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Abstract

Nickel-based superalloys (NBSAs) are constrained by the melting point of Ni for further increases in
application temperatures, and Pt-based alloys are candidates for replacement in at least some specialised
applications. Many experimental Pt-based alloys were manufactured and studied at Mintek. From the
ternary alloys, the best properties were exhibited by the Pt-Al-Cr and Pt-Al-Ru samples which had ~Pt;Al
precipitates in a (Pt) matrix. However, the precipitate volume fraction was not as high as in the Ni-based
superalloys. These ternary alloys were combined, and the Pts:Alii:Ru,:Cr; alloy was the optimum
composition so far, although the volume fraction still needs improvement. Thus, this work is an attempt to
increase the ~Pt;Al volume fraction in Pt-Al-Ru-Cr alloys, by varying compositions and heat treatments.

Initially, six alloys of different compositions were selected using the optimum composition as the basis.
These alloys were analysed in both the as-cast and heat treated conditions. The heat treatment comprised
two stages, first at 1500°C for 18 hours and quenched in water, followed by 1100°C for 120 hours and then
air cooled. Microstructural characterisation was carried out in an HR FEI Nova NanoSEM in BSE mode,
also using EDX and XRD. The as-cast alloys had (Pt) dendrites with a eutectic of (Pt) + ~Pt;Al, with
tetragonal ~Pt;Al precipitated in the dendrites. All heat treated alloys had precipitates of tetragonal ~Pt;Al
in a (Pt) matrix. The volume fraction of the precipitates varied, and the maximum proportion was 30 %. To
increase the volume fraction, more samples were made with 11 at.% Al. All of the 78 at.% Pt alloys had
more ~Pt;Al precipitates than the 80 at.% Pt alloys, and the Pts:Al11:Rus:Cr, alloy had no precipitates. In
both conditions, most of the alloys had high hardnesses and exhibited wavy slip.



1. Introduction

The first work undertaken on PGM-based superalloys was on Rh- and Ir-based alloys
[1996Yam, 1998Yam]. The rationale was that these elements not only have the fcc structure,
which could permit a similar microstructure to the NBSAs, but also have higher melting points
than the NBSAs — 1960°C and 2443°C for Rh and Ir respectively. Additionally, the alloys
based on Rh and Ir have superior environmental resistance. Strengths reaching a maximum of
200MPa at 1800°C were obtained [1996Yam]. The high potential application temperatures of
these alloys gave rise to the name “refractory superalloys” [1996Yam)].

Although attractive mechanically, the simple Ir binary systems have a number of drawbacks:
high density, restricted room-temperature ductility, relatively poor high-temperature oxidation
resistance (Ir forms volatile oxides above 1196°C), and, most significantly, the limited physical
supply of Ir in the world.

Studies of Ir-based superalloys have been extended to examine effects of alloying with Ni-
based superalloys (“cross alloying”) [2000Yul, 2000Yu2]. Subsequent work involved the
reduction of density and/or cost without diminishing the properties. The density was reduced by
substituting some iridium in Irss:Nbys with Ni, Mo, Ta, and W [2000Gu]. The best alloy was
Ir75:Nbis:Niyy (at.%), although it still had a high density compared with NBSAs and its
compressive ductility was ~5% at ambient temperature [1999Gul]. Ir-based alloys had higher
strength than the Rh-based alloys, but also higher density and lower ductility [1999Gu2]. Alloys
of composition (Ir,Rh);5:Nbs:Nijo (at.%) were manufactured, characterised, and subjected to
compression testing. All exhibited L1, precipitates and had melting temperatures above 1900°C.
They had high specific strength up to 1200°C, although this decreased at higher temperatures. The
best alloy, where the Ir:Rh ratio was 3:1, outperformed Ir-, Co-, and Ta-based alloys [2002Gu].

Unlike Rh and Ir, Pt enjoys relative abundance and excellent environmental resistance although
it has a more modest melting point (1772°C) than Ir. A Pt solid solution can be equilibrated with
an L1, phase in a number of systems [2000Wol]. The Pt-based alloys have already been
successfully applied in the aerospace and glass industries [1990Lup, 1988Wha]. For these
applications, exceptional chemical stability, oxidation resistance, high melting points, ductility,
thermal-shock resistance, and electrical or thermal conductivity counterbalance the exceptionally
high price of Pt. Pure Pt has relatively low mechanical strength; therefore, Pt is usually alloyed
with up to ~20% rhodium or up to about ~30% iridium. Pt alloys with more than 20% rhodium
or iridium are very difficult to process, and alloys with iridium contents of more than 20% tend
to embrittle when exposed to intermediate temperatures. Pure Pt and common solid-solution Pt-
rhodium alloys are highly oxidation resistant even at temperatures above 1000°C. Pt alloys
show small weight losses after long exposure to high temperatures due to evaporation of the
alloying element iridium. ODS Pt-based alloys are used for the most demanding applications at
temperatures of up to 92% of the melting temperature of the Pt matrix [2001Fisl, 1988Wha,
1990Lup].



Following the success of the two-phase structures in iridium- and rhodium-based refractory
superalloys [1996Yam, 1998Yam], a two phase microstructure in Pt-based alloys was attempted.
Since Pt has the same structure as nickel and a similar chemistry, a Pt-based superalloy analogous
to NBSAs was considered possible, but with a higher melting point (1769°C for Pt, compared with
1455°C for nickel) and improved oxidation resistance [1996Yam, 1997Yam, 1998Yam)].

