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Abstract. Experiments and thermodynamic calculations werefopeed on three nickel-base alloys
containing chromium, carbon and tantalum. Solidud Equidus temperatures, natures and surfaceidrecof
the carbides after an exposure for 100 hours ad°ID01100°C and 1200°C, were determined for ealdy.al
These results are compared with calculated resugisg a thermodynamic database. A good agreemast Vv
generally found for the solidus temperatures bas I®r the liquidus ones. For alloys containingoohium
carbides alone, carbides fractions and matrix caitipas correspond to calculation results. Butghesence of
tantalum carbides in the third alloy was not presgtidoy calculations.

Introduction

Superalloys are used at high temperature under anesdl stresses. Many of the superalloys at
reinforced with carbides such as chromium carb{déshe M3Cs and M,C3 types) and MC carbides. Tensile
strength and creep resistance largely depend owvdhene fraction of these carbides and on theirsjdes
evolution during a long exposure at high tempegrtut could be very useful to own a thermodynami
calculation tool, software and database, to predintitative data about the microstructure atwoeking
temperature. The database must be especially defiinehe studied superalloys family and, beformgeaeally
used, its results need to be compared to reality.

The topic of this work is first to provide, abobetequilibrium state of nickel base superalloysrsgithened
by chromium and tantalum carbides at different higynperatures, some metallurgical results thatbeatater
used for database evaluations. A special attenti@® given to several characteristics which are mapo for
either the alloy fabrication (castability : soliddétion temperature range), or mechanical proper(aloy
refractoriness, type and volume fraction of thersgthening phases). Second, these metallurgicalatatused
to estimate, on three Ni-Cr-C-Ta alloys, the accyraf a first thermodynamic database especiallyt bar
cobalt-base alloys strengthened by tantalum casbide

Experimental Method

Table 1 displays the chemical composition and ahetign of the three studied nickel-base alloys. Tt
chromium, carbon and tantalum contents were cheseimat they are representative of carbides stnengtd
nickel-base superalloys that are used in the aatmaé industry or in high temperature industriabgesses
[1,2]. The obtained compositions slightly diffeoifin the targeted ones since a small part of the neastive
element (Ta) was lost during the preparation.



Table 1 Chemical Compositions of the Studied Nidase Alloys (in weight percent)
o Targeted compositions Obtained compositions (EDS)
Owt Ni Cr C Ta Ni Cr C Ta
Alloy A | Bal. 30 0.2 3 Bal. 30.9 | 00.2 | 2.04
Alloy B | Bal. 30 0.4 3 Bal. 31.9 | 00.4 | 2.66
Alloy C | Bal. 30 0.4 6 Bal. 30.6 | 00.4 | 5.44

The three alloys were prepared, under argon ga fine pure elements (>99%, Alfa Aesar) using & hic
frequency induction furnace in a water-cooled coppacible (CELES). After melting, the alloys safidd in
the copper crucible itself, taking the form of angact ingot of nearly 100g.

All the samples were taken from the bulk of thesgots. The volume of a sample for determination ¢
the solidus and liquidus temperatures was appraei;nda0 mni while the volume of samples that will be
exposed at high temperature to observe its microstre was about 250 mim

Thermal Analysis and High Temperature Exposures

Differential Scanning Calorimetry analysis werereat out for the three alloys to determine thelidk®s
and liquidus temperatures. The heating rate wa¥C2@in up to 1200 °C, then 5 °C/min up to 1470 Qs
followed by a cooling at 5 °C/min down to 1200°Gem 20 °C/min down to room temperature. Solidus ar
liquidus temperatures are measured on both thénlgestd the cooling curve. The average value otwewas
considered.

Three samples of each alloy were exposed to thffsreht temperatures (1000, 1100 and 1200 °C), f
100 hours to be sure to reach the equilibrium sitposures were performed in the high temperdturace of
a TGA-92 Setaram thermo-balance, with a heatirgg@dP0 °C/min and a cooling rate of 10 °C/min.ekfhigh
temperature exposure, the samples for microstreicbservations were cut in two parts, using an ol
saw equipped with a diamond blade. They were tmeipeeded in a cold resin (Araldite CY230 +Strengéren
Escil HY956), and polished first with SiC paperrr@®0 to 1200 grid under water and finished with 6amal
3um diamond pastes.

