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Platinum-based alloys are being developed for high temperature and special applications for good
corrosion and oxidation resistance. The microstructures are similar to those of nickel-based
superalloys, and comprise 3Rl particles in a Pt-based matrix. After assessing binary alloys, the
best candidate system was found to be Pt-Al. Testing and selection of alloys based on Pt-Al were
undertaken, where the ternary additions comprised Ru, Cr, Ta, Ir and Ti. As well as phase
characterization work, mechanical and oxidation tests were undertaken. The best alloys were
found to be Pt-Al-Cr and Pt-Al-Ru. However, the volume fraction of theAltRtas only around
40 per cent instead of the ~70 per cent found in Ni-based superalloys. To increase this, trials were
conducted on a range of Pt-Al-Cr-Ru alloys, the optimum composition beisélPfCrs:Rus.
Currently, further additions are being made to the quaternary alloys to change selected properties.

As well as developing the alloys themselves, another part of the project is to compile a
thermodynamic database using Thermo-Calc™. Phase diagram work has been undertaken so that
the results can be input to Thermo-Calc™ so that the descriptions of the phases can be optimized.
The final database will allow the phases and compositions of selected alloys to be derived, thus
predicting the alloys’ components without necessarily undertaking further experimental work.
This will aid the development of the alloys and will be a useful tool to the final developers of the
alloys. Good agreement with experimental data has been observed, which is very encouraging for
usefulness of the database.

Keywords: platinum-based alloys, intermetallic compounds, high temperature

Introduction used to give similar mechanisms as found in the Ni-based
Nickel-based superalloys have excellent mechanical SuP€ralloys. The important differences are the higher
properties because they have a microstructure comprising Melting point (1769°C for platinum compared to 1455°C
many small, strained-coherent particles in a softer matrix [©f Nickel) and improved corrosion resistance. These facts
The strengthening originates from dislocations being NSPired the proposal by Wolff that Pt-based analogues to
slowed down as they negotiate the small ordered particles. N1 superalloys could be developed to serve in the most
Additionally, there is solid solution strengthening in the critical and dgmandlng of high temperature applicaéions
(Ni) matrix. Although these alloys are used at relatively Although platinum-based alloys are unlikely to replace all
high temperatures, coarsening does not occur because thd\i-Pased superalloys on account of both higher price and

surface energy itself is very small. This is because the h!gEer densli_ty, itis likely that they can be “I?:gd for the
particle structure is very ciosely related to that of the Nighest application temperature componentghlFias at

matrix. Both are based on the face centred cubic structure: /€ast two forms, and the more desirable high temperature
the matrix has a random fcc structure, and the particles have-12 form needs to be stabilized. The lowest temperature
an LL ordered structure. The lattice misfit between these 0fM has yet to be fully confirmeéd
f]terg“cgtltjbrlgs is very small and renders the surface energy Work undertaken at Mintek

The Ni-based superalloys have virtually reached their In a preliminary investigation by Hiét al4, ternary Pt-X-Z
temperature limit for operation in turbine engines. compositions were selected to yield two-phase
However, there is a need to further increase the operational microstructures consisting of fcc (Pt) matrix and ordered
temperatures of these engines to achieve greater thrust,fcc (L1) P&X precipitates. It was reported that two-phase
reduced fuel consumption and lower pollution. Thus, there microstructures, leading to a considerable precipitation-
is interest in developing a whole new suite of similar strengthening effect, could be achieved in Pt-Ti-Z and Pt-
structured alloys based on a metal with, a higher melting Al-Z systemg, where Z = Ni, Ru and Re. Alloys in these
point which can be used at temperatures of ~1300°C. systems have shown promising mechanical properties at

Platinum has been selected as the base material for theseoom temperature, with hardness values higher than 400
alloys because of its similarity to Ni in fcc structure and HV31and high resistance to crack initiation and propagation.
similar chemistry. Thus, similar phases taAicould be The alloys containing Al exhibited considerably better
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oxidation behaviour than the other alloys—this was
attributed to the formation of a protective Al-oxide scale.
Internal oxidation was observed in alloys containing Ti

matrix, which exhibits dispersion strengthening. The
Ptgs:Al 10:Tia and Pge:Al10:Rus alloys showed similar
parabolic oxidation behaviour to the benchmark alloy. The

instead of Al, and this was presumed to be the cause of theirPtgg: Al 10:1r4 and Pgg:Al10:Crs alloys showed parabolic
inferior properties. Al was regarded as the essential addition behaviour during the early stages of oxidation (with high

in order to develop an oxidation-resistant aijayerefore
further work focused on Pt-Al-Z alloys only.

