-Cr and Cr-Ru
Systems with an Extrapolation into the Pt-Cr-Ru

U. Glatzel1 and S.N. Prins2

1University Jena, Loebdergraben 32, D - 07743 Jena, Germany
2CSIR-NML, PO Box 395, Pretoria, 0001, South Africa

A CALPHAD-like assessment of the Pt-Cr system has been carried out, starting with
the data obtained from an assessment by Oikawa et al. [20010ik]. The Pt3Cr phase
was not included in their assessment. A four sublattice model has been incorporated
in order to add the L12 ordered Pt3Cr phase. This phase shows an ordered-
disordered transition from L12 to fcc at about 1403 K.

Within the Cr-Ru system a sigma phase (Strukturbericht D8b) has been modelled.
The sigma model with 10:4: 16 sites was used [2003Sun].

An extrapolation to the ternary system Pt-Cr-Ru has been made, with an emphasis
on L12 ordered phases close to the Pt-rich side.

Financial assistance of the Department of Science and Technology, South Africa and
the Platinum Development Initiative is gratefully acknowledged.

[20010ik] K. Oikawa, G.W. Qin, T. Ikeshoji, O. Kitakami, Y. Shimada, K. Ishida
and K. Fukamichi, J. Magnetism and Magnetic Materials 236 (2001)
220-233

[2003Sun] B. Sundman, private communication
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The Pt-AI-Ru system is being studied as part of a larger project to develop and optimise Pt-based
alloys for high temperature use [1]. These alloys are based on a two-phase microstructure of -Pt3AI
in a (Pt) matrix, analogous to the y/y' microstructure of Ni-based superalloys. Work has been done
on the Pt-AI-Ru system [2,3] and the liquidus surface has been derived from as-cast alloys [3].

Six alloys were selected from the alloys so as to contain the phases of interest. The samples were
sealed in silica tubes backfilled with argon and annealed at 600°C for 3 weeks. They were prepared
metallographically and studied with a LEO 1525 SEM and Oxford INCA EDS. The phases were
confirmed, as far as possible, using a Philips XRD with Cu K alpha radiation on solid samples.

The -Ptsl:AlzI:Ruzs sample comprised coarse needles of (Ru) in a binary eutectic of fine (Ru)
needles and -Pt3Al. Compared to the as-cast sample, the fine needles had coarsened, and there were
no traces of the (Pt) component. Thus the heat treatment had removed the ternary eutectic which
appeared due to non-equilibrium cooling. There was precipitation of -Pt3AI in the coarse (Ru)
needles; this indicated that the (Ru) solvus slopes to lower Ru contents at lower temperatures, and
agrees with Obrowski's observations in the AI-Ru system [4].

The as-cast -Ptzs:AI46:Ruz9 sample comprised very cored -RuAI dendrites in a matrix of -PtAI +
PtsAh which had originated from solid state decomposition of the high temperature beta phase. The
heat treated sample showed much reduced coring (Fig. 1) and coarsening in the matrix phases.

The -Pt39:AIsz:Ru9 sample in the as-cast condition had a complex structure that revealed primary
formation of cored -RuAI followed by the formation of PtAI and PtzAh. The actual reactions were
difficult to interpret since the PtAI and Pt2Ah phases were extremely fine. Annealing at 600°C
reduced the coring in -RuAI and coarsened the microstructure so that a eutectic between -RuAI and
-PtAI was revealed. The -PtAI within the eutectic had a higher Ru content, and so had a slightly
darker contrast as indicated by the arrow in Fig. 2.

As-cast -Pt14:AIs4:Ru3Zwas another complex sample and was not at equilibrium since it contained
four phases: -RuAI, -RuAlz, -PtAlz, and -Ru12PtlSAb3, a new ternary phase [3]. The annealed
sample only had three phases: -RuAI, -RuAlz and -PtAlz. In addition, there was precipitation of
-RuAlz within -PtAlz

The as-cast -Ptzs:AI64:Rus specimen contained dendrites of -RU12PtlSAh3 surrounded by -PtAlz, in a
eutectic comprising -PtAlz and -Ru12PtlsAln In the annealed condition, there was much less of the
-RU12PtlSAb3 phase and the eutectic had coarsened.

In the as-cast condition, the -Pts:AIss:Ru7 alloy had two distinct microstructures locally and the
primary phase was different in each: -RU12PtlSAI73and -PtsAlzI respectively. The other phases were

 
 
 



-RuAI6 and (AI). Although the annealed sample contained regions which appeared different, the
-PtsAhI phase had disappeared, and the -RuAI6 phase was not discerned. However, since the
-RU12PtISAh3phase still showed coring, it is likely that the -RuAI6 phase was still present and was
in local equilibrium with the less Pt-rich composition of -RU12PtISAI73,but too fine to detect.

