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Abstract

Two alloys particularly rich in carbides, a nicksed one reinforced by chromium
carbides and a cobalt-based one strengthened bgluian carbides were characterized by
metallography and their hardness and thermal expansehavior tested, after alloys had
undergone a more or less long aging treatment gl hémperature. Aging induces a
progressive coarsening and/or fragmentation ofethieterdendritic carbides, with as first
consequence a decrease in hardness. Also duestorti@phology changes, aging the alloys on
long times leads to a loss of effect of the carbida the thermal expansion behavior of the
alloys. The total thermal expansion, initially lawd by the rigid carbides network, is then free
again. Indeed, the high temperature phenomenonastip or viscous-plastic deformation in
compression of the matrix by the initial continu@asbides network has almost disappeared.

Keywords: metals and alloys (A); microstructure (C); thernexipansion (C); mechanical
properties (C); computer simulations (D)

1. Introduction

For a superalloy in service, remaining a long tiexpposed to very high temperatures
generally induces significant microstructure change presence or not of stresses applied to
the pieces. Among the modifications which are uUguabserved in the microstructure of
industrial superalloys, one can give as examples:establishment of a rafting structure for
intermetallic precipitates ifi-reinforced nickel-based superalloys [1], coaragrf grains and
morphology evolution of carbides [2], the fragmeiata of TaC carbide fibers in eutectic Co-
based superalloys directionally solidified [3], tire same phenomenon but affecting the
interdendritic TaC-carbides [4-6] or other MC-cald® [7] with which several equiaxed cast
superalloys are strengthened. Since the interdendarbides play an important role at high
temperature for both the mechanical resistancéefatioys (as reinforcing phases [1,2]) and
the oxidation/corrosion resistance (grain boundarispecial diffusion paths notably for Cr [8-
9]), it appears that such carbides modificationsy mafluence the mechanical /
thermomechanical behavior of these alloys, as agetheir oxidation rate.

The aim of this work is to learn more about thegiole effects of carbides modifications
on the thermal expansion of conventionally-casbidas-rich refractory alloys, between room
temperature and 1200°C. This was done by studyiagcase of a simple carbon-rich nickel
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alloy and a more complex Co-based alloy contaifia@ carbides with high densities, after
preliminarily aging treatments at 1200°C perfornh@ddifferent durations.

2. Experimental details of the study
2.1. The studied alloys

Three 100g-ingots of a nickel alloy (targeted cosifan: Ni(bal.)-30%Cr-1%C in
weight percent) and three 100g-ingots of a cobaded superalloy (targeted: Co(bal.)-10%Ni-
30%Cr-0.5%C-7.5%Ta in wt.%) were cast in the watasled copper crucible of a High
Frequency induction furnace (CELES). This was e under an inert atmosphere of
several hundreds millibars of pure argon, by meglpare elements together (purity higher than
99% in mass): Co, Ni, Cr and Ta supplied by Alfes&e and C added as pure graphite. With
either 1wt.% C and a high content in chromium, &wi.% C and 7.5wt.% Ta, chromium
carbides or tantalum carbides can be present wgth densities in the microstructures, of the
nickel alloy and of the cobalt alloy respectivelyhe two alloys are elsewhere able to resist
high temperature oxidation for several tens or heasl hours (depending on both the
temperature and the nature of the corrosive enmgan), thanks to their 30wt.% of chromium.
The role of the 10wt.% of nickel present in the ablalloy is the stabilization of the FCC
structure of matrix, down to sufficiently low tentpéures.

For each alloy, one of three ingots was heateda thin' from room temperature to
1200°C, maintained at this temperature during 5r$iothen air-cooled. A similar heat
treatment was applied for the second and the thgdts of each alloy, but for longer durations
of the isothermal dwell: 25 hours and 100 hours.

2.2. Metallographic preparation and microstructuiearacterization

The ingots were thereafter cut using a Buehler &0oB000 precision saw, in order to
keep only the zone preserved from possible miartosire modifications possibly caused by
high temperature oxidation. One sample per ingat @rabedded in a cold resin (Escil CY230
+ HY956) and the mounted samples were polishedsinguSiC paper from 120 to 1,200 grit
under water, then with a 1lum-diamond paste.

