AN INVESTIGATION OF SELECTED AS-CAST Pt-Cr-Nb
ALLOYS

F.M.L. Mulaudzi'?, L.A. Cornish'* and M.J. Witcomb**

!School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg, South Africa
’DST/NRF Centre of Excellence for Strong Materials, University of the Witwatersrand, Johannesburg, South Africa
3Electron Microscope Unit, University of the Witwatersrand, Johannesburg, South Afiica

ABSTRACT

Superalloys based on platinum-group metals (PGMs) are being developed for high temperature
applications, and have a two-phase microstructure comprising ordered precipitates in a matrix
analogous to the y/y' microstructure of the nickel-based superalloys, the phases being (Pt) and
Pt;Al. These Pt-based superalloys have the potential to substitute Ni-based superalloys (NBSAs)
for even higher temperature applications, because of their higher melting point. Running
turbines at higher temperatures increases their effeciency, meaning less fuel is needed.
Although Pt-based alloys are unlikely to replace all NBSAs on account of both higher price and
higher density, they are aimed at the highest application temperature components. Currently,
the optimum alloy is Ptgs:Al;;:Ruy:Crs. Niobium (Nb) is a possible addition to increase the
alloy’s melting point, but only binary phase diagram data are available. Although work has
been done on the Pt-AI-Nb ternary system, there are no reported data for the Pt-Cr-Nb system.

As-cast samples of the Pt-Cr-Nb system have been investigated using scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX), and X-ray diffraction
(XRD). The results have been used to plot a solidification projection and all binary phases have
been found to extend into the ternary, with (Cr) having the least extension of ~2 at.%. The (Pt),
~NbCr,, (Nb), ~Nb;Pt, ~NbPt;, phases extend around 20 at.% into the ternary. Five ternary
phases have been indentified at: ~Nb;;:CrsyPtio;, ~Nbis:Crss:Pt;;;  ~Nbso:Crsp: Pty
~Nbys5:Cry;:Ptys;, ~Nbyy:Cris:Pty. Hardness tests for the alloys have been undertaken, and
mechanical behaviour of the individual phases was identified, and hence the suitability as alloys

components.
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1. Introduction

Nickel-based superalloys (NBSAs) have excellent properties, but they have reached their
temperature capability limit for operation in turbine engines, despite advanced processing
technologies like single crystal technology, air cooling and thermal barrier coatings [1987Sim)].
Currently, the maximum temperature at which NBSAs operate is ~1100°C, which is 85% of the
melting temperature [1987Sim]. If the operating temperature could be increased to higher
temperatures, this would improve the efficiency of turbine engines and enable greater thrust,
improved fuel efficiency and reduced pollution. Therefore, there is interest in developing similar
structured alloys based on an alloy with a higher melting point which can be used at
temperatures of ~1300°C and above. Platinum has been selected as the base material for these
alloys because of its similarity to Ni in fcc structure and similar chemistry, higher melting point

(1769°C for platinum; 1455°C for nickel) and improved oxidation resistance [2000Wol].

There is one important difference between the NBSAs and the Pt-based alloys. There is only
one form of NizAl, whereas the phase Pt;Al has at least two forms [1990Mas], and the more
desirable high temperature L1, structure needs to be stabilised. There are one, if not two, lower
temperature forms. One is the distorted L1, structure DO’c, which originates from a martensitic-
type transformation at ~400°C [1986Mis]. A modified DO’c structure has also been identified
[2007Doul].