The phase and alloys' EDS analyses were plotted and compared to the as-cast values. The alloys
suffered minimal aluminium loss on annealing. Pt3AI had lost all discernible Ru, which agrees with
other work [2]. Similarly, RuAlz had negligible Pt after annealing, showing that the solubility for Pt
decreases with temperature. The composition of -RUI2PtISAln moved to slightly lower Pt contents at
lower temperatures. Two samples exhibited a similar and a higher Ru composition for the -PtAlz
phase than in the as-cast samples, indicating that the solubility increased with temperature. Both the
PtAI and Pt2Ah phase compositions shifted to more stoichiometric values after annealing, indicating
a contraction in phase width at lower temperatures. At 600°C, the penetration of the -RuAI phase
was reduced compared to the as-cast samples: from -26 at. % Pt to -22 at. % Pt. In addition, the
phase width narrowed at lower temperatures.

Annealing the samples at 600°C equilibriated them to some degree; no sample had more than three
phases, and the compositions had changed to more stoichiometric values. The only unexpected result
was that the -PtAlz phase extended to higher ruthenium contents.

[1] L.A. Cornish, J. Hohls, PJ. Hill, S.N. Prins, R. SUss and D.N. Compton, 34th International
October Conference on Mining and Metallurgy Proceedings, Ed. Z.S. Markovic and D.T. Zivkovic,
545-550, 30 September - 3 October 2002, Bor Lake, Yugoslavia.
[2] T. Biggs, P.J. Hill, L.A. Cornish and M.J. Witcomb, 1. Phase Equilibria, 22 (2001) 214-215.
[3] S.N. Prins, L.A. Cornish, P.S. Boucher and W.E. Stumpf, submitted to J. Alloys and
Compounds.
[4] W. Obrowski, Metallwissenschaft und Technik (Berlin), 17 (1960) 108-112.
[5] This research was supported by the PDI and the DS&T, South Africa.

Fig. 1. -Pt2s:AI46:Ru29:BSE image showing -RuAI (dark) in a matrix of -PtAI + PtsAl3 (light).
Fig. 2. -Pt39:AIs2:Ru9: BSE image showing -RuAI (dark), -PtAI (light) and Pt2Ah (medium grey).

 
 
 



The XRD spectrum for sample PAR4 is shown in Figure 1, and the d-values and intensities ofthe
spectrum as recorded on a Philips XRD are listed in Table 1.

From EDS analysis, it was proposed that the phases present in this sample are RuAl, PtAl and
Pt2Ah. Initial XRD spectrum matching showed that PtAh are possibly present in the sample.
Furthermore, neither the PtAl nor Pt2Ah phases are included in the ICDD. However, PdAl and
Pd2Ah are similar to PtAl and Pt2Ah, respectively, in crystal structure and lattice parameter and are
included in the ICDD. The presence of the PtAh phase found in the XRD is in contradiction to the
EDS results. It was further found that it is difficult to distinguish between PtAh and RuAl, since the
standard diffraction patterns overlap almost completely.

For each of the four phases, a lattice refinement was done with the WinCell program [2000Raj]. To
do the refinement, the hkl values for each phase and the observed corresponding two theta values
(from Table 1) were entered into the program. WinCell does not take the peak intensities into
account. An estimate of the lattice parameter is also entered.

The W inCell input screen for the PdAl phase is shown in Figure 2. The software then calculates
through a non-linear regression the 1attice parameter and the corresponding R 20 fthe phase. The
presence of a third element in the binary structures shifted the two theta values in some cases, and
more than one attempt was then needed to identify the relevant two theta values to obtain the best R2

value.

The WinCell output sheets for the four phases are attached. Output 2 is for PtAh, which is actually
NOT present in the sample, but it is interesting to note that both RuAl and PtAh gave a good fit
(factor R at the bottom of each output sheet). As can be seen from the input values listed in Table 2,
RuAl overlaps completely with PtAh. On closer investigation, comparing the input data with the
ICDD standard reflections, the (311) reflection for PtAh is absent. The (311) reflection for PtAh,
which appeared at 51.010 two theta, initially gave a bad fit in the refinement and was removed. The
pattern then gave a much better R2 value. However, since this is a major reflection for the PtAh
phase and the (311) reflection should not have been removed in the first place. Following the EDS
analysis that suggested RuAl, a good fit was obtained for RuAl. It can be seen that there are many
overlaps and that the relative intensities of the reflections should be considered where doubt exists.