Microstructure Characterization and Chemical Compostion Determinations

The microstructures of the alloys, as cast and atieh high temperature exposure, were observad us
a XL30 Philips Scanning Electron Microscope (SEMjimly in the Back Scattered Electrons (BSE) andeund
an acceleration voltage of 20kV. For each alloy fpictures were taken using the SEM in BSE mode, at
magnification of X500 on different locations randgreelected (areas of 0.04mm?2). The BSE mode alliotve
separation of gray matrix (medium average atomiober), dark chromium carbides (low atomic numbed a
white tantalum carbides (high atomic number). Tages the surface fractions of all the phases wesasured
using the AnalySIS software of Soft Imaging SysteBMBH. Each surface fraction given hereafter is th
average of five measures. These surface fractiens wonsidered as being equals to the volume dra:ti

The alloy general chemical compositions were datexth using the Energy Dispersion Spectrometr
(EDS) apparatus adapted on the SEM. Compositiome wmeasured on five randomly selected areas, efach
about 0.04mm?, and the general composition wasidersl to be the average of the five previous omés.
matrix compositions were also determined using BRM$,n a spot mode. The carbon content was ndyzeh
because of its low contents and its small atomigkte Then, only the chromium and tantalum contearts
hereafter given, as the average of five EDS amabsot measures in different locations in the malfe nature
of the carbides were determined by Wavelength Dsspe Spectrometry (WDS) with a CAMECA SX100
microprobe.

Thermodynamic Modeling
Calculations were carried out for the alloys, using Thermo-Calc software [3]. The database used
SSOL (SGTE) [4] that already contained the desomgt of the binary and ternary systems C-Cr, CEANiNI
and C-Cr-Ni. This database was supplemented wéldéscriptions of new systems (Ta-C, Ta-Ni, TaMNGHCr-
Ta) [5 to 8]. The following quantities were of ingst:
- the solidus temperature and the liquidus teatpee,



- the phases present at 1000 °C, 1100 °C and 2@nd their mass fractions
- the chemical composition of the matrix.

The mass fraction values obtained from Thermo-Gaére converted into volume fraction values
according to the equation (1). The {9;), fw (¢;) andp; are the volume fraction, weight fraction and dgnef
the phasep;, respectively. The values used for the densiggpressed in g.ci) are 8.9 for matrix, 6.941 for
CrC;s, 6.953 for Cs3Cs and 14.5 for TaC [9].

fu f. (0
(0 = (02 5 (Ful®), (1)
p¢j i p¢i

Results

Initial Microstructures

Figure 1 shows the initial microstructures of theee nickel-base alloys as cast. Primary carbitthed,
formed during solidification, can be seen in griagundaries. They are of two types, chromium casdark)
and tantalum carbides (white) and in all cases tbhey an eutectic with the matrix. There are maaebes in
Alloy B and Alloy C than in Alloy A due to differércarbon contents of the alloys. Alloy C has moeCT
carbides since it contains more tantalum than thers.
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Thermal Analysis Results
Differential Scanning Calorimetry experiments wererformed for the three alloys. Temperatures
solidus and liquidus were determined using both hbkating and the cooling curves. Temperatures ef t



beginning and the end of the endothermic phenon(les@ting) were systematically higher than the b&gm
and the end of the exothermic one (cooling), artdmgsis phenomena due to kinetic reasons. Thewod g
approximation for solidus and liquidus temperatuisso take the average value of the heating audirg.
Figure 2 displays the example of a DSC result olethion Alloy B with two types of curves : heat flewrsus
time (associated with the temperature evolution) lamd heat flow versus temperature. Table 2 disptag
measured values of solidus and liquidus tempemforehe three alloys.
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Figure 2 Example of DSC curve with two types ofsar@ation (here : Alloy B)

Table 2  Solidus and Liquidus Temperatures by DS@3vements

Alloys T solidus (°C) T liquidus (°C)
Alloy A 1298+ 14 1399+ 11
Alloy B 1301+ 15 1377+ 4
Alloy C 1302+ 6 1374+ 5