A programme was initiated at Mintek and the University of the Witwatersrand, together with other
institutions to develop a range of Pt-based superalloys [2001 Hill]. The alloys came to be based
on a microstructure comprising ~Pt;Al in a (Pt) matrix, analogous to the NBSAs. The best ternary
alloys were Pt-Al-Cr and Pt-Al-Ru, and a quaternary was targetted from a combination of these
alloys [2001 Hil2, 2002Cor]. Chromium stabilized the cubic L1, ~Pt;Al precipitate, and Ru gave
solid-solution strengthening to the (Pt) matrix. Experimentation gave Ptss:Ali;:Ru,:Crs as the best
composition with a reasonable proportion of precipitates (Figure 1) and good properties, including
HVyoof 472 + 14.
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Figure 1. SEM-BSE micrograph showing Ptss:Ali1:Ru,:Cr; (at.%) with ~Pt;Al (dark contrast) in a (Pt)
matrix [2002Cor].

There were further studies to increase the precipitate volume fraction [2002Cor]. Heat treatments
were conducted on the quaternary base alloys at 1150°C, 1250°C, 1350°C, and 1450°C for 96 h to
verify that the microstructure could be optimised [2003Cor].

Later work at Mintek by Stiss et al. [2006Siis], compared the Pty:Ali1:Crs:Ru:Cos and
Ptss:Al;1:Crs:Ru, alloys to increase the volume fraction ~Pt;Al. Samples were heat treated at
1350°C and 1400°C, and cooled in three different ways: furnace cooling, air cooling and water
quenching. They were examined using a High Resolution (HR) FEI Nova NanoSEM. There
were reasonable volume fractions of 100-200 nm particles for furnace or air cooling from
1350°C. Furnace cooling from both temperatures also promoted the formation of ogdoadically-
diced precipitates. Water quenching from either 1350°C or 1400°C yielded low volume
fractions, unless the precipitates were too small to be observed.



Work has also been done at the Universities of Jena and Bayreuth, Germany. In the
investigations by [2005Wen, 2004 Vor], alloys with 10-13 at.% Al, 3—6 at.% Cr, 6 at.% Ni and
balance Pt, showed similar two—phase microstructures to the Pt—Al-Cr—Ru alloy and lattice
misfits similar to conventional NBSAs. A two—phase structure with cuboidal and L1,—ordered
~Pt;Al precipitates of about 300nm size were generated by controlled cooling after
homogenization heat treatment [2004Vor]| reported a ~Pt;Al volume fraction of about 50% in an
alloy with 12 at.% Al, 6 at.% Cr, 6 at.% Ni and balance Pt. The ~Pt:Al morphology was
between spherical and cuboidal. Nickel was added in various amounts as a potential solid—
solution strengthener and also to lower the density and price of the Pt—based alloys [2005Wen].
The aluminum and nickel contents in the Pt—Al-Cr—Ni quaternary system were optimised to
ensure a high ~Pt;Al volume fraction and cuboidal ~Pt;Al morphology. It was found that
chromium increased the ~Pt;Al volume fraction and decreased the absolute value of the lattice
misfit between (Pt) and ~Pt;Al. Partitioning of chromium to the (Pt) matrix phase in Pt—Al
based alloys was found by several researchers [2001Hil2, 2005Wen]. The Goldsmith radius of
chromium (1.25A) is smaller than that of Pt (1.38A) and aluminium (1.44 A). Therefore,
increasing chromium content should more strongly decrease the lattice parameter of the matrix
rather than that of the ~Pt;Al phase, and hence decrease the absolute value of the lattice misfit.
A similar influence on the misfit by adding nickel (atomic radius 1.24A) to Pt-Al-Cr-Ni alloys
was also found previously by [2005Hiil].

The quaternary Ir-Nb—Pt—Al system has been studied [2003Hua, 2004Hual, 2004Hua2,
2005Hua], and an fcc/L1, two—phase structure exists in both Pt—Al and Ir-Nb binary systems
and the lattice parameters of L1, phases (Ir;Nb and Pt;Al) are similar. However, in the Pt—Al
binary system [1990Mas], two different crystal structures of Pt;Al phase exist: the high
temperature form of L1, and the low—temperature form of the distorted L1, structure DO’c. The
solubility of Nb in the L1,—Pt;Al phase could not be obtained directly in the ternary alloy 86Pt—
10Al-4ND (at.%) because of the small size of the phases. Nb and Ta indicates that Nb and Ta
have the similar atomic radii as Al and a similar electronic structure (being in the same group in
the periodic table ), which should give similar solubility characteristics. The solubility of Ta in
Pt;Al was 5 at.%; accordingly, a similar solubility is expected for Nb. No phase transformation
was detected [2004Hua2, 2005Hua], which indicated that the L1,—Pt;Al structure was stabilized
to room temperature in the [-Nb—Pt—Al system, which was attributed to Nb.

2.Experimental Procedure

Alloy buttons of mass 2g were prepared from Pt, Al, Cr and Ru of at least 99.9 % purity. The
combined elements were melted in an arc-furnace in an Ar atmosphere using a Ti oxygen
scavenger with a water-cooled copper hearth. Each button was turned over and re-melted at
least two times to ensure thorough mixing of the elements. The alloys were named according to
their nominal compositions in atomic percent. Mass losses during melting were monitored, and
were found to be around 1 %. The Ptss:Aljss:Ru2:Crss showed the most mass loss during melting



(1.5 %), and EDX confirmed that the alloy had the highest losses of Al, explaining the lost

mass.