This shows the power of using lattice refinement to confirm the presence of the phase. However,
care should be taken since WinCell does not take into account the intensities of the reflections. It
also be stated that WinCell does not ensure that space group conditions are met, and the operator
must check the selected hkl values to make sure that they are cone conflicting the space group rules.

 
 
 



1200
Sample PAR4

1000

800
en
ft
~ 600
<Il
C
$
c

400

200

0
0 20 40 60 80

2-Theta (Cu)
06-0654 Al3Pd2

- 34-0564 AlPd
- 03-1006 AI2Pl

_ fj x

x

• Trnes NewRomon • 12. B I U r-=. 'Ii iiiI II:: ::: t:~t:~I 0 • ,p • ~ ••

I -18- I -I,

I,'""'S74 AlPd c

la•••• :::I
Number.eeJ·eles: po-

Cell Paramours RJl6Do1

a: ~ 17

b: ~ 17

c : ~ 17

a: j9D.O r
p: j9D.O r
'1': j9D.O r

./ Elm.ute

hwertLble

Delete Lble(s) I

115406(Copper) :::I
RJlliJle1 r

AlItoShape,' " " 0 0 !ill4l!!ll ~ • ~ • ~ • == ~ i=i •••
PO\IO2 See 1 2/2 At 3.4em Ln 1 Col 2 Rf. R' ,~ En9I'h (U,K Ila:

;~ Slart III ~ NoveL I ~ E><pIotn,1/ t4tWincel1 ~Append, ..Il!l Mic,osol I I$J @] Iii! eJ ~ J.J iii '2l Pl. t.. i!~"!, 1

 
 
 



son 0 m e mput or an 2·
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h k I 2 theta h k I 2 theta
1 0 0 30.000 1 1 1 25.925
1 1 0 42.965 2 0 0 30.000
1 1 1 53.275 2 2 0 42.965
2 0 0 62.260 2 2 2 53.275
2 1 0 70.260 4 0 0 62.260
2 1 1 78.595 3 3 1 68.515
2 1 0 78.579 4 2 0 70.675

4 2 2 78.595
4 2 2 78.579
5 1 1 84.360

 
 
 



AppendixC
Thermodynamic database for AI-Pt-Ru

This database was extrapolated from the binaries. and no ternary parameters have been
optimised yet.

The metastable parameters for Pt-bcc and Pt-hcp were added to the bcc and hcp phase
descriptions. Due to the additions to the disorder descriptions. the ordered phases had to be
stabilised. Pt was add as a third element to the B2 sub lattices and Ru was added to the L12
sublattices to stabilise these two phases in the ternary. but no interaction parameters were
included for these additions.

ELEMENT /- ELECTRON GAS
ELEMENT VA VACUUM
ELEMENT AL FCC Al
ELEMENT PT FCC Al
ELEMENT RU HCP _A3

O.OOOOE+OOO.OOOOE+OOO.OOOOE+OO!
O.OOOOE+OOO.OOOOE+OOO.OOOOE+OO!

2.6982E+Ol 4.5773E+03 2.8322E+0l!
1.9508E+02 5.7237E+03 4.1631E+0l!
1.0107E+02 4.6024E+03 2.8535E+0l!

FUNCTION GHSERPT 2.98150E+02 -7595.631+124.38828*T-24.5526*T*LN(T)
-.00248297*T**2-2.0 138E-08*T**3+ 7974*T**( -1); 1.30000E+03 Y
-9253.174+ 161.52962*T-30.2527*T*LN(T)+.002321665*T**2-6.56947E-07*T**3

-272106*T**(-I); 2.04210E+03 Y
-222518.97+ 1021.21 09*T -136.42269*T*LN(T)+.02050 1692*T**2
-7.60985E-07*T**3+71709819*T**(-I); 4.00000E+03 N!

FUNCTION GHSERRU 2.98150E+02 -7561.873+127.86623*T-22.914329*T*LN(T)
-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1); 1.50000E+03 Y
-59448.103+489.51621 *T-72.324122*T*LN(T)+.018726245*T**2

-1.952433E-06*T**3+ 11063885*T**( -1); 2.60700E +03 Y
-38588773+ 168610.52*T -21329. 705*T*LN(T)+5.221639*T**2

-2.4024599E-04*T**3+ 1.3082993E+ lO*T**( -1); 2.74000E+03 Y
-55768.304+364.48231 *T-51.8816*T*LN(T); 4.50000E+03 N!