Pt—based alloys have been studied at Mintek and have microstructures that are analogous to the
v/y'" ((Ni)/~NizAl) microstructure of the NBSAs [2000Wol, 2001Hil, 2002Cor, 2003Cor and
2003Siis1], although the precipitate volume fraction (~30%) was not as high as in the Ni—based
Superalloys (~70%). These Pt-based alloys have the potential to substitute NBSAs in extreme
applications, because of their higher melting points and good corrosion resistance. Although Pt—
based alloys are unlikely to replace all NBSAs on account of both higher price and higher
density, it is likely that they can be used for the highest application temperature components.
The ternary alloys have mechanical properties which are better than those of the Ni— and Co—
based superalloys, higher than conventional solid—solution strengthened Pt—based alloys, and
comparable with mechanically alloyed ferritic oxide—dispersion—strengthened (ODS) alloys
[2002Siis2]. The best alloy composition so far is Ptg4:Al;1:Ru,:Cr;, and its oxidation resistance is
better than the original ternary alloys [2001Siis]. It has been shown that the quaternary and
ternary alloys have room temperature tensile properties similar to that of other high temperature
alloys [2004Siis2]. However, the quaternary alloy needs further optimisation in terms of heat
treatments and additional alloying to obtain the best properties, and this is ongoing [2008Sho].

In order to decrease both the density and the cost of the alloys, other additions are being



considered. Niobium is potentially useful because its high melting point should help to increase

the melting point of the alloys.

As well as developing the alloys, a thermodynamic database is being built to facilitate the
further development of the alloys. This work needs phase diagrams of all the component
systems, as well as thermodynamic data. Currently, the database comprises Pt-Al-Cr-Ru, and it
is being extended to contain niobium [2008Ukp]. Although the binary systems have been
published [1990Mas], there were no published ternary systems for the Pt—Al-Cr—Ru system at
the beginning of the programme. Experimental phase diagram work has now been done on the
ternary systems: Al-Cr—Ru [2000Com1, 2000Com2, and 2001Com], Pt—-Al-Ru [2003Pri], Pt—
Cr—Ru [2002Siis1, 2003Siis1, 2003Siis2, 2004Siis1], Pt—Al-Cr [2003Siis3, 2008Siis], Pt—-Al-Co
[2003Cho], Pt—Al-Ni [2003Gla] and Pt—Al-Nb [2006Ndl, 2007Ndl].

In investigations in Germany [2004Vor, 2005Wen], 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. The microstructures were optimised by heat

treating.

The quaternary Ir—-Nb—Pt—Al system has been studied by Huang et al. [2003Hua, 2004Hual,
2004Hua2, 2005Hua], and it has been found that an fcc/L1, two—phase structure exists in both
Pt—Al and Ir—Nb binary systems and the lattice parameters of L1, phases (IrsNb and Pt;Al) are
similar. The solubility of Ta in the L1,-Pt;Al phase was reported to be about 5 at.%:;
accordingly, a similar solubility is expected for Nb in L1,—Pt;Al. No phase transformation was
detected [2004Hua2, 2005Hua], which indicated that the L1,—Pt;Al structure was stabilised at
room temperature. The phase stabilisation of the L1,—Pt;Al structure was attributed to the Nb

addition, according to the investigation on Pt—AI-Nb ternary system.

Thus, Nb has been identifed as stabilising the beneficial L1, Pt;Al phase, as well as for
increasing the melting point, and reducing the cost and density by the substitution of some of
the platinum. Considering the addition of Nb to these alloys, the system becomes more complex
and there are more ternaries which need to be investigated. Pt—AI-Nb has already been studied
[2006Ndl, 2007Ndl]. The next system chosen was Pt-Cr-Ru, and this work was to derive the Pt-

Cr-Nb phase diagram, since no data were available in the literature.



2. Previous phase diagram work

The component binary systems [1990Mas] are mostly well-established for the Pt-Cr-Nb system,
although the Cr-Pt has recently been updated using thermal conductivity measurements
[2005Zha], and Cr-Nb was updated for the two NbCr, Laves—type phases: high temperature
hexagonal MgZn,-type and low temperature cubic MgCu,—type [1992Tho, 19930ka]. The

phase diagrams are given in Figures 1 to 3.
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Figure 1. Nb—Pt equilibrium phase diagram [1990Mas].
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Figure 2. Cr-Nb phase equilibrium diagram [1992Tho, 19930ka].
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Figure 3. Cr—Pt equilibrium phase diagram [2005Zha].