A Scanning Electron Microscope (SEM, model: XL30iliBk) was used for
metallographic observations, essentially in thekB&cattered Electrons mode (BSE) under an
acceleration voltage equal to 20kV. The chemicahposition of each alloy was analyzed in
the bulk on several locations, by using a Camecan$&roprobe in a defocalized mode
(magnification:x 400). A diffractometer (Bruker XPERT-Pro) was alssed to complete the
metallographic characterization, with X-ray difft@n results.

The proportions of carbides were determined by snagalysis for the two alloys in
their three aged states, by measuring their suffacéons on five BSE micrographs randomly
taken in the bulk of each sample. The BSE detdetbto different levels of gray, depending on
the average atomic number of the phases, allowiggoa separation of the matrix (gray), the
chromium carbides (darker than matrix) and thealam carbides (whiter than matrix). The
Photoshop CS software (Adobe ) allowed the measemeraf these experimental surface
fractions of carbides. The latter ones were supptsée close to the volume fractions.
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2.3. Thermal analysis

In order to specify the temperature ranges of ingeland of solidification Differential
Thermal Analysis (DTA) experiments were performesing a Setaram TGA 92-16.18
apparatus, in order to measure the temperaturégsmin’s start and of fusion’s end of the
alloys. The thermal cycle was composed of a heatittg of 20 K mift up to 1200 °C,
followed by a slower heating at 5 K rffirup to 1500 °C for a better accuracy in this zofe o
temperatures. The cooling was done first at 5 K mdown to 1200°C, then at 20 K rffin
down to room temperature. The solidus and liquignsperatures of the alloys were supposed
to be close to the temperatures of fusion’s stadtfasion’s end determined in the heating part
of the DTA curve.

2.4. Thermodynamic calculations

The theoretical stable microstructure states a0IQ®f the two alloys were determined
by using the Thermo-Calc version N software andSB®©L database (SGTE) enriched with
the descriptions of the following binary and tegnagstems : Ta-C [10], Co-Ta [11], Ni-Ta
[12], Cr-Ta [13], Co-Ta-C [14], Ni-Cr-Ta [15] (onlfpur ternary systems were still missing in
the new database: Co-Cr-Ta, Co-Ni-Ta, Ni-Ta-C and &C). Calculations were carried out
to specify, when the aging duration increasesgdemgee of convergence of the alloys towards
the theoretic stable state at 1200°C, first by cammg the microstructures of the alloys (after
each of the three heat treatments) to the metamirgtable state at 1200°C, and second to
compare the temperatures of fusion’s start an@fusiend to the theoretic solidus and liquidus
temperatures. All calculations were performed biysoering the real chemical composition of
each ingot.

2.5. Hardness measurements

The hardness evolution of the two alloys with tHA°C—treatment duration was
studied by Vickers macro-indentation performed gsin Testwell Wolpert apparatus. Five
indentations in the bulk of each metallographic glenwith a load of 30kg were performed.
The average value and the standard deviation vedcalated in each case.

2.6. Dilatometry runs

Thermal expansion was measured using a Setaramasppémodel: TMA 92-16.18) on
parallelepipeds cut in each ingot. The dimensidnthese samples were about 4mmimm
(square main faces¥ 2mm (direction of the characterized expansion)e Teating was
performed from room temperature up to 1200°C (ra€eK x min™), followed by a dwell of
3600 seconds and finally a cooling down to roomperature (rate: -10 K min™). Three
evolutions of the sample’s thickness were studikd:thermal expansion during the heating,
the thermal contraction during the cooling, and dimaensional evolution during the 1hour-
dwell at 1200°C.
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3. Results
3.1. Microstructure states of the alloys after #ygng treatments

The chemical compositions of the obtained alloysracterized by Energy Dispersion
Spectrometry using the EDS apparatus with whictSE#l is equipped, are displayed in Table
1. They are close to the targeted contents ancamelso consider that the three ingots of the
same alloy (Ni-based or Co-based) have effectithedysame compositions.

The microstructures of the two alloys after theeéhaging treatments are illustrated by the
SEM micrographs given in Fig. 1. After the 5h-traant, the microstructures of the two alloys
are still totally analogous to their as-cast mitnostures. The Ni-based alloy contains a
dendritic matrix of FCC nickel containing a partafromium and of carbon in solid solution,
and an interdendritic network of primary chromiuartides forming a eutectic compound with
matrix. Secondary carbides can also be observetthanmatrix. After more time spent at
1200°C, there is a progressive morphology changkeoprimary carbides which are coarsened
/ rounder than before, while the secondary carbide® disappeared. This is particularly true
between the as-cast/5h-aged state and the 100hsdgtd In contrast, no difference was
observed concerning the carbides natures: thegtélr€r,Cs, even after 100 hours of aging at
1200°C (Fig. 2).