FUNCTION GHSERAL 2.98140E+02 -7976.15+137 .093038*T -24.3671976*T*LN(T)
-.001884662*T**2-8.77664E-07*T**3+74092*T**(-I); 7.00000E+02 Y
-11276.24+223.048446*T -38.5844296*T*LN(T)+.0 18531982*T**2

-5.764227E-06*T**3+74092*T**(-I); 9.33470E+02 Y
-11278.378+ 188.684153*T -31. 748192*T*LN(T)-1.230524E+28*T**( -9);

2.90000E+03 N!
FUNCTION GHCPAL 2.98150E+02 +5481-1.799*T+GHSERAL#; 6.00000E+03 N!
FUNCTION GHCPPT 2.98150E+02 +2500+.1 *T+GHSERPT#; 4.00000E+03 N!
FUNCTION GBCCPT 2.98150E+02 +15000-2.4*T+GHSERPT#; 4.00000E+03 N!
FUNCTION GBCCAL 2.98150E+02 +10083-4.813*T+GHSERAL#; 6.00000E+03 N

!
FUNCTION GBCCRU 2.98150E+02 +26500-6.2*T+GHSERRU#; 4.50000E+03 N!
FUNCTION GFCCRU 2.98150E+02 +12500-2.4*T+GHSERRU#; 4.50000E+03 N!
FUNCTION UAB 2.98150E+02 -13595+8.3*T; 6.00000E+03 N!
FUNCTION UPT3AL 2.98150E+02 +3*UAB#-3913; 6.00000E+03 N!
FUNCTION UPTAL 2.98150E+02 +4*UAB#; 6.00000E+03 N!
FUNCTION UPTAL3 2.98150E+02 +3*UAB#; 6.00000E+03 N!
FUNCTIONULO 2.98150E+02 +1412.8+5.7*T; 6.00000E+03 N!

 
 
 



FUNCTION USRO
FUNCTION ULDO
FUNCTION ULDI
FUNCTION ULD2
FUNCTION DGO

N!
FUNCTION DG 1
FUNCTION DG2

N!
FUNCTION UN_ASS 2.98150E+02 0.0; 3.00000E+02 N!

2.98150E+02 +UAB#; 6.00000E+03 N!
2.98150E+02 -1l0531-22.9*T; 6.00000E+03 N!
2.98150E+02 -25094; 6.00000E+03 N!
2.98150E+02 21475; 6.00000E+03 N!

2.98150E+02 +UPT AL3#+ 1.5*UPTAL#+UPT3AL#;

2.98150E+02 +2*UPTAL3#-2*UPT3AL#; 6.00000E+03 N!
2.98150E+02 +UPT AL3#-1.5*UPT AL#+UPT3AL#; 6.00000E+03

TYPE DEFINITION % SEQ *!
DEFINE_SYSTEM_DEFAULT ELEMENT 2 !
DEFAULT_COMMAND DEF _SYS_ELEMENT VA!

PHASE LIQUID:L % 1 1.0 !
CONSTITUENT LIQUID:L :AL,PT,RU: !

PARAMETER G(LIQUID,AL;O) 2.98140E+02 +11005.553-11.840873*T
+7.940lE-20*T**7+GHSERAL#; 9.33600E+02 Y
+10481.974-11.252014*T+1.234264E+28*T**(-9)+GHSERAL#; 2.90000E+03 N

REFO!
PARAMETER G(LIQUID,PT;O) 2.98150E+02 +12520.614+115.11473*T
-24.5526*T*LN(T)-.00248297*T**2-2.0 138E-08*T**3+7974 *T**( -1); 6.00000E+02
Y
+ 19019.913+33.017485*T -12.351404*T*LN(T)-.011543133*T**2+9.30579E-07*T**3
-600885*T**(-I); 2.0421OE+03 Y
+1404.968+205.86191 *T-36.5*T*LN(T); 4.00000E+03 N REFO !
PARAMETER G(LIQUID,RU;O) 2.98140E+02 +19918.743+119.467485*T
-22.9143287*T*LN(T)-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1);
8.00000E+02 Y
+50827.232-179.818561 *T+19.539341 *T*LN(T)-.026524167*T**2
+1.667839E-06*T**3-3861125*T**(-I); 2.60700E+03 Y
-17161.807+349.673561 *T-51.8816*T*LN(n; 4.50000E+03 N REFO !
PARAMETER G(LIQUID,AL,RU;O) 2.98150E+02 -73000-14*T; 6.00000E+03 N

REFO!
PARAMETER G(LIQUID,AL,RU;I) 2.98150E+02 -56000; 6.00000E+03 N REFO !
PARAMETER G(LIQUID,AL,PT;O) 2.98150E+02 -352536+ 114.8*T; 6.00000E+03
NREFO!
PARAMETER G(LIQUID,AL,PT;I) 2.98150E+02 +68566-53*T; 6.00000E+03 N

REFO!
PARAMETER G(LIQUID,PT,RU;O) 2.98140E+02 -8000; 4.00000E+03 N REFO !