Microstructure after 100 hours at High Temperature

The BSE images of the three alloys after 100 hatrs000, 1100 and 1280 are shown in Fig. 3. The
initial microstructures after solidification wereplaced by new ones, more corresponding to thdileaum
state. Densities of primary carbides has evolvedably at the highest temperature. Indeed lessidestare
present in each alloy after exposure at 1200°Ctlagyl are become rounder. At 1000°C and 1100°Cdlé¢imsity
of the interdendritic carbide network did not sehsevolve. Alloy A lost almost all their tantalucarbides (and
completely at 1200°C) while no TaC carbides arélasin Alloy B. The surface fraction of tantalurarbides
also decreased for Alloy C during exposure to Heghperature. This partial or total disappearancemtalum
carbides is probably due to the chemical homogénizaf the whole alloy when exposed to high terapae.
Indeed one can think that tantalum was continuousjgcted ahead the solidification front. The higbal
tantalum content obtained in the last zones taigplpromoted the formation of a higher TaC volumegrain



boundaries than it could be predicted from the gdreemical composition. Alloy B is a very goodaexple to
illustrate that tantalum carbides which appearedndusolidification, have totally disappeared aftgigh
temperature exposure. Thereafter, 100 hours beimgealong enough for all the temperatures useakttoeve a
total homogenization, the new microstructures sthel very close to the equilibrium state correspuntb the
alloys compositions. One can also note that fieeosdary chromium carbides appeared in matrix, inaear
grain boundaries for 1000°C and sometimes for 1C0@oncerning the composition of the carbides, WD
microanalysis showed that white carbides were T@lromium carbides were mainly ;8Cs at 1000°C and
M-Cs at 1200°C for all the alloys. For Alloy A and AYJdB the two types coexist at 1100°C since their tw
%4(Cr / %y C ratios were found.
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Figure 3 Microstructures of the three alloys att@® hours at 1000, 1100 and 1200 °C (BSE images)

Table 3 show the results of surface fraction meaments of the three alloys after the three hig
temperature exposures. Concerning the chromiumdsgjthe colors of MCs and M,C; were almost the same
and it was not possible to distinguish them frone @mother, therefore to measure their surfaceidract
separately. Thus we just considered the sum ofwlesurface (or volume) fractions. The uncertamitse
defined by the average value of five pictures dmedstandard deviation.



Table 3 Carbides Volume Fractions determined frorade Analysis Measurements

chromium carbides (%) tantalum carbides (%)
volume
fractions
(%) Alloy A Alloy B Alloy C Alloy A Alloy B Alloy C
1200°C 244+ 049 | 6.17+0.40 | 3.71+£0.49 | 0.02£0.01 0 2.93+£0.13
1100°C 2.66+0.47 | 7.04+1.05 | 7.00£1.16 | 0.02+0.01 0 3.48+0.73
1000°C 3.68+0.86 | 7.09+0.83 | 7.74+0.69 | 0.06+0.02 | 0.06+0.03 | 2.12+0.73

Matrix chemical composition

Table 4 displays the chromium and tantalum contdatermined by spot EDS analysis in the matrix c
each alloy after the three high temperature exgssurhe uncertainties are defined by the averalye v five
EDS results and the standard deviation.

For the three alloys, it appears that the majasitghromium remained in solid solution in the matri
while the other chromium atoms formed the interdgicdcarbides. The matrix of Alloy A and Alloy Biraost
contain all the tantalum atoms while the matrixAdfoy C does not because of the presence of tamtal
carbides.

Table 4 Matrix Cr and Ta Contents determined byt &S Analysis

Matrix Matrix Cr content Matrix Ta content
compositions
(Yowr) Alloy A Alloy B Alloy C Alloy A Alloy B Alloy C
1200°C 29.35+ 0.57 | 28.10+0.33 | 28.88+0.23 | 2.04+0.32 2.78+0.16 2.99+0.20
1100°C 28.13+ 0.44 | 26.66+0.20 | 27.25+0.05 | 2.39+0.35 2.70+ 0.09 4.22+0.12
1000°C 29.18+ 0.37 | 27.46+0.10 | 27.60+0.59 | 2.38+0.37 2.40+ 0.07 3.57+0.51

Thermodynamic Calculation

Thermal Analysis Results

Table 5 displays both the values calculated udiegdatabase and the measured values of solidus
liquidus temperatures. The three measured solielmpdratures are almost the same for the threesalityle
the calculated solidus sensibly decreases betwdley B and Alloy C. There is a good agreement betwe
calculated and measured values, except for AlloZ@hcerning the liquidus temperatures, the meastakoks
are all higher than those predicted, especiallyMitmy C for which both the measured solidus armqlildus are
noticeably higher than the calculated values.