The Nb—Cr—Pt ternary phase diagram was not published in the available literature.




3. Experimental Procedure

The initial six sample compositions were selected to be as far away from each other and the
binaries as possible to give an overview of the phases in the system. After these were
characterised, subsequent samples were chosen to fill in the gaps in the information. The
samples were made by mixing weighed elements of at least 99.95% purity in the required
proportions, and the ~2g samples were produced by arc—melting under an argon atmosphere,
using Ti as an oxygen—getter. These samples were turned and remelted several times to improve

homogeneity.

The samples were sectioned and prepared for metallography in the as—cast condition. Each
sample was mounted in conductive resin and ground to 1200 grit on SiC paper, then polished on
6um , 3um and 1um diamond cloths. Samples were completed using an oxide polishing (OP-S)
system, by which polishing is achieved through a combination of chemical treatment and gentle

abrasive action.

The microstructures were examined using a LEO-1525 scanning electron microscope (SEM)
with energy-dispersive X-ray spectroscopy (SEM-EDX), in mainly the backscattered electron
(BSE) mode for phase contrast by average atomic number. During EDX analysis, at least five
spot analyses were taken from each phase, but where there was a small size phase area, the best

analysis was taken, taking into account the other measurements and the size of the area.

The X-ray diffraction (XRD) was undertaken on a Phillips (PW1830) X-ray diffractometer,
using a Cu—Ka source, with 0.02° step size and 1.0s scan step time. Phases were identified by

comparison with the ICDD database.

After studying the microstructures, Vickers macrohardness measurements were conducted on all
the samples using a Vickers Ltd. Vicker’s instrument. A 5 kg load was used, with at least five
measurements taken randomly in homogeneous samples to obtain an average hardness value. In
inhomogeneous samples, indentations were placed selectively. Care was taken to ensure that
each individual indentation was more than two diagonals away from other indentations. In all

cases, the load was applied for ~15 seconds.

Macrohardness indentations were photographed using a Nikon FX-35A digital camera
connected to the Nikon optical microscope, with Motic Images Plus 2.0 ML software. The

alloys were categorised by slip modes, and cracking behaviour.



4. Results

4.1 Phase diagram investigation

All alloys were only studied in the as-cast condition. The EDX analyses for the overall alloy
compositions and the phases were used in Figure 24, and the overall eutectic analyses are given
in Table 1. Where no errors are given, one analysis was selected as the best (usually because all
the regions were small). The phases were mostly confirmed by X-ray diffraction (XRD), and
an example is given in Figure 4. Some phases were not in the ICDD database (~Nb,.xPt;.x and

~Nb,Pt), and these will be modelled in the future.

Table 1. EDX analyses of the eutectics.

Alloy No and Element Eutectic composition | Eutectic
composition (at.%0) (at.%0)

5 Nb 44.4

~Nbys 4:Cra 6:Ptys0 Cr 394 ~NbCr, + ~Nb,Pt
Pt 16.3

6 Nb 48.34+3.3

~Nbego.9:Crig.1:Pt140 Cr 45.0+4.2 ~Nb;Pt + ~NbCr,
Pt 6.7+1.1

10(d) Nb 44.2+0.8

~Nby; 5:Crizg6:Ptiso Cr 37.8+1.3 ~NbCr; + ~Nb,Pt
Pt 18.0+0.5
Nb 443
Cr 35.2 ~NbCr, + ~Nb,Pt + 14
Pt 20.5
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Figure 4. XRD pattern of nominal Nb;y:Cr;s5:Pt;s in the as-cast condition, showing black ~Nb;Pt
peaks.