$ THIS PHASE HAS A DISORDERED CONTRIBUTION FROM BCC_A2
PHASEB2 % 3.5 .5 3!

CONSTITUENT B2 :AL%,PT,RU,VA : AL,PT%,RU%,VA : VA%: !

PARA G(B2,AL:AL: VA;O) 298.15 0; 6000 N!
PARAMETERG(B2,PT:AL:VA;0) 2.98150E+02 +V50#+V51#*T; 6.00000E+03 N

REFO!
PARAMETERG(B2,RU:AL:VA;0) 2.98150E+02 -87600; 6.00000E+03 NREFO!

PARA G(B2,VA:AL:VA;0) 298.15 0; 6000 N!
PARAMETERG(B2,AL:PT:VA;0) 2.98150E+02 +V50#+V51#*T; 6.00000E+03 N

 
 
 



REFO!
PARA G(B2,PT:PT:VA;O)298.15 0; 6000 N!
PARA G(B2,RU:PT:VA;O)298.15 0; 6000 N!
PARA G(B2,VA:PT:VA;O)298.15 0; 6000 N!

PARAMETERG(B2,AL:RU:VA;0) 2.98150E+02 -87600; 6.00000E+03 NREFO!
PARA G(B2,PT:RU:VA;O)298.15 0; 6000 N!
PARA G(B2,RU:RU:VA;0) 298.15 0; 6000 N!
PARA G(B2,VA:RU:VA;0) 298.150; 6000 N!
PARA G(B2,AL:VA:VA;0) 298.150; 6000 N!
PARA G(B2,PT:VA:VA;0) 298.15 0; 6000 N!
PARA G(B2,RU:VA:VA;O)298.15 0; 6000 N!
PARA G(B2,VA:VA:VA;0) 298.150; 6000N!

PARAMETERG(B2,AL,RU:AL:VA;0) 2.98150E+02 -73000; 6.00000E+03 N
REFO!
PARAMETERG(B2,AL,PT:AL:VA;0) 2.98150E+02 +V52#+V53#*T; 6.00000E+03

NREFO!
PARAMETER G(B2,AL,PT,RU:AL:VA;0) 2.98150E+02 +V54#+V55#*T;
6.00000E+03 N REFO !
PARAMETERG(B2,AL:AL,RU:VA;0) 2.98150E+02 -73000; 6.00000E+03 N
REFO!
PARAMETER G(B2,AL:AL,PT:VA;0) 2.98150E+02 +V52#+V53#*T; 6.00000E+03

NREFO!
PARAMETER G(B2,AL:AL,PT,RU:VA;0) 2.98150E+02 +V54#+V55#*T;
6.00000E+03 N REFO!
PARAMETERG(B2,VA:AL,RU:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,VA:AL,PT:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,VA:PT,RU:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,AL,RU:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,AL,PT:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!
PARAMETERG(B2,PT,RU:VA:VA;0) 2.98150E+02 +80*T; 6.00000E+03 NREFO!

TYPE_DEFINITION & GES AMEND_PHASE_DESCRIPTION B2 DIS_PART BCC_A2",1
TYPE_DEFINITION' GES A_P_D BCC_A2 MAGNETIC -1.0 4.00000E-Ol!
PHASEBCC_A2 %&' 21 3!

CONSTITUENT BCC_A2 :AL,PT,RU,VA: VA: !

PARAMETERG(BCC_A2,AL:VA;O) 2.98140E+02 +GBCCAL#; 2.90000E+03 NREFO!
PARAMETERG(BCC_A2,PT:VA;O) 2.98140E+02 +GBCCPT#; 4.50000E+03 NREFO!
PARAMETERG(BCC_A2,RU:VA;O) 2.98140E+02 +GBCCRU#; 4.50000E+03 NREFO!

PARA G(BCC_A2,VA:VA;O)298.150; 6000 N!
PARAMETERG(BCC_A2,AL,RU:VA;O) 2.98150E+02 -176000+32*T; 6.00000E+03
NREFO!
PARAMETERG(BCC_A2,AL,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!
PARAMETERG(BCC_A2,PT,RU:VA;O) 2.98140E+02 0.0; 4.00000E+03 NREFO!
PARAMETERG(BCC_A2,PT,RU:VA;I) 2.98140E+02 0.0; 4.00000E+03 NREFO!
PARAMETERG(BCC_A2,PT,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!
PARAMETERG(BCC_A2,RU,VA:VA;O) 2.98150E+02 +120*T; 6.00000E+03 N
REFO!