Hill et al5 did extensive work on the phase relations and
room temperature mechanical properties of Pt-Al-Z alloys,
with Z = Ru, Re, W, Mo, Ni, Ti, Ta and Cr. They have
shown that microstructures similar to Ni- and Co-based
superalloys can be achieved in the Pt-based alloy
Pige:Al 10:Z4, consisting of cuboidal ~g#l precipitates in a
(Pt) matrix. It was found that ternary alloying elements, and
in particular Cr and Ru, conferred additional benefit. Cr
stabilizes the cubic form of the wRt phase and Ru is
added as solid solution strengthéner

However, the high-temperature properties of these alloys
are of critical importance. The high-temperature oxidation
behaviour of Pt-Al-Z alloys (Z= Re, Ta, Ti, Cr, Ir and Ru)
has been studied by Hét al. and Siisst al.7:8,

Figure 1 shows the increase in the thickness of the
continuous layers with time for the different alloys.

initial oxidation rates), after which their continuous oxide
layers grew at a logarithmic rate, giving these two alloys
the thinnest continuous oxide layers after 800 hours’
exposure.

It was found that an external alumina film formed after a
transient period during which discontinuous alumina
particles precipitated in a Pt matrix (Figure 2a). This is the
result of the oxygen diffusion through the scale being
quicker than Al diffusion in the alloy. Only when a critical
volume of oxides is reached, does transition from internal
oxidation to external scale formation océuihe
continuous film appeared to provide protection for the
alloy, since no internal oxidation occurred during long-term
exposure (Figure 2a). However, the alloys were still
outperformed by the PM2000, which formed a perfectly
continuous oxide layer (Figure 2b). Further work was
required in order to accelerate the formation of the

PM2000 was used as a benchmark alloy, and is an Fe-Cr-Al continuous layer of the Pt alloys. It was likely that this

alloy with a fine dispersion of X0z particles in a ferritic

o

&5

thickness {micrometer)

could be achieved by increasing the Al content.
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Figure 1. Results of the isothermal oxidation tests conducted on Pt-Al-Z alloys at 1350°C, showing the specific mass changesime over
the first 100 hours.

15m |
(a) Pte:Al10:Crs for 1000 hours

10pm

(b) PM2000 for 10 hours

Figure 2. Secondary electron images of alloys isothermally oxidized at 1350°C for various times, showing (1) transient oxidedind
(2) continuous oxidatior®
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Hill et al. also studied the effects of various ternary alloys according to Luptoet all2, as well as that of Pt
substitutional alloying additions on the high-temperature ZGS, an oxide dispersion strengthened Pt alloy from
compressive strengths of Pt-Al-Z alloys (Z = Ti, Cr, Ru, Ta, Johnson Matthéy.
and Re), although the microstructures and Pt:Al:Z ratios of The strengthening effect achieved by precipitatiory’of
the alloys varietb. It was found that the Pt-Al-Z alloys had  particles is clearly seen in a considerable increase of the
higher strengths above 1150°C than the commercial Ni- stress-rupture strengthmRons300°c by a factor of 8 from
based superalloy MAR-M247. However, further work was 2.2 MPa for the pure Pt matrix to 17 MPa fogsftl 10:Cra.
necessary to elucidate the effects of the ternary alloying The strength of B&Al10:Crs alloy (which contains 97.2 per
additions on the high-temperature mechanical properties of cent Pt by weight) is also higher than the solution
Pt-Al-Z alloys, because differences between the strengthened Pt-based alloys, Pt-10 weight per cent Rh and
microstructures of the alloys tested made it difficult to Pt-20 weight per cent Rh. Alloying 30 weight per cent Rh is
isolate the influences of the ternary additions and high- necessary to reach the strength of the allgy Alto:Cry,
temperature compressive strength does not equate to creemnd the exceptionally high price of Rh and enormous
strength. machining problems limit the practical use of Pt-30 weight