The as-cast alloy buttons were cut into two halves using a STRUERS automatic cutting machine
and an Accutom® cutting wheel. One half of each sample was examined in the as-cast condition,
while the other half was heat treated. Heat treatments were carried out in air in a Lenton muffle
furnace at 1500°C for 18 hours, followed by a quench in water; then annealing at 1100°C for

120 hours and air cooling.

All samples were prepared for metallographic examination by mounting and grinding to 1200
grit on SiC paper. The samples were then polished using diamond impregnated cloths of 3um
down to 1um followed by an oxide polishing (OP-S). In the latter, polishing is achieved through
a combination of chemical treatment (the solution has a pH of 8) and gentle abrasive action, thus

allowing selective polishing of the softer phases which makes etching unnecessary.

Microstructural examination of the samples was performed in a High Resolution (HR) FEI Nova
NanoSEM at Mintek. The samples were imaged using backscattered electrons, and Energy
Dispersive X-ray Spectroscopy (EDX) was undertaken. A working distance of 6 mm was used.
The electron beam detector was set to analyze each spot area for 100 seconds. The analyses
quoted are the average of at least four determinations on different areas. X-ray diffraction was
used to confirm the phases identified, using Philips (PW 1710) diffractometer, with a Cu-Ka
source. Spectra analysis was done using X Pert HighScore Philips Software.

Hardness measurements on both as-cast and heat treated samples were carried out on a Vickers
hard tester using a 10kg load. The analyses quoted are the average of at least five
determinations on different areas. Photographs of the hardness indentions were taken using an
optical microscope to obtain a qualitative evaluation of the alloys’ toughness, and where visible,
the slip modes.

3.Results

The samples were manufactured in two batches, the first was to ascertain the effect of Pt and
aluminium content around a fairly wide spread composition, and the second was to study the
effect of Cr:Ru ratios within two fixed Pt:Al contents. The microstructures of the as-cast and
heat treated alloys are given in Figures 2 and 3 for both batches. Scratches can be seen on the
microstructures, because sample preparation was difficult and needed longer polishing times. In
all the as-cast microstructures there were dendrites of (Pt) with an interdendritic eutectic
comprising (Pt) + ~Pt;Al. In some cases, the dendrites were cored, for example in nominal
samples Ptso:Alis:Ru;:Crs and Ptss: Al :Ru,:Cr; of the first batch, and especially for all the alloys
of the second batch. The eutectic had a very fine structure, probably originating from both the
binary eutectic and eutectoid reactions (Figure 2 and 3) and tiny cuboid precipitates were seen
within the dendrites (Figure 4). In backscattered imaging, the eutectic was usually darker than
the dendrites, but in the nominal Ptss:Al;:Rus:Crs and  Pts::Alix:Ru,:Crs samples, the eutectic



contrast was between the contrasts of the cored dendrites. The dendrite arm spacing was
estimated and is given in Table 1, together with the proportions of the eutectic, which was
obtained using 10 grid placements. Image analysis was not used because the phase contrast was
insufficient.

The heat treated samples showed ~Pt;Al precipitates in a (Pt) matrix (Figure 2 and 3), although
in some cases, these were difficult to discern, for example, nominal Ptss:Aliss:Ru,:Crys,
Ptso:Alis:Rus:Crs and Ptrs:Aliss:Ru,:Crss. Some of the ~Pt;Al precipitates were aligned in the
second batch of samples, these included nominal Pts:Ali2:Ru::Crs and Ptss:Al7:Rus:Crs. Also
some precipitation on grain boundaries and sub-grain boundaries was seen, for example in
nominal Ptss:Alii:Ru,:Crs. The average precipitate sizes and precipitate volume fractions were
derived (the latter from 10 grid placements) and are provided in Table 2.

The EDX analyses are given in Table 3. There was some loss due to evaporation on melting.
The Ru and Cr mainly partitioned to the dendrites, although there was some Cr in the eutectic.
The results of the hardness tests for both conditions are given in Table 4. The hardnesses
quoted are the average of at least five indentations on different arcas. Examples of the
indentations of one alloy in both conditions are given in Figure 5, together with
Ptso:Alii:Rus:Crs which showed some unusual cracking and Ptso:Alii:Rue:Crs which showed
some pincushioning. There were also cases of barrelling. Barrelling was observed in most of
the samples compared to pincushioning. Cracking around indentation is an indication of
brittleness, while the slip mode around indentations shows whether the alloy has reasonable
toughness by planar slip or wavy slip indicating much better resistance.

_As-cast Heat treated

Nominal Ptss:Aliss:Ruz:Crys Nominal t7g:A115_5:Ru2:Cr4_5

Figure 2. HR-SEM micrographs in BSE mode of the first batch of samples. As-cast samples show (Pt)
dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).



Figure 2. Continued.

As-cast Heat treated

Nominal Ptgo:Ali4:Ru;:Crs Nominal Ptgo:Alis:Ru;z:Crs

Nominal Ptg:Al;;5:Rup5:Crys Nominal Ptg: Al 5:Ruz5:Cras

Nominal Ptg,:Alj»:Ru,:Cry Nominal Ptg,:Al;»:Ru,:Cry

Figure 2. HR-SEM micrographs in BSE mode of the first batch of samples. As-cast samples show (Pt)
dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).



Figure 2. Continued.