PHASE BETA % 2.48 .52!
CONSTITUENT BETA :AL: PT: !

 
 
 



PARAMETER G(BETA,AL:PT;O) 2.98150E+02 -92723+23.88*T+.48*GHSERAL#
+.52*GHSERPT#; 6.00000E+03 N REFO !

TYPE_DEFINITION ( GES A_P _D FCC_AI MAGNETIC -3.0 2.80000E-Ol!
PHASE FCC_AI %( 2 II!

CONSTITUENT FCC_AI :AL,PT,RU: VA: !

PARAMETERG(FCC_Al,AL:VA;O) 2.98140E+02 +GHSERAL#; 2.90000E+03 NREFO!
PARAMETERG(FCC_Al,PT:VA;O) 2.98150E+02 +GHSERPT#; 4.50000E+03 NREFO!
PARAMETER G(FCC _Al,RU:VA;O) 2.98150E+02 +4938.127+ 125.46623*T
-22.914329*T*LN(T)-.004062566*T**2+ 1.7641E-07*T**3+56377*T**( -1);
1.50000E+03 Y
-46948.103+487.11621 *T-72.324122*T*LN(T)+.018726245*T**2
-1.952433E-06*T**3+ 11063885*T**( -1); 2.60700E+03 Y
-38576273+ 168608.12 *T-21329.705 *T*LN(T)+5 .221639*T**2-2.4024599E-04 *T**3

+1.3082993E+10*T**(-I); 2.74000E+03 Y
-43268.304+362.08231 *T-51.8816*T*LN(T); 4.50000E+03 N REFO !
PARAMETER G(FCC_Al,AL,PT:VA;O) 2.98150E+02 +ULDO#+DGO#+1.5 *USRO#;
6.00000E+03 N REFO !
PARAMETERG(FCC_Al,AL,PT:VA;I) 2.98150E+02 +ULDl#+DGl#; 6.00000E+03

NREFO!
PARAMETER G(FCC _Al,AL,PT:V A;2) 2.98150E+02 +ULD2#+DG2#-I.5*USRO#;
6.00000E+03 N REFO !
PARAMETER G(FCC_Al,AL,PT,RU:VA;O) 2.98150E+02 +VlO#+Vll#*T;
6.00000E+03 N REFO !
PARAMETER G(FCC_Al,AL,RU:VA;O) 2.98150E+02 -10000-10*T; 6.00000E+03

NREFO!
PARAMETER G(FCC_Al,PT,RU:VA;O) 2.98140E+02 -17249.639-2.745999*T;

4.00000E+03 N REFO !
PARAMETERG(FCC_Al,PT,RU:VA;I) 2.98140E+02 13184.597; 4.00000E+03 N

REFO!

TYPE_DEFINITION) GES A_P_D HCP_A3 MAGNETIC -3.0 2.80000E-Ol!
PHASE HCP _A3 %) 2 1 .5!

CONSTITUENTHCP_A3 :AL,PT,RU: VA: !

PARAMETERG(HCP_A3,AL:VA;0) 2.98140E+02 +GHCPAL#; 2.90000E+03 NREFO!
PARAMETER G(HCP _A3,PT:VA;0) 2.98150E+02 -5095.631+ 124.48828*T
-24.5526*T*LN(T)-.00248297*T**2-2.0 138E-08*T**3+ 7974*T**( -1); 1.30000E+03
Y
-6753.174+ 161.62962*T -30.2527*T*LN(T)+.002321665*T**2-6.56947E-07*T**3

-272106*T**(-I); 2.04210E+03 Y
-220018.97+ 1021.31 09*T -136.42269*T*LN(T)+.02050 1692*T**2-7 .60985E-07*T**3

+71709819*T**(-I); 4.00000E+03 N REFO !
PARAMETER G(HCP _A3,RU:VA;0) 2.98150E+02 +GHSERRU#; 4.50000E+03 N REFO !
PARAMETER G(HCP_A3,AL,RU:VA;0) 2.98150E+02 -105000+30*T; 6.00000E+03
NREFO!
PARAMETERG(HCP_A3,AL,PT:VA;0) 2.98150E+02 50000; 6.00000E+03 N

REFO!
PARAMETER G(HCP _A3,AL,PT,RU:VA;0) 2.98150E+02 +VI5#+VI6#*T;
6.00000E+03 N REFO !
PARAMETER G(HCP _A3,PT,RU:V A;O) 2.98140E+02 +8629.8149-7.889606*T;

 
 
 



4.00000E+03 N REFO !
PARAMETERG(HCP_A3,PT,RU:VA;I) 2.98140E+02 -5283.9355; 4.00000E+03 N

REFO!