Nominal Nb;s:Crs:Ptzy, Sample 1 and Nb;s:Cry:Ptys, Sample 2: The nominal Nb;s:Cr;s:Pty
alloy had a mainly single phase microstructure of (Pt) grains of different orientations, whereas

nominal Nbs5:Cryo:Ptys comprised cored (Pt) dendrites.

Nominal Nbyy:Cris:Ptys, Sample 3: The nominal Nby:Crs:Ptys alloy had a complex
microstructure of mainly cored ~Nb; xPt;.x dendrites and a two ternary phases, 15 and 14, as
shown in Figure 5 . In a small part near the edge, although the overall composition was very
similar, and there were needles (which formed first) and dendrites (which formed next) (Figure
6). These were assumed to be the same phase, although they had different morphologies at
slightly different compositions. The composition of the needles was closer to the binary, but the
phases analyses of both appeared to be contiguous. The last phases were formed in peritectic

reactions, and these were very small, making accurate analysis difficult.

Nominal Nb;s:Crzy:Pt;s, Sample 4: The nominal Nb,s5:Cry:Pt;s alloy microstructure comprised
mainly (Cr) dendrites, with ~NbCr, and then t1, as shown in Figure 7, formed with peritectic

reactions.
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Figure 5. SEM-BSE image of the major part of
nominal Nby:Cris:Pt;s, showing light ~Nb;.
xPt;.x dendrites and dark 15 and T4

interdendritic phases.

grey 75 and dark ©4 phase.

Figure 6. SEM-BSE image of the minor edge
region of nominal Nb,:Crs:Ptys, showing light
~Nb; xPt;.x needles and dendrites, with medium-
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Figure 8. SEM-BSE image of nominal
Nby:Crys:Ptys, showing dark ~NbCr, dendrites,
with a sparse eutectic of ~NbCr, + ~Nb,Pt

(light).

Figure 7. SEM-BSE image of nominal
Nby5:Cryp:Ptys, showing dark (Cr) dendrites,
medium-grey ~NbCr; and light t1 phases.

Nominal Nbyy:Crys:Pt;s, Sample 5: The nominal Nbgy:Crys:Pt;s alloy was quite brittle with
cracks. This alloy comprised ~NbCr, dendrites and a ~Nb,Pt interdendritic phase, with a sparse

eutectic of ~NbCr, + ~Nb,Pt, as shown in Figure 8.

Nominal Nbzy:Crs:Pt;s, Sample 6: The nominal Nby:Crs:Pt;5s alloy possessed mainly (Nb)
dendrites, with a cored ~Nb;Pt matrix and small regions of a ~Nb;Pt + ~NbCr, eutectic, as
shown in Figure 9. The dendrites had ragged edges showing a peritectic reaction. Extrapolating
through the eutectic overall from ~Nbs;Pt, which was one of the components, indicated that the
second component was ~NbCr,. There were high experimental errors for eutectic overall
because of its small size areas. There were also high errors for the light matrix because of

coring, and for medium-grey dendrites because of their small size.



Nominal Nbsy:Crp:Ptsy, Sample 7: The microstructure of nominal Nb;:Crjo:Ptsy was mainly
~BNDbPt; needles, surrounded by cored (Pt).

Nominal Nbgy: Cryg:Ptsg, Sample 8: Figure 10 shows nominal Nbgy:Cro:Pt;o alloy microstructure,
which comprised ~Nb;Pt dendrites, cored ~Nb,Pt and 15 phases; some of the phases were too

small to analyse accurately.

Nominal Nbyy:Crys:Pts;, Sample 9: The nominal Nbyy:Cry;:Pts; alloy possessed a microstructure

of mainly ~NbPt, dendrites, and cored (Pt), with some porosity.