The Co-based alloy, the microstructure of whichlieady slightly different after 5 hours
spent at 1200°C by comparison to its as-cast sjates on evolving for longer times at 1200°C
since the primary tantalum carbides become morename divided into alignments of small
and round TaC carbides. Here too, their nature doeshange (Fig. 3). However, spectra of
X-ray diffraction tend qualitatively showing thdtet FCC part of matrix still remaining after
cooling to room temperature tends to be more ptestter 100h-aging than after only 5h-

aging.

3.2. Carbide fractions and hardness of the alloys

In order to get more quantitative data about theupadions of carbides in the two alloys
after the three different aging durations, measerégmof the surface fractions of chromium
carbides were performed for the Ni-based alloy ehdantalum carbides for the Co-based
alloy. The results led to the curves of evolutisasented in the two graphs displayed in Fig. 4.
The volume fraction of GE€3 carbides stays almost constant, independentlyhenaging
duration (even if there is maybe a little tendeteincrease), while the volume fraction of TaC
carbides obviously decreased during the first teoars before staying almost constant.
Thermodynamic calculations were also performed gusithermo-Calc for the chemical
composition of each ingot and the aging temperafthies led to verify that effectively carbides
are CrCsz and TaC at 1200°C and showed that matrixes wethisassame temperature, FCC in
the two cases. The parts of HCP in the matrix ef¢bbalt-based ingots appeared during the
cooling. Volume fractions were obtained from thesm#&actions calculated by Thermo-Calc
by using the following densities: 8.1 for Ni-basedtrix, 8.9 for Co-based matrix, 6.94 for
Cr,C; carbide and 14.5 for TaC carbides (all in g ifl6]. There is little difference (taking
into account the standard deviation values) betwtbenfinal volume fraction and the value
determined with Thermo-Calc calculations. The Talume fraction significantly converged
to the equilibrium value, while this was obviouslgne for the GICz volume fraction before 5
hours of heat treatment.
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Hardness measurements, achieved under 30kg, llgged to values for the three aging
states of the Co-based alloy which are higher fioarihe three aging states of the Ni-based
alloy (Fig. 5). In the two cases the Vickers hasindecreases rapidly between the 5h-aged
state and the 25h-aged state. This decrease gaéereafter, but slower, for the cobalt alloy.
In contrast hardness seems stabilized after 25igdgr the Ni-based alloy.

3.3. Intervals of fusion and of solidification

Differential Thermal Analysis runs were performed the two alloys in their three aged
states. The DTA curves for the two extreme agestare displayed in Fig. 6. One can first
see that the endothermic peaks (fusion part) atterbaistinguished after only 5h-aging than
after 100h-aging, while the exothermic peaks (¢fd@tion part) are logically not dependent
on the aging duration. No significant differencenche noted between the measured
temperatures of fusion’s start and of fusion’s émdthe two extreme aging states, and the
calculated solidus temperatures are in good agrneewiéh the temperatures of fusion’s start
(Table 2). In contrast this is less true for tlygiidus temperatures).