Susset al. investigated the effects of various alloying per cent Rh.
additions on the creep properties of Pt-Al-Z alloys at  The creep strengths of the Pt-based alloys at the very high
1300°CGL The ternary elements (Z = Ti, Cr, Ru, Ta, and Ir) temperature of 1300°C are higher than those of the Ni- and
were selected to improve the high-temperature mechanical Co-based superalloys, whose precipitates dissolve in this
properties and phase stability of the alloys, in accordance high-temperature regime, resulting in loss of strength. (No
with the findings of Hillet al10. The Pt:Al:Z ratios of the data are available to to show this, because this is well above
alloys tested were standardized to eliminate effects of the Ni- and Co-based superalloys application range.) The
differing Al contents. The properties of the Pt-Al-Z alloys creep strength of the dgtAl10:Z4 system is comparable to
were once again compared to those of PM2000. mechanically alloyed ferritic ODS alloys, for example

Figure 3 shows the stress-rupture curves of all the alloys PM2000, as shown in Figure 5.
tested. PM2000 has the highest strength of the alloys tested,
but the shallow slope of the stress-rupture curve indicates
high stress sensitivity and brittle creep behaviour. In

practice this means that PM2000 structures are likely to fail 30
in the presence of stress concentrations or short overload: —~ | Pt-Al-Ru
during usage. BfAl10:Crs possesses the highest strength of < 25
the investigated Pt-based alloys. § /
Figure 4 shows some selected creep curves (tested at 3 @ 20
MPa) for the four alloys. No primary creep stage could be § | PrAlr
observed for any of the three Pt-based alloys within the & 19
measurement error of the creep test facility. After E’ /
secondary creep, the Pt-based alloys undergo pronounce: § 10 Pt-Al-Cr
tertiary creep, leading to fracture strain values between 10 5, }
per cent and 50 per cent at 1300°C. For PM2000, it was not 1 ° f
possible to resolve different stages of the creep curves 04 PM2000
because of very low creep rates together with fracture
strains below 1 per cent (Figure 4). 0-0 05 10 15 20
Figure 5 shows the stress rupture lives of PM2000 and Time (h)
the most promising Pt-based alloygd?l10:Crs, together
with 10-hour stress-rupture strength values at 1300°C of Figure 4. Creep curves of PM2000 and the Pt-base alloys
several conventional solid-solution strengthened Pt-based Ptes:Al10:Z 4 tested at 1300°C and 30 MPa
60 ~ 1 I
N
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Time to failure (h) Figure 5. Stress-rupture lives at 1300°C of PM2000, Pt ZGS and
Ptge:Al 10:Cr 4 compared with stress-rupture strength values,
Figure 3. Stress-rupture curves of PM2000 and BEAl 10:Z 4 Rm/1on1300°c Of some conventional solid-solution strengthened
alloys at 1300°C in aiftt Pt-base alloyst
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Since Pgs:Al10:Crs was very promising with regard to The alloys were prepared by arc-melting the pure
high temperature strength and oxidation resistance, it was elements several times to achieve homogeneity. The
decided to test a quaternary alloy with Ru as addition. It Samples were then heat treated at 1350°C for 96 hours. The
was ultimately the objective to increase the volume fraction heat-treated samples were then cut in half, mounted and
of y' to enhance the alloy’s creep properties. More Al was Polished. The microstructures were subsequently examined
added in an effort to accelerate oxide scale formation ~ USing scanning electron microscopy (SEM) and, where
After one hour at 1350°C, a thin continuous oxide layer had Possible, the phases were analysed using electron dispersive
formed. After 10 hours’ exposure (Figure 6), the scale was X-fay spectroscopy (EDS). The hardness of the alloys was
already about three times as thick as that observed for measured using a Vickers hardness tester with a 10 kg load.
Ptgs:Al10:Cr4 after the same time period (Figure 2). Neither TV‘{O alloys, PtgiAl155RUz:Cra5 and PeisAliys
a zone of discontinuous oxides, nor any other internal R%5Cls, ?ad large greas of FN,_together with a f'?]e
oxidation, was observed. The increased Al content of the rglx.ijlreg _E:Pt) and ~Pt3A éFlg?rel 7af). ’?antt er,
alloys clearly accelerated the formation of a continuous pﬁgsellrhigihrre& VV\\I/%Sicio?;ptthee dggi;reedyrr?ic?oér;?uc\:,\tlg;e
layer and prevented mass loss due to volatilization. The (Figure 7b) '
main objective of the experiment was therefore achieved. .