Nominal Nbsy:Crsy:Pty, Sample 10: The nominal Nbsg:Crs:Pty sample had many cracks, and
was very inhomogeneous, with both unmelted Pt and Nb regions. This alloy was analysed in
different parts. A region near the unmelted Pt comprised ~Nb; xPt;.x needles in a ~Nb,Pt and
74 matrix (Figure 11). Another nearby region had ~Nb; xPt;.x dendrites and needles, with 14 as
a matrix (Figure 12). Along the sample edges, there were regions of ~NbCr, dendrites, with a
binary eutectic ~NbCr, + ~Nb,Pt, and a ternary eutectic ~NbCr, + ~Nb,Pt + 4 (Figure 13).
Other regions had ~Nb,Pt dendrites, surrounded by 14 and interdendritic ~NbCr, (Figure 14); or
~NbCr;, dendrites surrounded 12 with ~Nb,Pt and 14 interdendritic phases (Figure 15).

Nominal Nb;s:Crsp:Ptss, Sample 11: The nominal Nbss:Crg:Ptss alloy comprised mainly cored
(Pt) dendrites, with interdendritic 12, which was too small to analyse accurately, and some

porosity.

Nominal Nbyy:Crsp:Ptsg, Sample 12: The nominal Nb,y:Crso:Pt;) alloy had some pores, and

comprised mainly (Pt) dendrites surrounded by a (Pt) + t1. eutectic, as shown in Figure 16.

Nominal Nbzy:Cr:Ptso, Sample 13: The nominal Nbsg:Cr,:Ptso alloy had ~NbPt, dendrites with

interdendritic t3 (Figure 17), and some pores.

Nominal Nbys:Crys:Ptsg, Sample 14: The nominal Nb,s:Crys:Ptsg alloy was inhomogeneous, with
unmelted pure platinum and different microstructures. Three different regions were analysed
individually, and were 12 dendrites with interdendritic (Pt) as shown in Figure 18; and

elsewhere (Pt) dendrites with interdendritic t2; and also a sparse (Pt) + 12 eutectic.

Nominal Nbyy:Crey:Pty, Sample 15: The nominal Nbyy:Crgp:Ptyg alloy had unmelted regions of
all the constituents. It was inhomogeneous and was analysed as different parts. The major
portion was similar to Sample 4. A region near the unmelted Nb comprised t1 dendrites with

interdendritic (Pt). Another region had t1 dendrites, with a t1 + ~Cr;Pt eutectic (Figure 19).
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Figure 9. SEM-BSE
Nb7y:Crys:Ptys, showing medium (Nb) dendrites,
light ~Nb;Pt matrix and a ~Nb;Pt + ~NbCr,
eutectic reaction.

WO
28 Nerwombon 20017

EHT = 2000 k¥ 12 men

Bpecken Site » 3000 pm

10y
—_—

Nags 300KX
Delecke « FESD

image of nominal | Figure 10. SEM-BSE
Nbgy:Crig:Ptsg, showing dark ~Nb;Pt dendrites,

medium-grey ~Nb,Pt and light t5 phases.
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Figure 11. SEM-BSE image of nominal
Nbsp:Crsp:Ptyy alloy in the as—cast condition,
showing light  Nb; xPt,.x needles, a medium-

grey ~Nb,Pt and dark t4 phases between the
needles.
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Figure 12. SEM-BSE image of nominal
Nbsp:Cr3p:Ptyy,  showing  light ~Nb;xPt;.x
dendrites, medium-grey t4 interdendritic and a
light T5 mixture of dendrites and needles phases.
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Figure 13. SEM-BSE image of nominal
Nbsp:Crszp:Ptyy , showing fine binary ~NbCr,
(dark) + ~Nb,Pt (light) eutectic and coarse
ternary ~NbCr, + ~Nb,Pt + 14 (very light)

Figure 14. SEM-BSE image of nominal
Nbsp:Crsp:Ptyy, showing medium-grey ~Nb,Pt
dendrites, light t4 and dark ~NbCr,
interdendritic phase.