3.4. Thermal expansion behaviors

When the samples are heated from room temperagoréo uL200°C, their thickness
increases more or less regularly, while it decreagereafter during the cooling. The
deformation curves are presented in Fig. 7 fotweeextreme aged states of the Ni-based alloy
and in Fig. 8 for the Co-based alloy. It appearst fihat the maximal dilatation is almost the
same for the Ni-based alloy and for the Co-baskxy &r the same duration of preliminary
aging. In contrast, for a same alloy, the expansiben arriving to 1200°C for the 5h-aged
state (1.59% and 1.69% for the Ni-based alloy aordtlie Co-based alloy respectively) is
significantly lower than for the 100h-aged state93% and 1.89% respectively). This can be
found again for the average thermal expansion oerfits: indeedx1po-1200-cfor the 5h-aged
state (15.8 and 16.7 x £&™ for the Ni-based alloy and for the Co-based atkspectively) is
significantly lower than for the 100h-aged stat@.4land 18.3 x I0K™ respectively). Another
difference between the two aged states is whataaroed during the 1 hour-isothermal dwell:
for the 5h-aged alloys there is a contraction @022, significant for the Ni-based alloy (-
0.04%) and particularly important for the Co-basaltby (-0.21%). When alloys were
preliminarily aged during 100 hours, the isothermoahtraction at 1200°C exists too but is
much less important for the Co-based alloy and atmexistent for the Ni-based alloy. This
isothermal contraction, which apparently followedstart of contraction already occurring
before the end of heating (especially in the cdsbe5h-aged Co-based alloy), is responsible
of a significant part of the permanent negativeodeation after return to 100°C (-0.16% and -
0.27% for the Ni-based alloy and for the Co-bad&y aespectively). Near the end of heating
and during the beginning of cooling, the alloys evealso subjected to a contraction
phenomenon which participates thereafter to thal twintraction after return to 100°C. The
values deduced from these curves are listed ineTabl

In order to better examine how the contractiors akttring the isothermal stage it can be
useful to plot the dilatometry results in the {defation = f (time)} scheme. The
corresponding curves for the Ni-based alloy afteaging and 100h-aging are displayed in Fig.
9 and the curves for the Co-based alloy in Fig.liCeach case an enlargement of the dwell
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part is added. One can see now that in the theesaa significant contraction during the hour
spent at 1200°C, (5h-aged Ni-based, 5h-aged and-49€d Co-based alloys), the isothermal
contraction is initially fast then it progressivelgcelerates.

4. Discussion

During solidification the mechanisms of developmeh the microstructures do not
always allow the alloys to strictly respect theumes, the volume fractions, and also the
morphologies of phases with which these alloysada in metallurgical equilibrium at all the
successive temperatures. This is true for the pyiroarbides the growth mechanisms of which
lead to elongated shapes. At room temperature stegges remain as formed at solidification
and they can influence the properties of the alldlyshe latter are heated again up to high
temperature, their properties depend in a firstetion the still elongated shape of the
interdendritic carbides, but they may thereaftevgpessively change with the morphology
evolution of the carbides due to the reductiomtdifacial energy. Hence, the high temperature
mechanical properties can be logically changed #ithcoarsening of chromium carbides or
with the fractioning of tantalum carbides, sincesh carbides are important interdendritic
reinforcing particles. These morphology changesugeda weakening of the alloy but also
improvements of ductility and toughness).

Changes in Young's modulus or ultimate tensileergith are not the sole possible
properties modifications resulting from carbidesgfnentation [17]. It was for example seen
recently for the same alloys [18] that such modiiens of the primary carbides, which are
present in the grain boundaries along which speniedved in the oxidation phenomena (e.g.
Cr) diffuse with easiness, can lead to changebenkinetic of oxidation at high temperature:
the longer the aging duration, the faster the ngags by oxidation (especially at 1200°C).

In this study, one saw in a first time that thenggat high temperature led to a lower
fraction of TaC carbides (as well as a slightlyh@gproportion of FCC phase in matrix) after
cooling in the Co-based alloy, while no such changere seen for the chromium carbides of
the Ni-based alloy. The chemical homogenizationcihiesulted from the first hours of aging
for the Co-based matrix smoothed the segregatieveldped during solidification, and the
locally too high fractions of TaC were then coresl;tand they better fitted the thermodynamic
calculations results. This led for this alloy t@lecrease in hardness which went on thereafter
because of TaC fragmentation (already seen forroffeC-strengthened cobalt based
superalloys [17]), although the carbide fractionl lh@come already constant. Another possible
effect of the decrease in TaC fractions in the @seld alloy during the first hours of aging is a
slight but global homogeneous enrichment of therismat both carbon and tantalum atoms.
This possibly led to a better stabilization of aage at low temperature, which may result in a
higher proportion of FCC against HCP for the mattxthe end of cooling, as qualitatively
shown by X-ray diffraction. The coarsening of theamium carbides in the Ni-based alloy,
which also favors a loss of continuity for the naendritic carbides network at constant volume
fraction, also induces a decrease in hardnessmogh slower than the one due to TaC-
fragmentation. In contrast, the interval of fusiwas not really changed by the microstructure
consequences of aging.

