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Abstract. A database for cobalt-base superalloys was builtdmgbing the binary and ternary thermodynami
descriptions available in the SSOL (SGTE) datatzas® from the literature. Using this database, tesoi
thermodynamic calculations for several cobalt-baggeralloys were compared to the experimentallyeoesl
microstructure of the alloys after homogenizatidnhmh temperatures and quenching. Three examplkes
presented: prediction of phase equilibria versumperature and composition; selection of highly aetiory
materials using isothermal sections; and evaluaifdocal melting temperature in the case of skinfation of
Co-base alloy during air oxidation at 1300°C. Tlggeament between calculated prediction and expetahe
observation is satisfactory.

Introduction

Cobalt-base superalloys are currently used as toalierials for parts of aeronautic turbines, whien
endure mechanical and thermal stresses at highetatope. The short lifetime of these parts incitedo search
for more resistant alloys with higher solidus tenapigre and mechanical resistance. Thermodynarn
calculations can be a very useful tool for selectietter chemical compositions and microstructdoesthe
alloys. However, a good thermodynamic descriptibthe alloy system is needed for these calculations

The studied cobalt-base alloys are strengthenethritglum carbide. These alloys contain the follgvin
elements: Co, Ni, Cr, Ta and C. A database comtgithhese elements was built by combing the bina a
ternary thermodynamic descriptions available in$$OL (SGTE) database and from the literature. dinlate
the database, calculated values using the datakeise compared with experimental values obtainethé
present work.

Some examples of calculations for cobalt-base systare presented. The first group of example
concerns the prediction of phases versus temperand composition. The other group concerns thrulzdion
of isothermal sections that are useful for the idieation of the most highly refractory alloys.

Experimental Method

Alloy Choice and Preparation

The composition and designation of the six coba#tebsuperalloys used for this work are listed ibld 4.
These chosen compositions are representative ofcdbalt-base superalloys that are commonly used f
industrial or aeronautic hot parts. The alloy comfons were chosen so that their microstructureslavbe
simple enough to form a limited number of phaseaktarstay in the composition range defined in thebase.

Each element present in the superalloy has a spealé:



Nickel stabilizes the face centered cubic structiirde matrix of cobalt-base superalloys.

Chromium ensures the resistance against high teryser oxidation and molten salts corrosion; it als

participates to the formation of carbides thatregtben the superalloys.

3. Carbon is needed for the formation of carbides #natresponsible for good mechanical propertidsght
temperature, creep resistance in particular.

4. Tantalum strengthens the alloys by forming a ssdildition and is also involved in the formation aflades.

N =

Table 1 Compositions of the Studied Cobalt-Baseefalloys
Co Ni Cr C Ta
(Wt.%) (wt.%) (wt.%) (wt.%)
Alloy 1 bal. 8.7 28.4 0.37
Alloy 2 Dbal. 8.7 28.4 0.80
Alloy 3 bal. 8.7 28.4 0.19
Alloy 4 Dbal. 8.7 28.4 0.25
Alloy 5 bal. 8.7 28.4 0.33
Alloy 6 bal. 8.7 28.4 0.44
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The six superalloys were prepared from the purmetgs (>99.9 %) using an induction furnace unde
Argon gas. Samples were of compact shape and weggtaut 100g. The alloys were heat treated at 1200r
100 hours. The samples were finally quenched in air

Sample Preparation and Surface Analysis

The samples were cut in two parts using an Accul?osaw equipped with a diamond blade, the
embedded in a cold resin (Araldite CY230 +StrengéneEscil HY956). The cross sections were obtaimed
polishing with SiC papers (80 to 1200 grid undeteraand with diamond pastes (6um and 3um). Scgnni
Electron Microscopy (SEM), used in Back Scatterton mode (BSE) under an acceleration voltagmletp
20kV, allowed to clearly observe the phases ofalleys. Electron Probe Microanalysis in spot modes wised
to determine the alloy compositions.