$ THIS PHASE HAS A DISORDERED CONfRIBUTION FROM FCC_AI
TYPE_DEFINITION * GES AMEND_PHASE_DESCRIPTION L12 DIS_PART FCC_AI",!
PHASE L12 %* 5.25 .25 .25 .25 I!

CONSTITUENT L12 :AL,PT,RU: AL,PT,RU : AL,PT,RU : AL,PT,RU : VA: !

PARA G(LI2,AL:AL:AL:AL:VA;0) 298.150; 6000 N!
PARAMETER G(L12,PT:AL:AL:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N

REFO!
PARA G(LI2,RU:AL:AL:AL:VA;0) 298.150; 6000 N!

PARAMETER-G(L12,AL:PT:AL:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETERG(L12,PT:PT:AL:AL:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N

REFO!
PARA G(LI2,RU:PT:AL:AL:VA;0) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:AL:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:AL:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:AL:AL:VA;0) 298.15 0; 6000 N!

PARAMETERG(L12,AL:AL:PT:AL:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:AL:PT:AL:VA;0) 2.98150E+02 +UPT AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:PT:AL:VA;0) 298.150; 6000 N!

PARAMETER G(L12,AL:PT:PT:AL:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:PT:PT:AL:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:PT:PT:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,AL:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:PT:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:AL:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:AL:RU:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,RU:AL:RU:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:PT:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:RU:AL:VA;0) 298.15 0; 6000 N!
PARA G(L12,RU:PT:RU :AL:VA;O) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:RU:AL:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:RU:AL:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:RU:AL:VA;0) 298.150; 6000 N!

PARAMETER G(LI2,AL:AL:AL:PT:VA;0) 2.98150E+02 +UPTAL3#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:AL:AL:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:AL:PT:VA;0) 298.15 0; 6000 N!

PARAMETER G(L12,AL:PT:AL:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETER G(L12,PT:PT:AL:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:PT:AL:PT:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:AL:PT:VA;0) 298.15 0; 6000 N!

 
 
 



PARA G(L12,PT:RU:AL:PT:VA;0) 298.150; 6000 N!
PARA G(L 12,RU:RU:AL:PT:V A;O) 298.15 0; 6000 N!

PARAMETER G(L12,AL:AL:PT:PT:VA;0) 2.98150E+02 +UPTAL#; 3.00000E+03 N
REFO!
PARAMETERG(L12,PT:AL:PT:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N

REFO!
PARA G(L12,RU:AL:PT:PT:VA;0) 298.150; 6000 N!

PARAMETERG(LI2,AL:PT:PT:PT:VA;0) 2.98150E+02 +UPT3AL#; 3.00000E+03 N
REFO!

PARA G(LI2,PT:PT:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,RU:PT:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,AL:RU:PT:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:PT:PT:VA;0) 298.15 0; 6000 N!
PARA G(LI2,RU:RU:PT:PT:VA;0) 298.150; 6000 N!
PARAG(LI2,AL:AL:RU:PT:VA;0) 298.15 0; 6000N!
PARA G(LI2,PT:AL:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,RU:AL:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:RU:PT:VA;0) 298.15 0; 6000 N!
PARA G(L12,AL:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:RU:RU:PT:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:AL:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,AL:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:AL:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:AL:PT:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:AL:PT:RU: VA;O) 298.15 0; 6000 N!
PARA G(L12,RU:AL:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,RU:PT:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:PT:RU:VA;0) 298.15 0; 6000 N!
PARA G(LI2,PT:RU:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:RU:PT:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:AL:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(LI2,PT:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,RU:PT:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,AL:RU:RU:RU:VA;0) 298.150; 6000 N!
PARA G(L12,PT:RU:RU:RU:VA;0) 298.150; 6000 NI
PARA G(L12,RU:RU:RU:RU:VA;0) 298.150; 6000 N!

PARAMETERG(L12,AL,PT:*:*:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N
REFO!
PARAMETERG(L12,*:AL,PT:*:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N

REFO!
PARAMETER G(L12,*:*:AL,PT:*:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N

 
 
 



REFO!
PARAMETER G(L12,*:*:*:AL,PT:VA;0) 2.98150E+02 +ULO#; 3.00000E+03 N
REFO!
PARAMETER G(L12,AL,PT:AL,PT:*:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,AL,PT:*:AL,PT:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETER G(L12,AL,PT:*:*:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(L12,*:AL,PT:AL,PT:*:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,*:AL,PT:*:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!
PARAMETERG(LI2,*:*:AL,PT:AL,PT:VA;0) 2.98150E+02 +USRO#; 3.00000E+03

NREFO!