Nominal Nbss:Cryy:Ptys, Sample 16: The nominal Nbss:Cryo:Pt,s alloy had unmelted Pt, with two



different regions and was cracked. One region had ~NbCr, dendrites, in a matrix of t4 and 12. In

another region, there were 12 dendrites with 3 and lines of pores interdendritically, as shown in

Figure 20.
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Figure 15. SEM-BSE image of nominal
Nbsy:Crsg:Ptyy, showing dark ~NbCr, dendrites,

Figure
Nbyy:Crsp:Ptsg, showing light (Pt) dendrites and

and light ~Nb,Pt and t4 interdendritic phase.
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Figure 17. SEM-BSE image of nominal
Nb39:Cryp: Ptsg, showing light ~NbPt, dendrites
and a medium-grey 13 phase.

Figure 18. SEM-BSE image for the major part,
near the edge in nominal Nb,s:Crs:Pt;g, showing
medium-grey 12 dendrites and light (Py)

interdendritic phase.

Nominal Nby:Cr;s.:Pt;s, Sample 17: The nominal Nbyy:Cr,s:Ptss alloy microstructure comprised

mainly 13 dendrites with very irregular edges and cored 14, as shown in Figure 21.

Nominal Nbs;:Cris:Ptys, Sample 18: Nominal Nbs;:Crig:Ptys had unmelted Nb and was

homogeneous away from the unmelted Nb. The microstructure comprised 14 dendrites, with

~Nb,Pt on the edges and interdendritic ~NbCr,, as shown in Figure 22.
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Figure 19. SEM-BSE image for the major region
near the unmelted Nb in nominal Nb,y:Crgp: Pty
showing medium-grey tl dendrites and dark
~Cr;Pt phase.

Figure 20. SEM-BSE image for the minor part
near the unmelted Pt in nominal Nbzs:Cr4y:Ptys,
showing medium-grey 4 dendrites and light 13
interdendritic phase.
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Figure 21. SEM-BSE images of nominal | Figure 22. SEM-BSE image of nominal
Nbyy:Crys:Pt;s, showing light 13 dendrites and | Nbs;:Crig:Ptys,  showing  medium-grey v4

dendrites, light ~Nb,Pt and dark ~NbCr .




4.2 Mechanical properties

4.2.1 Hardness

The results of the Vickers macrohardness tests are presented in Table 2.

Table 2. Macrohardness measurements of ternary Nb-Cr-Pt alloys using a 5kg load.

Sample Alloy Hardness | Phases Cracks? Ductile/Brittle
name composition (HVs)
(at.%)
1 Nb;5:Cr5:Ptyg 716+51 (Pt) No cracks Ductile
2 Nb5:Crao:Ptys 642+20 (Pt) No cracks Ductile
3 Nbyo:Cr5:Ptys 601+8 ~Nb; xPt+x, No cracks Ductile
~Nb,Pt, 14 and
5
4 Nb;5.Cr70:Pt;5 783+£109 | (Cr), ~NbCr,, | Corner Brittle
tl, ~Nbs;Pt and | cracks
(Nb)
5 Nby:Crys:Ptys 738+63 ~NbCr, and | Corner Brittle
~Nb,Pt cracks
6 Nb7o:Cr5:Pt;5 762493 (Nb),  ~Nb;Pt | Corner Brittle
and ~NbCr, cracks
7 Nb3g:Cryo:Ptsp 527424 ~BNbPt; and | Minor Ductile/brittle
(Pt) cracks
8 Nbgo:Cryo:Ptsg 745£102 | ~NbsPt, ~Nb,Pt | Corner Brittle
and 15 cracks
9 Nb4:Cr3:Ptss 456+19 ~NbPt, and (Pt) | No cracks Ductile
10 Nbys:Crip:Ptasy 332491 ~Nb; xPt+x, Minor Brittle/ductile
Local Nb43:Crag1:Pt306 ~Nb,Pt, 14 and | cracks
regions 5
Nbas 1:Cr341:Pta1 9 | 50784 ~Nb,Pt, ~NbCr, | Corner Brittle
and 4 cracks
Nbys 5:Crzg6:Ptigo | 795+0 ~Nb,Pt, ~NbCr, | Corner Brittle
and 4 cracks
Nby; 5:Crzo5:Ptigs | 795+0 ~Nb,Pt, ~NbCr, | Corner Brittle
and t4 cracks