As-cast Heat treated

oinal Ptgq:Alj1:Ru,:Crs Nominal Ptgs:Ali1:Ruy:Crs

Nominal Ptgs:Al;:Rus:Crs Nominal Ptgs:Al;:Rus:Crs

Figure 2. HR-SEM micrographs in BSE mode of the first batch of samples. As-cast samples show (Pt)
dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).

Heat treated

As-cast

. Nominal Pt78:A1|5‘5ZRU2ZCI'445 Nomial t782A1|5,5:R112:CI'4.5 .
Figure 3. HR-SEM micrographs in BSE mode of the second batch of samples. As-cast samples show (Pt)

dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).



Figure 3. Continued.

As-cast

142R113ZCI'3

inal tgo:A

. Ninal 1ZA111_112_5:CI'4_5

inal Ptgz 1122R112 II'4 ]

Heat treated

Noial o:A114:Ru3:C3 .

Nomial 1ZA111_:R2_5:4_5

Nominal Pty:Al:RusCrs

Figure 3. HR-SEM micrographs in BSE mode of the second batch of samples. As-cast samples show (Pt)
dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).



Figure 3. Continued.

As-cast Heat treated

minal tg4:A111:Ru2:Cr3

Nomia 342A111:RL122C3 .

ominal t35:17:u3 :r5

Noia 35:A17:u3:Cr5 ]

Figure 3. HR-SEM micrographs in BSE mode of the second batch of samples. As-cast samples show (Pt)
dendrites (usually lighter) and the (Pt) + ~Pt;Al eutectic. Heat treated samples show ~Pt;Al precipitates
(dark) in a (Pt) matrix (light).

nominal Ptg: Alip:Rup:Cry eep nominal Ptga:Alii:Rup:Crs keep

Figure 4. SEM-BSE micrographs showing the stucture of the eutectic/eutectoid and the

cuboid precipitates within the dendrites.
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slip, cracking and barrelling

Ptgo:Ali1:Rus:Cry in the as-cast condition showing

cracking, wavy slip and slight barrelling

Ptgo:Ali4:Rus:Crs in the as-cast condition showing

Ptgo:Ali1:Rue:Cr3 in the as-cast condition showing
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minor wavy slip and pincushioning

Figure 5. Hardness indentation micrographs for selected samples.

Table 1. Dendrite arm spacing and eutectic proportions of the as-cast samples.

Nominal Alloy (at.%) Average dendrite arm spacing Eutectic Pr_oportion
(um) (Fractions)
Pt732A115‘5IR1122C1‘4,5 83+1.5 48 + 12
Ptso:Alis:Rus:Crs 50+1.0 2+1
Ptg;5:Ali15:Ru5:Crys 85+1.5 16 £ 15
PtszIAllziRuzicm 10.7+1.0 20+9
Pt34ZA111:R1122CI‘3 10 + 10 7 + 5
Ptgs:Al;:Ru;:Crs 83+£20 11+6
Ptgo;A111:Ru5:CI'4 28 + 1 8 + 5
Ptso: Alj1:Ru;:Cry Could not be 6+4
measured
PtsolAlniRllsiCh C?IIL]SSEI(‘);CII)C 13+£5
Pt73:A111:Ru5:Cr6 9+1 10+ 10
Pts:Alj1:Ru;s:Crg 11+1 6+6
Pts:Alj1:Rus:Cr; Could not be 8+8
measured
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Table 2. Average precipitate sizes and precipitate volume fractions of the heat treated samples.