PHASE PT2AL % 2 .334 .666!
CONSTITUENT PT2AL :AL: PT: !

PARAMETER G(pT2AL,AL:PT;0) 2.98150E+02 -84989+24.9*T+.334*GHSERAL#
+.666*GHSERPT#; 6.00000E+03 N REFO !

PHASE PT2AL3 % 2.6 .4!
CONSTITUENT PT2AL3 :AL: PT: !

PARAMETER G(PT2AL3,AL:PT;0) 2.98150E+02 -89885+21.5*T+.6*GHSERAL#
+.4*GHSERPT#; 6.00000E+03 N REFO!

PHASE PT5AL21 % 2.8077 .1923!
CONSTITUENT PT5AL21 :AL: PT: !

PARAMETER G(PT5AL21,AL:PT;0) 2.98150E+02 -56873+14.8*T+.8077*GHSERAL#
+.1923*GHSERPT#; 6.00000E+03 NREFO!

PHASE PT5AL3 % 2 .375 .625!
CONSTITUENT PT5AL3 :AL: PT: !

PARAMETER G(PT5AL3,AL:PT;0) 2.98150E+02 -87260+24*T+.375*GHSERAL#
+.625*GHSERPT#; 6.00000E+03 N REFO!

PHASE PT8AL21 % 2.7242 .2759!
CONSTITUENT PT8AL21 :AL: PT: !

PARAMETER G(PT8AL21,AL:PT;0) 2.98150E+02 -82342+23.7*T+.7242*GHSERAL#
+.2759*GHSERPT#; 6.00000E+03 N REFO !

PHASEPTAL % 2.5 .5!
CONSTITUENT PTAL :AL: PT: !

 
 
 



PARAMETER G(PTAL,AL:PT;O) 2.98150E+02 -94071+24.1 *T+.5*GHSERAL#
+.5*GHSERPT#; 6.00000E+03 N REFO !

PHASE PTAL2 % 2 .666 .334!
CONSTITUENTPTAL2 :AL: PT: !

PARAMETER G(PTAL2,AL:PT;0) 2.98150E+02 -87898+23.3*T+.666*GHSERAL#
+.334*GHSERPT#; 6.00000E+03 NREFO!

PHASE RU2AL3 % 3 3 2 I!
CONSTITUENT RU2AL3 :AL: AL,RU : RU,VA: !

PARAMETER G(RU2AL3,AL:AL:RU;0) 2.98150E+02 +VI5#+5*GBCCAL#+GBCCRU#;
6.00000E+03 N REFO !
PARAMETER G(RU2AL3,AL:RU:RU;0) 2.98150E+02 -312631.26+30.5*T+3*GBCCAL#
+3*GBCCRU#; 6.00000E+03 N REFO !
PARAMETER G(RU2AL3,AL:AL: VA;O) 2.98150E+02 +5*GBCCAL#; 6.00000E+03

NREFO!
PARAMETER G(RU2AL3,AL:RU:VA;0) 2.98150E+02 -312631.26+30.5*T+3*GBCCAL#
+2*GBCCRU#; 6.00000E+03 N REFO !

PHASE RU4AL13 % 3 .6275 .235 .1375!
CONSTTI1JENT RU4AL13 :AL: RU : AL,VA: !

PARAMETER G(RU4AL13,AL:RU:AL;0) 2.98150E+02 -35100+ 1.65 *T+.765 *GHSERAL#
+.235*GHSERRU#; 6.00000E+03 N REFO !
PARAMETERG(RU4AL13,AL:RU:VA;0) 2.98150E+02 -35100+1.65*T
+.6275*GHSERAL#+.235*GHSERRU#; 6.00000E+03 N REFO !

PHASERUAL2 % 32 II!
CONSTITUENT RUAL2 :AL: RU : AL,RU,VA: !

PARAMETER G(RUAL2,AL:RU:AL;0) 2.98150E+02 -136500+8*T -1368.28
+3*GHSERAL#+GHSERRU#; 6.00000E+03 N REFO !
PARAMETER G(RUAL2,AL:RU:RU;0) 2.98150E+02 -136500+8*T-1412.41
+2*GHSERAL#+2*GHSERRU#; 6.00000E+03 N REFO !
PARAMETER G(RUAL2,AL:RU:VA;0) 2.98150E+02 -136500+8*T+2*GHSERAL#
+GHSERRU#; 6.00000E+03 N REFO !

PHASE RUAL6 % 2 6 I!
CONSTITUENT RUAL6 :AL: RU: !

PARAMETER G(RUAL6,AL:RU;O) 2.98150E+02 -156000+7*T+6*GHSERAL#+GHSERRU#;
6.00000E+03 N REFO !
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