Nb39.3:CI'42A4ZPt1813 795+0 NszPt, NNbCI'z Corner Brittle

and 4 cracks
Unmelted Pt 113£16 Pt No cracks | Ductile
Table 2. (Continued).
11 Nbss:Crsg:Ptss 642+8 (Pt) and 12 Minor Ductile/Brittle
cracks
12 Nbyg:Crso:Ptsg 739+14 (Pt) and 71 Minor Ductile/Brittle
cracks
13 Nb3g:Cry:Ptsp 65548 ~NbPt, and 13 Minor Ductile/Brittle
cracks
14 Nb,s:Crys:Pt3g 934+26 (Pt) and 12 Corner Brittle
cracks
15 Nbi3.1:Cry9.1:Ptiss | 966+35 (Cr), ~Cr;Pt and | Corner Brittle
Local 7l cracks
regions | Nby74:Crgos:Pty1o | S11£15 (Pt), ~Cr;Pt and | Minor Brittle/ductile
Nbi66:Crez.0:Ptag 4 Tl corner
cracks
17 Nbyg:Crys:Ptss 936+67 13 and 14 Corner Brittle/ductile
cracks
18 Nbs7:Crig:Ptys 870+£79 ~Nb,Pt, ~NbCr, | Corner Brittle
and 4 cracks

4.2.2 Toughness

In order to obtain a qualitative evaluation of the alloys’ toughness, photographs were taken of
the hardness indentations. Cracking around an indentation in an indication of brittleness, while
the slip mode around the indentations shows whether the alloy has reasonable toughness (planar
slip) or even better resistance against cracking (wavy slip). Figure 23 gives examples of the
different toughnesses, showing the relevant hardness indentations and slip modes. Nominal
Nbi5:Crygo:Ptys and Nboy:Crps:Pts; showed wavy slip, indicating their plastic deformation.
Brittleness was observed in nominal Nb;s:Cry:Pt;s showing cracks, and also in nominal

Nbyg:Crys:Ptys which had major cracking.



Nominal Nby5:Cryg:Ptss showing wavy slip Nominal Nb,s:Cry:Pt;s showing cracking

Nominal Nbyy:Crys:Pt;s showing major cracking Nominal Nby,:Cr,3:Pts; showing wavy slip

Figure 23. Optical micrographs showing macrohardness indentations of selected as-cast Nb-
Cr-Pt alloys.
5. Discussion

5.1 Phase investigations and solidification projection for the Nb-Cr-Pt system

Using analyses from reasonable phase sizes (where possible, greater than 3um) and with good
reproducibility, the best phase results were plotted. All binary phases were found to extend into
the ternary, except for a’Pt, which was not identified. Five ternary phases were identified on the
basis of the phase contrasts in the microstructures (Figures 4-22) and the fact that the plotted
compositions could not be an extension of a binary phase because that binary phase was already
present in a sample. The different compositions for the phases were then joined to give the
solidification projection shown in Figure 24. The (Pt) binary phase was found to have the

largest extent.

The t1 composition of nominal ~Nb,:Crso:Pt;g (Alloy 12) was obtained by extrapolation

through the eutectic overall from (Pt), taking a 50/50 proportion of the (Pt) + tl eutectic. The



12 ternary phase was found near to nominal ~Nb,s:Crys:Pt;p (Alloy 14) and ~Nbss:Cryg:Ptys
(Alloy 16). The t5 phase was identified in nominal ~Nbgy:Cr;5:Ptss (Alloy 3), ~Nbgo:Cryo:Ptsg
and locally in Alloy 10 at regions of overall compositions ~Nbyg3:Cryg:Ptsos and

~Nbys 1:Cr341:Pty) 0.