Nominal Alloy (at.%) Average precipitate sizes ~Pt:Al Prgportion
(um) (Fractions)
) o Precipitates Precipitates
Play: Aliss:Ruz:Cras indiscernible indiscernible
Pteo: AlLRus:Crs .Prt?cipita.tes .Pre.cipita‘tes
indiscernible indiscernible
Ptsis:Ali1s:Rus5:Cras ~0.5 12+6
PtgzIAl]leUQICM ~ 05 10 +5
Pt34ZA111:RL122CI'3 ~0.5 12+£5
Ptgs:Al;:Rus:Crs ~1 27+6
o Precipitates Precipitates
Ptso.Alii:Rus:Cry indiscernible indiscernible
PtgoIAl]]IRU3ICI'(, ~ 1 10 +5
PtgoZAllllRUGZCI'3 ~1.5 6 + 4
Ptss:Alj:Rus:Crs ~0.5 24+3
Pt73:A111IRU3:CI'x ~ 15 20 + 3
Pt7gIA111IRU3:CI'3 ~1 10 + 005
Table 3. EDX analyses of samples and phases (at.%).
Sample Condition | Al (at.%) | Ru (at.%) |Cr (at.%) | Pt (at.%) Phase
11.5+0.7 1.7+0.8 4.1+0.5 82.7+ 0.6 Overall
As-cast 19.5+04 0.7+0.0 22+0.2 77.6 +0.3 (Pt) + ~Pt;Al
Ptss:Aliss:Rus:Crys 9.6+ 0.7 1.7+0.2 54+0.3 83.3+04 (Pt)
12.6 £0.5 1.1+£0.3 4.5+0.6 81.8+0.8 (Pt) + ~Pt;Al
Heat treated 9.8+0.7 1.5+0.3 3.8+0.8 84.9+0.5 Overall
12.7+0.5 2.1+0.8 2.8+0.8 82412 Overall
As-cast 19.2+0.7 0.7+0.6 1.6+0.6 78.5+0.3 | (Pt)+~Pt;Al
Ptgo:Alis:Ru;:Crs 10.6 = 0.8 32+0.9 3.8+0.5 824+1.2 (Pt)
145+1.6 1.7+0.3 1.9+0.6 81.9+1.9 (Pt) + ~Pt;Al
Heat treated 8.6+0.8 2.0+£0.6 24+09 87.0+0.7 Overall
11.7+0.3 1.7+0.2 39+0.2 82.7+0.3 Overall
As-cast 20.2+0.7 0.7+0.3 14+0.2 77.7+£0.6 | (Pt)+~Pt;Al
8013 25+03 | 50+04 | 845+07 (PY)
Ptsis:Aliis:Rus5:Cras 13.0+ 0.8 1.2+0.2 3.1+0.2 82.7+ 0.6 (Pt) + ~Pt;Al
8.6 £0.5 1.4+0.1 3.8+0.1 86.2+0.5 Overall
Heat treated | 21.6+0.3 0.5+0.3 1.6 0.1 76.3 £0.1 ~Pt;Al
85+0.5 12+02 3.6+02 | 86.7+0.2 (Pt)
11.2+04 1.8+0.3 35+04 83.5+0.6 Overall
As-cast 18.3+0.1 0.6+0.2 1.4+0.3 79.7+0.2 (Pt) + ~Pt;Al
10.4+0.7 1.8+0.1 25+0.3 85.3+0.8 (PY)
Ptgr:Aljz:Ruy:Cry 12.1£0.3 1.1+0.4 20+£0.2 84.8+0.5 (Pt) + ~Pt;Al
10.3+0.3 09+0.6 35+04 85.3+0.5 Overall
Heat treated | 20.7+04 0.5+0.2 1.9+0.1 76.9 £ 0.4 ~Pt;Al
6.2+0.3 2.2+0.1 46+02 | 87.0£05 (P)
10.0+0.5 1.6+ 0.6 2.7+£0.2 85.9+0.8 Overall
As-cast 179+ 0.4 0.7+0.5 1.2+0.1 80.2+0.6 | (Pt)+~Pt:Al
9.1+0.5 1.4+03 24+0.1 | 87.1+0.9 (Pt)
Ptgs:Al11:Ru,:Crs 14.2+0.2 0.8+0.7 1.6 +0.4 83.4+0.5 (Pt) + ~Pt;Al
8.7+0.2 1.8+0.2 27+04 86.8 £ 0.5 Overall
Heat treated | 22.1+£0.3 0.5+0.3 1.3+0.3 76.1 £0.5 ~Pt;Al
72+0.7 24+02 27+0.1 | 87.7+0.9 (Pt)
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Table 3, Continued. EDX analyses of samples and phases (at.%).

Sample Condition | Al (at.%) | Ru (at.%) |Cr (at.%) | Pt (at.%0) Phase
61+04 | 09+03 | 35+04 | 89.5+0.6 Overall
As-cast 137401 | 06+02 | 1.4+03 | 843+02 | (Pt)+ ~PGAI
s-cas 29403 18404 | 49+02 | 90.4+0.5 (PY)
Ptss: Aly:Rus:Crs 76407 | 08+0.1 | 25:03 | 89.1£0.8 | (Pt)+~PGAl
41+06 16+03 | 41203 | 902+023 Overall
Heat treated | 14.1+£0.2 0.7+0.2 1.8+0.1 83.4+0.2 ~Pt;Al
53+04 1501 | 41+0.1 | 89.1+04 (PY)
8.9+03 42402 | 47+05 | 822+0.3 Overall
18207 | 02+03 | 12402 | 80.6+0.6 | (Pt)+~PGAI
Cored (Pt)
- 51+0.8 9.9+02 | 3.8+0. 2+0.
Pth:AIH:Russz AS cast 802 81.2£0.6 darker
8808 | 0703 | 2206 | 883+04 C‘l’irgegtgt)
Heat treated | 8.9+0.8 39406 | 3.1+09 | 84.1+0.7 Overall
8.6+0.5 28+08 | 41+08 | 845+12 Overall
177407 | 02+06 | 22+06 | 79.9£03 | (P)+~PLAl
As-cast 46+1.6 77+03 | 1.9+0.6 | 85.7+0.8 C((’ir:r‘li(gt)
Pth:AIH:Rug:Cm 81407 08+05 54403 85.8+ 0.6 Cored (Pt)
) ' ) ) ) ) ) ) lighter
8.1+£0.2 28+0.2 5.7+£04 83.4+0.5 Overall
Heat treated | 21.6+0.3 0.7+0.3 2.9+0.3 74.8+0.5 ~Pt;Al
90+0.7 | 28+02 | 41+0.1 | 84209 (PY)
7.9+0.5 47406 | 58+02 | 81.6+08 Overall
18204 | 02+05 | 12403 | 80.6+0.6 | (Pt)+~PGAI
As-cast 5202 | 100£07 | 2904 | 81.9+0.5 C%frigt)
Ptso: Alir:Rug:Crs 120407 | 06+05 | 3.0£08 | 44403 | Cored(®Pt
0=0. 6+0. 0+0. A4+0. lighter
78+0.6 | 48+03 | 3.6+03 | 83.8+03 Overall
Heat treated 18.9£0.2 0.8+0.2 2.1+0.1 782 +0.2 ~Pt;Al
78+0.4 17201 | 51+01 | 85404 (PY)
99+07 | 37+08 | 44+05 | 82.0+06 Overall
18104 | 030+£00 | 23402 | 79.4+03 | (PO +~PLAl
As-cast 51405 | 77+03 | 49+06 | 824+08 C‘:{;‘ll(gt)
Ptys: AliiRus:Cre 104£04 | 06+02 | 51207 | 839x04 | Cored(®)
440, 6+0. 1+0. 9+0. lishter
9.0+0.2 34+02 | 62+04 | 81.4+05 Overall
Heat treated | 19.9+03 | 0.6+03 | 28+03 | 76.7+0.5 ~PGLAI
87+0.7 | 27+02 | 42+0.1 | 84.6+09 (PY)
94+04 | 49+03 | 3.1+04 | 82.6+06 Overall
182+01 | 02+02 | 1.2+03 | 80.6£02 | (PO)+~PLAl
As-cast 62403 91404 | 32402 | 81.5+0.5 C(zlr:r‘]i(gt)
Prs:Alii:Rus:Crs 109407 | 07203 | 32206 | 852x04 | Cored(P)
9+0. 7+0. 2+0. 24+0. lishtor
8.0+0.3 22+06 | 71:04 | 825+05 Overall
Heat treated | 19.7+04 | 05+£02 | 25+0.1 | 77.3+04 ~PGAL
7.1+0.3 21401 | 60£02 | 84.7+0.5 (PY)
92+04 | 49+03 | 31+04 | 82.8+06 Overall
190£0.1 | 02+02 | 12+03 | 79.8+02 | (Pt)+~PGAl
As-cast 44407 | 11601 | 3.6=03 | 80408 C‘(’ifr‘li(gt)
Ptrs: Alii:Rug:Crs 127407 | 07+0.1 | 23403 | 843+08 C(l’irge}‘litgt)
8.6+0.5 4.6+0.1 49+0.1 81.9+0.5 Overall
Heat treated | 20.5+0.3 0.4+0.3 1.9+0.1 77.2+0.1 ~Pt;Al
103£05 | 25+02 | 48+02 | 82502 (PY)
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Table 4. Hardness values (HV o) and deformation modes of as-cast and heat treated