X : N ) More alloys were produced to ascertain if the volume
However, in the long term the alloy’s oxidation might be  f 5ction of the ~P#Al precipitates could be increased. A

too severe. The alloy should ideally form a continuous peat treatment was conducted for 96 hours at 1350°C in air.
oxide layer quickly but then behave logarithmically with  gome oxidation took place and, due to the small size of the
regard to mass increase. samples, this caused loss of aluminium. There was no

The composition of the quaternary alloy needed to be improvement in the microstructure. The hardnesses of the
optimized so that the maximum proportion of the second alloys were measured and the results are given in Table I.
phase was achieved. Several alloys were therefore made upThe alloys were reasonably ductile, with no cracking
with this objectivés. Compositions were selected based on around the indentations, as was found in some of the earlier
the results of the ternary Pt-Al-Cr and Pt-Al-Ru systems. single-phase quaternary alléys

30um

1 hour 10 hours 500 hours

Figure 6. SEM images of the transverse sections of thegPAl 14:Cr 3:Ru3 alloy after exposure to air at 1350°C for an increasing amount of
timel4

(a) Pg15Al115RW5Cra 5 (b) PesAl11:RW:Crs

Figure 7. SEM micrographs, in back-scattered electron (BSE) mode, of the two types of two-phase alloys. (a) With primary sAP{dark
contrast) in a fine mixture of (Pt) and ~PtAl; (b) Fine mixture of (Pt) and ~P&Al15

332 PLATINUM ADDING VALUE



In an attempt to improve the microstructure of the alloys, hardness. Other work has already shown that its oxidation
a second heat treatment was conducted for 96 hours atresistance is better than the original ternary atfoys
1350°C, after which alloy RtsAl115RW 5Crs5 showed a The other part of the project is the development of a
clear, fine two-phase microstructure, possibly due to the thermodynamic database to facilitate the further
change in its overall composition. There was no primary development of these Pt alloys, while simultaneously
~PAl in evidence, so the overall composition is that of the developing the alloys further. This work will build on the
two-phase mixture: 85.2 +0.3 atomic per cent Pt, 7.1 +0.8 information already gleaned from prior work, and will also
atomic per cent Al, 3.1 £0.8 atomic per cent Ru and 4.6 extend the work to Pt alloys of higher order (i.e. alloys with
+0.1 atomic per cent Cr. Since the overall composition more components, such as Ni). The Thermo-Calc™
changed, the sample was redesignated @ARtRuz:Crs. program was chosen for the assessment of the phase
Figure 8 shows the microstructure of this alloy after the diagrams to derive the database because it is contains the
first and second heat treatments. It can be seen that theParrot module, which is the accepted verified optimization
precipitates in R:Al11:Rux:Crz (Figure 7b) are process for fitting phase diagrams to experimental data. The
approximately twice as large, but more well-defined than database comprises information on the different phases,
those of Pds:A7:Rus:Crs (Figure 8a) and two heat  which is stored as coefficients. Although other programs
treatments ( Figure 8) are available for calculating phase diagrams, currently only
The hardnesses after the first and second heat treatmentsThermo-Calc™ can be used to optimize data.
are compared in Table I. The hardnesses were lower after The Parrot module in Thermo-Calé™hat is being used
the second anneal. As has been shown before, it is possibleto optimize the database is based on that of S&akd
to obtain a (Pt) + ~BAIl microstructure in the quaternary  Spencer’s databa®e The intermetallic phases in the Al-Ru
alloysté. The volume fraction of ~BAl was estimated, and Pt-Al systems are not included in the current SGTE
using image analysis, to be approximately 25 to 30 per cent. database. Although a calculated phase diagram for Al-Pt
The highest hardness was found in the alloy without has been published by Wu and2djrthis was re-calculated
primary ~PAl. In the second batch of quaternary alloys, as Wu and Jin’s description did not exhibit any ordering in
there was no clear relationship between the hardness andthe PtAl phas@&l. They also described only one form of the
the composition or microstructure. The decrease in PtzAl phase, and since both the cubic and tetragonal
hardness after the second heat treatment is likely to be duestructures of this phase are important for this work, they
to the changes in composition due to oxidation. must both be included.
The best alloy to date is &tAl11:RW:Crs. It has the The Al-Ru system has also been optimized by the
required structure, no primary Al and reasonable group?l. Next, each ternary system will be optimized
individually (already started for Al-Cr-Ru), and then once
finalized, they will be combined for the quaternary.
Experimental work was completed on the ternary systems:

. Table | . Al-Cr-Ru22-24 Pt-Al-Rie5 and Pt-Cr-Res-28 while Pt-Al-
Vickers hardness of the two-phase quaternary alloys, using a 10 .
Cr is on the wap.

kg load, after annealing at 1350°@
Current and future work

Alloy Designation Hardness after first ~ Hardness after second . . .
anneal (H\o) anneal (H\o) The Pt-Al-Cr system is currently being studied and the
experimental phase diagram is being derived. The Thermo-
Pes Al RW:Cr 4305 403 £20 Calc™ program has been used to derive liquidus
EE;‘;Q:E"’RE:‘ZSZ-: jﬁiﬁ 2822;4 projections for the Pt-Al-Ru and Pt-Cr-Ru systems by
Plao €Al 10 €RUp £ Clits 419 + 22 41449 extrapolating from the calculated binary systems. The
Ploy oAl 11 £RU £Cl4 5 423+ 10 396 + 6 computer-calculated phase diagrams for the Pt-AI_-Ru and
Ptrg £Al105RUs 5Crs 5 417 +8 415 + 10 Pt-Cr-Ru have shown gOOd agreement with the
experimental results considering that no ternary data were

2um

First heat treatment RtsAl11.5RWb 5Cra5 Second heat treatmengBPAl7:Ruz:Crs

Figure 8. SEM BSE micrographs of alloy Pé1.5Al11 5Ru25Cr 4 5 after one, and two heat treatments
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input. These results are extremely encouraging becauseless encouraging (Figure 2@)However, before dismissing
they show that higher order systems can be fairly accurately the PGM-based alloys, several other facts have to be taken
calculated from the lower order systems, and this bodes into account. Firstly, there is the excellent corrosion
well for the development of the database for the Pt-based resistance exhibited in Figure 9. It is highly likely that the
materials. PGM-based materials will need much less complex

Additionally, more quaternary alloys will also be studied. coatings, and they might not even require coatings at all.
Results from the phase diagram work, together with This is a great safety saving, as well as an expense saving.
enthalpies from the single-phase or near single-phase Additionally, the Pt-based alloys are formable, and thus a
compositions calculated by Leeds University, UK, will be different component design could be developed to utilize
input to Thermo-Calc™ for optimization. the high strength but with less bulk of the matefial

Once the Pt-alloy database has been optimized againstAlthough the properties have not been measured, because
some quaternary alloys, other small additions, to improve of the fcc matrix structure and evidence from the hardness
the properties (as in nickel-based superalloys), will be and tensile test results, the fracture toughness, impact
included in the optimization. resistance and fatigue resistance are likely to be high for the

Ni has already been added to improve the solution Pt-based alloys.
strengthening of the matrix and the results are encouraging, The other materials in Figures 9 and 10 have other
although less solution strengthening was achieved than limitations, which must also be consideiedrhe silicon
hoped. A very fine mixture has been produced. Co is also carbide composites have relatively low strengths, even on
being added for solid solution strengthening. Extensive the density-normalized plot (Figure 9), although the impact
phase diagram work has been undertaken on the Pt3I-Co
and Pt-Al-Ni systen®- Additions have also been made that
improve the formability.

The binary Pts:Alys (atomic per cent) alloy was studied 100 T
using transmission electron microscopy (TEM) and the i Ni superalloy
precipitate phase was found to have a different structure
from that reported. It was a modified form of the'®0
structure with a different unit cell than the usual®®n
extensive TEM investigation was also carried out on
Ptgs: Al 10:X4 ternary alloys where X was Ru, Cr, Ta, Ti and
Ir32-38 The alloys had been subjected to low compressive
stresses at different temperatures: room temperature,
800°C, 1100°C and 1300°C. The ternary elements Ti, Cr
and Ta stabilized the higher temperature kttucture of
the PgAl phase, while Ru and Ir stabilized the lower 101
temperature modified DO type structure. Dislocation
networks on the {111} (close-packed planes) were 102