Thermal Analysis

Differential Scanning Calorimetry was carried out $everal alloys to determine the melting tempeest
The heating rate was 20 °C/min up to 1200 °C thé@/Mnin up to 1470 °C. The cooling rate was -5 °@/m
down to 1200 °C then —20°C/min down to room temjpeea The plots of enthalpy versus temperaturenalle
determination of the alloy melting temperature. Each alloy a difference of nearly 30°C is oftersated
between the two solidus temperatures, probablytakeetic reasons. Thus the considered solidupéeatures
are the average of the heating and cooling vahgessually made in such measurements.

Air Exposures
The sample Alloy 1 was exposed to air for 100 hoatsl300 °C to evaluate the metal surfac
modifications resulting from air oxidation.

Database Constitution

A thermodynamic description of the Co-Cr-Ni-Ta-Csha be established first. However, none of th
databases available to us in the Thermo-Calc soétfig contains all the thermodynamic descriptiémisthe
system involved. The most useful database is SRPLwhich has descriptions for the following binaagd
ternary systems: C-Co, C-Ni, C-Cr, Co-Ni, Co-Cr-Nir C-Co-Cr, C-Co-Ni, C-Cr-Ni and Co-Cr-Ni. The
descriptions obtained from the literature [3-8] fbe following systems are added: Ta-C, Ta-Ni, Ta¥a-Co,
Co-Ta-C, Ni-Cr-Ta. Table 2 and Table 3 give a sumynoé the database content.



Table 2 Thermodynamic descriptions of Binary Systémthe database

Co-C Ni-C Cr-C Ta-C Co-Ni
SSOL (SGTE)| SSOL (SGTE)SSOL (SGTE 3) SSOL (SGTE
Co-Ta Ni-Ta Cr-Ta Co-Cr Ni-Cr

(4)

(%)

(6)

SSOL (SGTE) SSOL (SGTE

Table 3 Thermodynamic descriptions of Ternary 8ystin the database

Co-Ni-Cr Co-Cr-Ta Co-Ta-C Co-Ni-Ta Co-Cr-C

SSOL (SGTE) not added (7 not added SSOL (SGTE)
Co-Ni-C Ni-Cr-C Ni-Cr-Ta Ni-Ta-C Cr-Ta-C

SSOL (SGTE) SSOL (SGTE) (8) not added not added

Predictions and Comparison with Experiments

Determination of Phase Equilibria

The new database thus obtained was used to evdhetafluence of the carbon concentration on th
phases as a function of temperature. The equilibriiagram for Co-28.4Cr-8.7Ni-5.8Ta-xC calculateithw
Thermo-Calc for x varying between 0 and 1 wt.% &hewn in Figure 1.

The diagram shows that a small variation of theo@tent strongly influences the structure of theya!
For example, only the TaC carbide is present ifGheontent varies between 0.2 and 0.4 wt.% (AllpyFbr
lower C contents (< 0.2 wt.%), Thermo-Calc predtbis occurrence of the Laves phase;T@o(C36). If the C
content is higher than 0.4 wt.%, the chromium aibishould be present: at high temperature tje; M the
only stable carbide, whereas at lower temperatusethe Mp3Cs.

Figure 1 shows how the microstructure should chavigetemperature for Alloy1.:

1. below 870 °C, the alloy is composed of a Co-bastixnaith hcp structure and tantalum carbide
TaC,

2. between 870 °C and 950 °C, the TaC carbides Igstisent. The Co matrix consists simultaneous
of phases with the hcp and fcc structure,

3. in the 950 °C — 1285 °C temperature range, the daBide is present and only the fcc structure
Co matrix is stable,

4. at 1285 °C, the TaC carbide disappears and thg ladigin to melt,

5. at temperatures higher than 1373 °C the alloy tisedy molten.

On the other hand, the Alloy 2 should result in fibienation of both chromium and tantalum carbides :
temperatures below 1270°C.