samples.
As-cast Heat treated
Alloy Hardness Deformation Hardness Deformation
(HV1) mode (HV1) mode

Ptrg:Aliss:Ru,:Cry s 453 £26 Wavy slip 164 +£5 Wavy slip
Ptgo: Alis:Rus:Cr; 390 + 25 Wavy slip 361 +24 Wavy slip
Ptg1s:AlisiRuzs:Cras 399 +20 Wavy slip 391 +24 Wavy slip
Ptsy:Ali2:Rup:Cry 367+ 16 Wavy slip 378 +4 Wavy slip
Ptsa:Ali1:Ru,:Cr; 348 £53 Wavy slip 395427 Wavy slip
Ptss:Al;:Rus:Crs 207 +9 Planar slip 380+ 17 Wavy slip
Ptso.Ali1:Rus:Cry 409 + 19 Wavy slip 247+ 13 Planar Slip
Ptso:Ali1:Ru3:Crs 330+ 30 Wavy slip 237 +22 Planar Slip
Ptso: Ali1:Rue:Cr; 383+£23 Wavy slip 226+9 Planar Slip
Ptss:Alj1:Rus:Crs 363 +£27 Wavy slip 357+4 Planar Slip
Ptss:Alj1:Rus:Crs 367 + 36 Wavy slip 354 +£26 Planar Slip
Ptss:Ali1:Rus:Cr; 413+ 18 Wavy slip 396 £ 17 Planar Slip

4.Discussion
4.1. Microstructure

The compositions of the first batch of samples were selected using the original optimum
composition (Ptss:Al;1:Ru,:Cr;) [2002Cor]. The Pt and Al contents were varied to evaluate the
effect of both elements on the as-cast and heat treated samples microstructures, with Ru and Cr
being kept similar for each of the samples.

All the as-cast samples were fairly homogenous as shown by the similarities of their edge and
centre microstructures and compositional analyses. The proportion of the dendrites was higher
than the eutectic phase and the dendrite proportion increased with increasing Pt content and
decreasing Al content. Some ~Pt;Al precipitates were observed in the dendrites, particularly
close to the dendrite edges. The precipitates were coarse on the dendrite edges and finer
towards the centre of the dendrites for all alloys, and the majority were rounded in shape. This
was unexpected since Tshawe et al. [2006Tsh] observed cubic precipitates. The largest
precipitates were approximately 500 nm, and the finest observed approximately 50 nm. A
lighter phase within the dendrites was seen in all alloys, with its presence being more
pronounced in nominal Pts;:Ali2:Ru,:Crs and Ptgs: Ali:Rus:Crs.

Aluminium was found to partition mostly to the interdendritic eutectic ((Pt) + ~Pt;Al) with

limited solubility in the (Pt) phase. The solubility range of Al was 13 to 22 at.% in the eutectic,
and 3 to 11 at.% Al for the (Pt) dendrites. Ruthenium and Cr had limited solubility in the ((Pt) +
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~Pt;Al) eutectic, and partitioned preferentially to the (Pt). The solubility ranges were 0.5 to 0.7
at.% Ru and 1.2 to 1.7 at.% Cr for the eutectic, and between 1.4 to 3.2 at.% Ru and 2.4 to 5.4 at.
% Cr for the (Pt) phase.

Similar to the as-cast samples, the heat treated samples were also fairly homogenous.
Ptss:Aliss:Ruz:Cryas and Ptgo:Alis:Rus:Crs had the finest ~Pt;Al precipitates, which were very
difficult to discern in the HR-SEM. The rest of the samples (Ptsi:Aliis:Rups:Cras,
Ptso:Alia:Ru:Crs, Ptss:Al:Ru,:Crs and Ptss:Al;:Rus:Crs) had visible rounded precipitates. A
lighter apparent third phase was also observed in the (Pt) matrix.