Nb-Si

Mo-11at.%Si-11at.%B

102

10t

100

Material Loss in 100 h ( pm)

associated with the precipitate/matrix interfaces, and these | AL 5006080

were found to vary with the different precipitate structures. ————r e

There were extensive hexagonal networks for the L1 1% 600 800 1000 1200 1400 1600
interfaces, whereas these networks were far less prominen Temperature (°C)

for the modified D@ precipitate/matrix interfaces. _ o _ _
Preliminary tensile tests have been undertaken on the Pt- F'gu:ﬁ ?'P’I"d?rthonﬁe‘ief_s'loln rf‘_tes of Sl'fletftefdrmgrt‘.'timﬂzrat”re
Al-Cr and Pt-Al-Ru and the best Pt-Al-Cr-Ru composition ateriais. fne materiallost 1s usuafly by formation and.
. spallation of a thermally grown oxide scale, or by evaporation
and the results are V(:T'ry en_couyag?_ng/lore tensile tests of the metal and oxide. The oxidation data were not
will be done. A TEM investigation is underway on these obtained under identical conditions, so the graph can
tensile test specimens so that the dislocations and their only be used as an approximate comparisé
mechanisms can be found, and also to compare these with
those of the high temperature-deformed specimens
described above. — e
. . . . ===Ni superalloy, tensile yiel
Diffusion studies are also being undertaken to assess the 300 =T} S Alloy &, comprasiive fracturetleld
mobility of the different components within the alloys, and ——Nb-Si MASC, tensile fracturelyield
to assess the stability of the microstructure over long times § 230 Nb-Si Alloy C Mo-Si-B, compressive fracturelyield
. m==SiC/SiC CMC, tensile yield
at hlgh temperatures' = Al,03/GdAIO3, flexural yield
~ DPH Pt-10Rh, tensile yield
=IrRhNbNi, compressive yield
==PtAlTa, compressive yield

%)

200
Comparison of the PGM-based alloys with other
targeted materials for high temperature applications

Some of the different PGM-based materials have been
compared, and stable two-phase structures have beer
obtained for alloys based on Pt, Rh an®.lThe PGM-
based alloys show excellent oxidation resistance with % °° SIESIcCMC RNNDNi
simple alloying, especially compared to other materials m
which are also being developed for high temperature 0;3 200 400 600 80'0 1000 1200 1400 1600 1500
applications (Figure 9) although the experiments were not Temperature (-C)

undertaken under identical conditidfsAlthough the

strengths are comparable with other competitors, once the Figure 10. Comparison of the density-normalized strength graph
strength is normalized against density, the results appear  for selected materials for high temperature application&

150
Ni superalloy

100
Nb-Si MASC

Density-Normalize Strength (MPa/(g/cm
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resistance and the high temperature stability are good. 4.

There are still problems in combating evaporation of;SiO
from the surface, although there has been good progress
with environmental-barrier coatings. However, the
manufacture of complex shapes needs to be optimized. The
range of Nb silicide composites has good oxidation

resistance, fatigue resistance, high-temperature strength and 5.

impact resistance. The fracture toughness is reasonable and
the material is castable. Good coatings have also been
developed for the composites. The only problem is
achieving the high oxidation resistance and high strength
for the same composition, so there still needs to be more
work undertaken. Molybdenum-silicon-boron composites
have exceptionally good high-temperature creep strength
and yield strength with good oxidation resistance above
~1000°C. However, the problem is that the oxidation
resistance at intermediate temperatures is poor, as are the
fatigue resistance, impact resistance and fracture toughness.
Additionally, the ease of manufacture is also poor. The
oxide—oxide composites (represented byQYIGdAIO3

on Figures 9 and 10) show excellent high temperature
strength and oxidation resistance together with reasonable
fracture toughness, but the thermal shock resistance is poor.
Thus, taking the good properties into account and even
considering the high density, the Pt-based alloys overall
have potential for application at high temperatures. The
price of Pt is high, but taking the ease of forming into
account, it has been estimated that the total price (i.e.
manufacturing plus material cost) of certain smaller sized
Pt-based turbine blades would be only twice that of a Ni-
based blad®.

Conclusions

It is possible to produce a fine two-phagg¢ structure in

the Pt-Al-Ru-Cr system, with precipitates of similar shape
to those in the nickel-based superalloy systems. The
composition of PdsAl11:Ru2:Crz is the optimum
composition because it has no primary phase. Development
of the Pt-Al-Ru-Cr thermodynamic database has
commenced. The Pt-based alloys show great promise for
high-temperature applications because although they are
expensive and dense, they have good mechanical
properties, including formability, and show good oxidation
resistance. There are other lighter and cheaper materials,
which are being researched, but all of these have some
drawback, and most are very difficult to manufacture.
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