Microstructure observations of Alloy 1 (0.37 % QidaAlloy 2 (0.8 % C), Figure 2, using SEM in BSE
mode, are in good agreement with the calculatedigiiens. Alloyl only contains TaC carbide (the tehlphase)
whereas Alloy 2 contains both TaC ands®% carbide (MzCs is the darkest phase).

Determination of the Optimal Concentrations

The availability of equilibrium diagrams allows ts determine the optimal concentration of a give
element in order to reach the targeted propefiisexample, good mechanical resistance at higlpéeatures.
We know that the best mechanical properties of ltdiase alloys reinforced by tantalum carbideslialeed to
both a high solidus temperature and the absencleromium carbides. The latter are effectively ubkgtat high
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Figure 1 Calculated phase diagram for Co-28.4CNi85/8Ta-xC,
with x between 0 and 1 wt.%
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Figure 2 BSE images of Alloy 1 (0.37 % C) and Al®y0.80 % C) microstructures

temperature and may decrease the mechanical resstaccording to Figure 1, Alloy 1 (0.37 wt.% Qiifflls
best the requirements: the Co matrix only contsamsalum carbide and the melting temperature isimiagd
(1287 °C).

Determination of Phase Weight Fractions

The fraction of each phase versus the temperaturdoe obtained from Thermo-Calc calculations. Thi
is of great interest for the studied alloys, sirtiseir mechanical properties depend on the amountad?
carbides, which solidifies in the grain boundaaesl ensures good cohesion between grains.

Figure 3 and Figure 4 give the weight fractionttoe different carbide types for Alloy 1 and Alloya2 a
function of temperature in the 800-1300 °C range.
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Figure 3 and Figure 4 Equilibrium weight fractsoof the carbides in Alloy 1 and Alloy 2 as fuoctiof the
temperature (BP: weight fraction of each phagéenalloy)

The TaC fraction present in Alloy 1 decreases 8% to 4.8 % when temperature increases from 8
°C to 1285 °C. At this temperature, the alloy begioa melt and the TaC carbide disappears simultasigo
Several types of carbides are present in Alloynzhke temperature range of interest, the weiglatitva of TaC
carbide does not change and is equal to approxynat® %. The MsCg fraction is equal to 7.5% below 1100
°C. This carbide is not stable above this tempegatnd is replaced by 4.2 % of;®%, which is stable up to
1285 °C.

Determination of the Ta/C Ratio

The effect of the simultaneous composition varratad two elements is also of interest. Indeed, th
influence of Ta and C variations on the equilibrigpimases should give a better understanding of kbaysa
potential. Figure 5 and Figure 6 show isothermatises for 0 to 10 % Ta and 0 to 1 % C at 1200,0128d
1285 °C, respectively.

C and Ta compositions where the alloy is compodeahty two solid phases (the Co matrix and Tac
carbide) can be determined from Figure 5. The bates of this two-phase region are of interest beedhey
allow the identification of compositions for alloysth the desired mechanical properties. The boriesi@f the
two-phase region are given by the following relasio

(1)

W(Ta)>15.79< W(C) - 0.895
W(Ta)<13.33x W(C) + 406

W(X) corresponds to the weight percent of X.

If the alloy lies outside the first boundary, ifrains entirely solid at 1200 °C, but contains uirdes
chromium carbides. If the alloy lies outside theosal boundary, it will be partly liquid at 1200 &0d will not
be suitable for applications at this temperature.

The isotherms calculated at 1250 °C and 1285 °Cshmvn in Figure 6. It can be seen that th
composition range specified in Eq. 1 decreases wmvitleasing temperature. At 1285°C, this two-phasggon
becomes relatively narrow and is centered alonglittee at. % C = at. % Ta (note the isotherm in. Fgs
plotted in weight percent).
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Figure 6 Equilibrium phase diagrams for Co-28.40M8-xTa-yC at 1250 °C and 1285 °C

Five alloys (Alloys 1, 3, 4, 5 and 6) with compawis in the 'matrix + TaC' two-phase region at 1285
were prepared. The observed microstructures ageod agreement with thecalculation: the alloyscamaposed
of a Co matrix and TaC carbide with different weifflactions according to the alloy composition.