Considering the alloys’ compositions, the results suggest that higher Cr contents stabilise the
~Pt;Al phase. The average precipitate size for the samples was approximately 1 pm. Nominal
Ptss:Al7:Rus:Crs had the highest proportion of ~Pt;Al. For the first batch of samples,
Ptss:Al;:Ru;:Crs was the most promising alloy with the highest volume fraction of ~Pt;Al

The overall compositions for heat treated samples were different from the as-cast samples
(Table 4). A marked decrease in Al was seen in all heat treated samples and was expected, since
some Al could have been lost by evaporation. Aluminium was found to partition mostly to the
~Pt;Al precipitates with limited solubility in the (Pt) phase. The solubility range of Al was 14 to
22 at.% in the precipitates, and 5 to 8.5 at.% Al in (Pt). Ruthenium had an extremely limited
solubility in the ~Pt;Al precipitates and partitioned almost exclusively to (Pt). Chromium
showed solubility in both phases, but partitioned preferentially to (Pt). The solubility ranges of
Ru and Cr were found to be 0.5 to 0.7 at.% Ru and 1.3 to 1.8 at.% Cr for the precipitates, while
for (Pt) phase it was between 1.2 to 2.4 at.% Ru and 2.7 to 4.6 at.% Cr. The solubility of Al in
~Pt;Al decreased with Ru and Cr additions (Figures 6 to 7).

22.5

2154

20.5 4

19.5 A

18.5 ~

17.5 A

At.% Al in Pt3Al

16.5 A

15.5 A

14.5 A

13.5 T T T T T T T
15 1.7 1.9 21 2.3 25 2.7 2.9 31

At.% Ru

Figure 6. Solubility of Al in ~Pt;Al with Ru additions in first batch of samples.
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Figure 7. Solubility of Al in ~Pt;Al with Cr additions.

For the first batch of alloys, Ptss:Al;:Rus:Crs was found to be the most promising alloy with a
high volume fraction of ~Pt;Al precipitates and with reasonable hardness. However, the alloy
had a high Pt content, which is expensive. It also had a low content of Al (7 at.%) which could
allow oxidation, since Mintek’s work [2000Hil, 2001Siis] has shown that about 11 at.% Al is
needed to establish the thin protective oxide coating at high temperatures. Thus, in an attempt to
increase the volume fraction of precipitates at low Pt content with an Al content higher than 7
at.%, a second batch of alloys was manufactured. A total of six different alloy compositions
were made with 11 at.% Al, with three samples of 80 at.% Pt and another three of 78 at.% Pt,
and for both sets, the Ru and Cr contents were varied. Keeping the Al content constant (for six
samples) and the Pt content constant (for three samples) and varying the Ru and Cr contents
would allow the effects of both elements (Ru and Cr) on the microstructure to be studied.

The second batch of the as-cast samples was similar to the first batch, although coring was more
prevalent, and all samples were homogenous. In all samples, the proportion of the dendrites was
higher than the eutectic phase.

The heat treated samples were fairly homogeneous and comprised ~Pt;Al precipitates in a (Pt)
matrix, except PtsoAl;1RusCrs where the precipitates were too fine to be clearly seen, and the
Ptso:Alii:Rus:Crs and Ptso:Ali:Rue:Cr; alloys were also fairly difficult to discern. XRD
confirmed the presence of tetragonal ~Pt;Al for all samples. An apparent lighter third phase in
the (Pt) matrix was observed in some samples, but was too small for reliable EDX analysis and
appeared to be either contamination, or an edge effect. Sub-grains were also observed, and
precipitates formed on grain boundaries and sub-grain boundaries. The morphology of the
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majority of the precipitates was rounded, although a few cubic precipitates were observed in all

samples. The average precipitate size was about 2 pm.

Comparison of the precipitate volume fractions shows that they increased with decreasing (Pt)
content, contrary to the results obtained in the first batch of alloys. The contrary behaviour may
be due to the content and ratio of Ru:Cr, since the first batch of alloys had low contents of Ru
and Cr. The Cr content is high for Pts;s:Alii:Rus:Crs, similar to the observation made in
Ptso: Ali1:Rus:Crs. Consequently, it can be noted that 6 at.% Cr is possibly the optimum required
to obtain a high volume fraction of precipitates (Figure 8). A further comparison of these alloys
(Ptzs:Ali1:Rus:Crs and Ptso:Alii:Rus:Crs) shows that a decrease in Pt and an increase in Ru
resulted in a higher volume fraction of precipitates (Figure 9). In the first batch of alloys,
Ptss:Al;:Rus:Crs had the highest volume fraction of precipitates and the Cr content is close to 6
at.% Cr. Comparing the three alloys (Ptss:Alii:Rus:Cre, Ptso:Ali1:Rus:Crg and Ptss: Aly:Rus:Crs)

indicates that the optimum Ru content is possibly close to 3 at.%.

60

50 1 3

+ 78 at.% Pt

30 A
= 80 at.% Pt

20 A u

Pt3Al Volume fraction

10 A

0 = T T T T
2.5 35 4.5 5.5 6.5 7.5

Actual Cr content (at.%)

Figure 8. Relationship between ~Pt;Al volume fraction and Cr content.
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Figure 9. Relationship between ~Pt;Al volume fraction and Cr content.