Table 5 Solidus and Liquidus Temperatures by DS@3vsments and Calculations

Alloy T solidus (°C) T liquidus (°C)
Calculation DSC analysis Calculation DSC analysis
Alloy A 1303 1298+ 14 1377 1399+ 11
Alloy B 1299 1301+ 15 1360 1377+ 4
Alloy C 1280 1302+ 6 1346 1374+ 5

Microstructure after 100 hours at High Temperature

Table 6 shows the calculated and the measured eoftewtions of carbides of the alloys for the thre
temperatures. There is a good agreement betweematadns and experiments for Alloy A. Indeed tla¢une of
the predicted chromium carbides well correspond8VidS microanalysis results MCs for 1000°C, mix of
M23Cs and M,C; for 1100°C and only MC; for 1200°C), and the calculated values of volumaetfons remain
inside the experimental ranges. One just can maiettaces of tantalum carbides were seen in samgide this

phase does not appear according to the calculation.

Table 6 Calculated and Experimental Carbides Vol&nagetions for Alloy A, Alloy B and Alloy C

Alloys volume fraction of chromium carbides (% volume fraction of tantalum carbides (%)
Temp (°C) Calculation Image analysis Calculation Image analysis

Alloy A

1200 2.41%x* 2.44+ 0.49 0 0.02+ 0.01
Alloy A

1100 2.64** 2.66+ 0.47 0 0.02+ 0.01
Alloy A

1000 4.25* 3.68+ 0.86 0 0.06+ 0.02
Alloy B

1200 5.22%** 6.17+ 0.40 0 0
Alloy B

1100 6.11** 7.04+ 1.05 0 0
Alloy B

1000 6.89* 7.09+ 0.83 0 0.06+ 0.03
Alloy C

1200 5.25%** 3.71+£ 0.49 0 2.93+0.13
Alloy C

1100 8.52* 7.00+ 1.16 0 3.48+0.73
Alloy C

1000 8.69* 7.74+ 0.69 0 2.12+0.73

* onIy M23Cg, ** onIy M ;Cs,

** : 0.59% MysCs and 2.18% MCs (Alloy A) and 2.02% MiCs and 4.09% MC; (Alloy B)




Experimental measurements and calculation resugis show a good agreement for Alloy B. Na
tantalum carbides are predicted nor observed, laagresence of p4Cs and/or MCs is also correctly given by
calculations depending on temperature. The voluaeidbn of carbides is higher for Alloy B than faloy A
because of a higher carbon content of Alloy B.

For Alloy C, great differences occurred betweertwaktion and observation. The calculations predicte
the presence of chromium carbides but not the T3¢ while significant amounts of tantalum carbiese
observed in Alloy C samples after exposure ateatigeratures. Even after 100 hours at 1200°C, ajtnoloe
morphologies of all carbides significantly evolvdahth chromium carbides and tantalum carbides alle s
presents with significant volume fractions.

Matrix chemical composition

For Alloy A there is a good agreement between ¢almns and experience since the calculated valu
often are inside the experimental ranges. For ABothere is also a good correspondence betweenlaadmn
and experimental results even if calculated chromtontent are slightly higher than the EDS resdlgitalum
contents are almost strictly equals, except for02Q0: for this temperature some small tantalum idad) still
existing in the microstructure after 100 hours, banesponsible of the lower real tantalum condéihe matrix
than predicted.

Table 7 Calculated and Experimental Matrix Cr amadCbntents for Alloy A, Alloy B and Alloy C