Melting Temperatures of the Alloys
The solidus temperatures were determined by Difteak Thermal Analyses and compared with thos
calculated using the database in Table 4. Accorthirthe calculation, the solidus temperatures efaloys are
practically identical: 1288+ 2 °C. The temperatulesived from DTA are also within a small temperattange
but are 50 °C higher than the calculated valuess @ference could essentially be attributed te thck of
accuracy of the database built for the study. Hawethe results obtained from this database arfecieumtly
accurate to allow comparisons between the alloyd tanselect the more refractory alloy from our sét

compositions.



Table 4  Experimental (DTA) and Calculated Solidesnperatures of Alloys 1, 3, 4, 5 and 6

Solidus temperature °q Experimental (DTA) AT °C
Calculation melting temperature °(

Alloy 3 1290 1348 58

Alloy 4 1289 1336 47

Alloy 5 1288 1337 49

Alloy 1 1287 1338 51

Alloy 6 1286 1338 52

Evaluation of local Melting Temperature after Air Oxidation at 1300 °C

A local decrease of the solidus temperature dwewuariation in the microstructure of the alloy, dead
to dramatic consequences in terms of mechanicataese if the working temperature is close to sbhédus
temperature. This may be the case for Co-base aiqer that are exposed to high temperature whare
oxidation or corrosion can cause large compositemmtion near the metal — oxide interface.

Alloy 1 was exposed to air oxidation at 1300°C 1060 h to determine its effect on the compositidme T
microstructure changed in a 200 um band below thtalroxide interface. The TaC carbide disappearet a
tantalum and chromium diffuse partly towards thefame where they are oxidized into CrTa@hite) and
Cr,03 (black) (Figure 7).

Table 5 summarizes the compositions determineddntren microprobe analyses for the first 400 pr
from the external surface. In the zone where cabidtally disappeared, the C content is consideegtigible,
as it has been shown elsewhere [9]. Calculatiossdan these microprobe results allow the detetiomaf
the melting temperature for each point. The rearksplotted in Figure 8, where the melting temfpeeais

Table 5 Microprobe Results from the Metal-Oxideshfice up to 400 um Depth
d (um) Co Ni Cr Ta C
0 bal 11.40 12.97 0 0
100 bal 11.20 17.33 0.69 0
200 bal 10.07 19.89 1.05 0
300 bal 9.65 23.77 5.80 0.37
400 bal 9.42 26.59 5.80 0.37

Figure 7 Metal-oxide interface of Alloyl after
100 h exposure to air at 1300 °C



shown as function of the distance to the metal-@xderface for the first 400 um. The solidus terapee of
the alloy surface does not decrease but ratheeases with the local decrease of the chromium nanide
calculations show that local melting near the ste@feannot occur for this alloy after a long expedorhot air.
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Figure 8 Temperature profile for the first 400 pnonfi the external surface
for Alloyl after 100 h exposure to air at 1300°C

Conclusions

Thermodynamic calculation of phase equilibria fbe toptimization of the alloy composition of a
superalloy allowed:

-the prediction of the equilibrium phases

It is possible to predict the composition regimesvhich the sought phases are formed. The calounkti
can also allow the prediction of the formation oldasirable phases (phase, TCP phases etc.). Based on tt
calculation, the microstructur@jz. the chemical composition of an alloy can be optedi to improve, for
example, its mechanical properties.

-the selection of highest refractory materials

Even though it was not possible with the datalessployed for the present calculations to reprodbee
experimental melting temperatures, the calculasibowed identifying the trend for the high temperatlimits
of the alloys that is in perfect agreement witheélkperimental results.

-the evaluation of the local melting temperature
The calculations were useful to determine the ssliggmperature variations due to changes in tlg all
composition at the surface after the alloy was egddo an oxidizing atmosphere at high temperatures
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