4.2. Mechanical Properties

The Ptss:Al;:Rus:Crs alloy had a planar slip mode, which was different from the first batch of as-
cast samples, probably due to its low hardness relative to the other alloys. Three of the heat
treated samples (Pts:Aliss:Rus:Cras, Ptso:Alis:Rus:Crs and Ptsis:Aliis:Rups:Crss) decreased in
hardness compared to the as-cast samples. Ptss:Aliss:Ru,:Crss had the largest decrease of about
290 HVio. The other three samples (Pts::Ali2:Ruz:Crs, Ptss:Ali:Ru,:Cr; and Ptgs: Al7:Rus:Crs)
increased in hardness compared to the heat treated samples (Table 4). All samples had wavy
slip. It was not possible to deduce any trend between the Pt content and the hardness of the heat
treated samples.

Relating the hardness to the microstructure, heat treated alloys with higher precipitate volume
fractions and coarser ~Pt;Al precipitates  (Ptgis:Aliis:Ruzs:Cras,  Pts2:Alin:Rup:Cry,
Ptss:Alii:Ru,:Crs and Ptss:Al;:Ru;:Crs) had higher hardnesses than the two samples with very
fine, difficult to discern precipitates. The difference between the highest hardness value and that
of Ptss:Al7:Rus:Crs was 15 HVyo. Thus, Ptss:Al;:Rus:Crs had the highest precipitate volume
fraction, and the highest hardness from batch 1. Ptss:Al;:Rus:Crs also gave minor wavy slip, an
indication that the alloy has better toughness.

For the second batch of samples, PtsgAli;Ru;sCrs had the lowest hardness of the as-cast samples.

There was no clear relationship between the Ru and Cr contents with the hardnesses of the
alloys. However, it was noticed for both sets of alloys (80 and 78 at.% Pt) in the as-cast
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condition that the highest hardnesses were obtained for the alloys with the lowest Cr contents
(PtxoiAlniRﬂleM, PtgoiAlniRLlf,ZCI'} and Pt7glA111ZRll3:CI'3).

All alloys in the heat treated condition had lower hardness than the as-cast samples. The 80 at.%
Pt samples had lower hardness than the 78 at.% Pt samples. However, the difference in hardness
of the as-cast and heat treated samples of 80 at.% Pt was less compared to the 78 at.% Pt
samples. It was not possible to deduce a relationship between the Ru, Cr and hardness of the
samples. The only obvious relationship was that the hardness increased with a decrease in Pt
content, in contrast to what was observed in the first batch of samples. In both conditions,
Ptss:Alii:Rug:Cr; was found to be the alloy with the highest hardness values, as well as the
lowest Cr content and highest Ru content. Wavy slip was observed for all as-cast alloys,
whereas all heat treated alloys gave planar slip. No relationship was deduced between the slip
modes and hardnesses of the alloys.

The 78 at.% samples (with a high volume fraction of ~Pt;Al precipitates) had higher hardnesses
than the 80 at.% Pt samples. Ptss:Alj1:Rus:Crg has the highest hardness and precipitate volume
fraction. Consequently, Ptss:Ali1:Rus:Crs is the most promising alloy in the second batch of

samples.

For all the as-cast samples, the hardness increased with increasing eutectic content (Figure 10),
although there was much scatter. An inverse relationship of hardness and dendrite arm spacing
was observed (Figure 11), which is expected. Again, there was considerable scatter. For all of
the heat treated samples, it was obvious that the hardness decreased with larger precipitates
(~1.5pm), and the smaller precipitates gave higher hardnesses (Figure 12). The samples which
had precipitates that were difficult to discern (although precipitates were present according to
XRD) had either a very low hardness (~164 £+ 5 for Pt;s:Aliss:Ru,:Crss) or a relatively low
hardness (361 + 24 for Ptso:Alis:Rus:Cr3). Considering the precipitate volumes fractions, given
that ~Pt;Al is harder than (Pt), it would be expected that higher precipitate volume fractions
would give higher hardnesses. However, Figure 13 shows a peak in an overall trend of

increasing hardness with increasing volume fraction.
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Figure 10. Relationship between hardness and eutectic volume fraction.
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Figure 11. Relationship between hardness and dendrite arm spacing.
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Figure 12. Relationship between hardness and precipitates size.
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Figure 13. Relationship between hardness and precipitates volume fraction.
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5.Conclusions

From the first and second batch samples, Ptss:Al;:Rus:Crs and Ptss:Alii:Rus:Crs had the highest
volume fraction of ~PtAl precipitates with 27 and 24 % respectively. The hardness of
Ptss: Al7:Rus:Crs was 380 = 17 HVyo and 357 + 4 for Ptss:Ali1:Rus:Cre. From the investigations,
Ptss: Al7:Rus:Crs appears to be the optimum alloy with a high volume fraction of precipitates and
reasonable hardness. However, the differences in hardnesses of Ptss:Al;:Rus:Crs and
Ptss:Ali1:Rus:Cry is 23 HV), together with a very small difference in volume fraction of 3 % and
so these alloys have similar properties. Thus, both alloys can be said to be optimum in terms of
the volume fraction and hardnesses compared to the rest of the samples. From an economic
viewpoint, Ptss:Al;:Rus:Crs is unfavorable since it has a higher Pt content; and this alloy could
suffer from oxidation. Thus, Ptss:Alii:Rus:Crs is promising from both microstructure and
economics. Further investigation will therefore be recommended on compositions close to this
alloy.
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