Matrix Matrix Cr content Matrix Ta content
compositions

(Yowr) Calculation EDS analysis Calculation EDS analysis
Alloy A

1200 29.80 29.35+ 0.57 2.08 2.04+ 0.32
Alloy A

1100 29.63 28.13+ 0.44 2.09 2.39+ 0.35
Alloy A

1000 28.95 29.18+ 0.37 2.11 2.38+ 0.37
Alloy B

1200 29.38 28.10+ 0.33 2.77 2.78+ 0.16
Alloy B

1100 28.98 26.66+ 0.20 2.79 2.70+ 0.09
Alloy B

1000 27.74 27.46+ 0.10 2.86 2.40+ 0.07
Alloy C

1200 28.06 28.88+ 0.23 5.68 2.99+ 0.20
Alloy C

1100 26.57 27.25+ 0.05 5.84 4.22+0.12
Alloy C

1000 26.32 27.60+ 0.59 5.84 3.57+0.51

For Alloy C great differences exist between caltates and EDS measurements, but they are
accordance with the differences seen earlier betvilee predicted and observed microstructures. bhdesal
chromium contents are slightly higher than the Waked values because of the presence of tantaduibdes in
samples which lead to a matrix volume fractionhgliglower for a nearly same chromium quantity. Geming
tantalum, the matrix Ta contents are higher focuakion than the measured since a significant aioliTaC
carbides is present in the Alloy C after exposuralaghree temperatures.



Discussion

For Alloy A and Alloy B, experimental observatioasd measurements appeared to be in good agreen
with calculations performed using our databaseedddthe two ways lead to very similar results alibet
number and the natures of the present phasesytiigme fractions and the chemical compositiorhef iatrix.
On the contrary, for Alloy C, the experiment shaavsignificant amount of tantalum carbides evenr dfigh
temperature exposure for a long time while thewatmons predict the presence of chromium carbadese.

It is true that the microstructural observationsvedd that tantalum containing Ni-base alloys seem
contain not so many TaC carbides as Co-base ditoythe same carbon, chromium and tantalum con{édi{s
Indeed, for example, a Co-9%Ni-28%Cr-6%Ta (weightcpnt) alloys contains only TaC carbides, the malu
fraction of which is 5.4% at 1200°C. This differenehavior of the Ni-base alloys is found again witl
thermodynamic calculations, but there it is strarged does not correspond very well to reality. ldegr the
same tendency is predicted and can be stated byrdra %:Ni - T diagram.

Such a diagram, drawn for Co-xNi-30Cr-0.4C-6Ta{%ith x varying from a 0 to 60% (as is to say
from a Ni-less Co-base alloy to a Ni-base one) iiemy by Fig. 4. This one allows us to confirm tlaat
microstructure constituted by two phases, matrid aaC carbides, can occur in Co-base alloys, eheg t
contain some nickel. Let us remind that less tha#h,l Ni are useful and sufficient to stabilize pradiicéhe
fcc form of the cobalt-base alloys matrix for mogthe working temperatures of these alloys. Buhéd nickel
content increases beyond 1Q9%li (a limit which depends of the considered terap@e T), MCs or My3Cs
(nature also depending of T) appear and their wdrglation increase while the TaC fraction decrsa&eyond
the barrier of 50% Ni, TaC cannot exist in the microstructure. Thaegording to calculations, the presence c
stable TaC is not possible in Nickel-base alloystaming 30%,: Cr, 0.4%,: C and 6% Ta.
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Figure 4 Diagram describing the microstructureesiglence of the Ni content
for a Co-xNi-30Cr-0.4C-6Ta with a special look @& carbides



This disagreement suggests two possibilities. @mnotie hand Alloy C did not reach its stable stétr a
100 hours and needed more time for that. On therdthnd, our database in not yet completed to allery
good predictions in some cases. Indeed, only trserggions of two ternary systems out four are used
construct the quaternary thermodynamic description.

The first hypothesis is not serious looking at Alleys A and B which lost all their initial TaC daides
during the same exposures. Then, it appears thatdtabase really needs to be improved (by additidhe C-
Ni-Ta and C-Cr-Ta descriptions) for better caldolas for nickel-rich alloys with high contents adrbon and
tantalum.

Conclusion

This work bring microstructural data about the &guum states of three different tantalum contagi
Ni-base alloys for three high temperatures to whinttk family can be exposed in work conditions.uidys and
solidus temperatures, volume fractions of each tgpecarbides, matrix chemical concentrations argv no
available for these alloys. These results can bd ts evaluate new databases built for systemadimay Ni-Cr-
C-Ta alloys. First tests performed on a databaseldeed for Co-Ni-C-Cr-Ta systems showed that tne
allows good predictions so that Ta remains less 8%. This study also showed that it is more diftito obtain
stable TaC carbides in Ni-base alloys than in Cselalloys. Knowing that, it appeared that TaC cabimay
not be chosen for strengthening Ni-base superaftoyisigh temperature service.
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