XRD Peaks at 20 = 38°, 48°, 55° and 56° from nominal ~Nb;y:Cry:Ptsy (Alloy 13),
~Nbss:Cryo:Ptys (Alloy 16) and ~Nbyg:Cr,s:Pt3s (Alloy 17) are deduced to be from 13.

The extensions of the binary phases were determined as:

= (Cr): aleast ~2 at.% Nb;

= (Pt), (Nb), ~NbPt, and ~NbCr, extend ~20 at.% into the ternary;
=  ~Cr;Pt: ~10 at.% Nb;

=  ~BNbPt;: ~4 at.% Cr;

=  ~Nb,xPt;x: ~13 at.% Cr;

= ~NbsPt: ~10 at.% Cr;

= ~Nb,Pt: ~26 at.% Cr.

The ternary phases and their approximate compositions are:
= 1]: ~Nb;7:Cres:Ptyo;
= 72: ~Nbys:Crss:Pt7;
= 13: ~Nb3o:Cr30:Pty;
= 14: ~Nbys:Cry7:Ptyg;
= 15: ~Nbyp:Crig:Ptay.
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Figure 24. Solidification projection diagram of the Nb-Cr-Pt system.

5.2 Mechanical properties of the ternary Nb-Cr-Pt alloys
5.2.1 Hardness

The average Vickers macrohardness measurements are superposed on the solidification

projection in Figure 25.

The main findings of the investigation into the hardness of the Nb-Cr-Pt alloys were:

= Alloys in the (Pt)-rich region were ductile with no cracks on the indentations.

=  All the Nb-Cr-Pt alloys containing > 40 at.% Pt had low hardnesses, and were mostly
ductile.

= Samples with high chromium and niobium contents had high hardnesses, and were
extremely brittle.

=  Three alloys had extremely high hardnesses, around ~945 (HVs). One alloy had a three-
phase region of (Cr) + ~Cr;Pt + t1, with the other two alloys having two-phase regions
of (Pt) + 12 and 13 + 14.

= Alloys which had eutectics were mostly brittle, except where there was a (Pt) solid

solution (Alloy 12).
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Figure 25. Vickers macrohardnesses of the ternary Nb-Cr-Pt alloys.

5.2.2 Toughness

The different slip modes of the as-cast Nb-Cr-Pt alloys are superposed on the solidification

projection in Figure 26 and the mechanical behaviour is plotted in Figure 27.

Alloys with a single phase (Pt) showed planar or wavy slip. The alloys with about > 45 at.% Pt
exhibited planar, wavy or wavy and minor cracks slip mode, while the ones with < 20 at.% Pt
had cracks, showing their brittleness. Around all the newly identified ternary phases, all slip
behaviours (planar and wavy) were observed with cracks. Alloys with (Pt) and ~NbPt, phases

were found to have good toughness.
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Figure 26. Summary of the slip modes of as-cast Nb-Cr-Pt alloys, superposed on the
solidification projection.
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Figure 27. Summary of the mechanical behaviour of the as-cast Nb-Cr-Pt alloys, superposed
on the solidification projection.



6. Conclusions

Eighteen samples of different compositions were studied using SEM with EDX and the phases
were mainly confirmed by X-ray diffraction (XRD). A solidification projection was drawn,
showing the extent of the phases into the ternary. Five ternary phases were identified. Hardness
measurements were undertaken, and alloys with (Pt) and ~NbPt, phases were found to have
good mechanical properties, being ductile with reasonable hardness. Alloys containing (Cr),

(Nb), ~Cr;Pt, ~NbCr,, ~Nb;Pt and ~Nb,Pt were extremely brittle with cracks.
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