Concerning the thermal expansion of the alloysw®rthe different aging durations, one
can first remark that the presence of a significasitme fraction of carbides led to thermal
expansions which are slower than usually for nicgelcobalt-based alloys without such
quantities of carbidesi(020 x 10° K%). Indeed, in the 5h-aged state (which is closthéoas-
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cast state), the whole curves have a lower avesiage, which is quantitatively found again by
considering the average coefficients of thermalaesfon ¢ 0 16 or 17 x 18 K™). This is
clearly due to both the high carbides fractions #rallow thermal expansion coefficients of
Cr,Cs (a0 011 x 10° KY) or TaC @ 06.3 x 1¢° K™) carbides [19]. The decrease in dilatation
which was observed at the end of heating for theSivaged alloys, as well as the progressive
contraction during the isothermal dwell, were aliye@bserved but for alloys not so rich in
carbon and in carbides [20]. In addition, in thpsevious results the dwell duration was only
10 minutes, while it is here 1 hour which allowsdserve the contraction progression on
longer times and its deceleration. This permitsehawnfirming the mechanisms previously
explained [20], which can be illustrated by Fig. 11

All along the heating the matrix tends to undergdhermal expansion greater than the
carbides one. Therefore, since the two phases exirntogether with interpenetration of their
networks, the mechanical equilibrium necessarilpaoses that matrix is subjected to a more
and more intensive compression and the carbideanktvg in a state of more and more
intensive traction. When temperature has becomie éngpugh to weaken the metallic matrix,
this one begins to be plastically deformed in caapion by the carbide network which
remained very rigid. This leads to a deceleratibthe elongation, and even to its inversion.
When temperature arrived at the isothermal dwélkrd is now no tendency of thermal
expansion and the carbides network continues tmoplastically compress the matrix, until an
equilibrium between the decreased compressive raaio the carbides network and the
increasing resistance of the plastically deformedirixiis reached.

When a sufficient aging is applied, with as conseqe a fragmented state for carbides
and then a sufficient loss of continuity for thagtwork, this effect can obviously disappear:
100 hours spent at 1200°C are sufficient to supthe increasing compressive action of
carbides on matrix: global thermal expansion cogffits of the whole alloys are higher, no
deceleration of elongation occurs at high tempeeatind no isothermal contraction acts during
the dwell.

5. Conclusion

The difference of thermal expansion behavior betw#g metallic matrix and the
network of intergranular carbides can induce sigaift modifications for the thermal
elongation of a piece made of the considered allbys can be a decrease in average thermal
expansion coefficient (which is usually consider sl beneficial) but also, if temperature
becomes too high, a deformation of the matrix whhesponsible of a not so interesting
permanent deformation after return to room tempeeatwith as result a bad geometrical
stability. Previous studies [21] showed that neareéases in carbide volume fractions enhance
the problem, but fortunately it appeared here shatfficiently long aging can then reduce, and
even suppress, the phenomenon by eliminating thedes network continuity.
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Table 1

Chemical compositions of the studied alloys (SEMEER 1wt.%)

Average ingot aged Co Ni Cr Ta
+ Std deviation
N°1 5h at 1200°C / Bal. 314 /
Ni alloy
N°2 25h at 1200°C / Bal. 29.0 /
(1.0 wt.%C)
N°3 100h at 1200°C / Bal. 32.7 /
N°1 5h at 1200°C Bal. 9.7 | 313 7.5
Co alloy
N°2 25h at 1200°C Bal. 10.0f 31.3 7.7
(0.5 wt.%C)
N°3 100h at 1200°C Bal. 10.2| 31.1 7.6
Table 2

Values of the solidus temperatures and liquidugptzatures determined on the heating part of
the DTA curves

Temperaturey Temperature of fusion stal Temperature of fusion end
/ Solidus temperature / Liquidus temperature
(°C) (¢C)
Thermo Thermo
Alloys DTA - DTA -

Calc Calc

5h 1320 1316 1373 1341
Nickel alloy

100h 1320 1317 1378 1338

5h 1273 1272 1402 1343
Cobalt alloy

100h 1265 1272 1395 1342
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Table 3
Values of the solidus temperatures and liquidugptzatures determined on the heating part of
the DTA curves
Temperaturey Average thermal expansid
coefficientsa 100°c-1200°c Al /1y (%) at 1200°C
(x10° K™
O 100°c-1200°C| O 1200°c-100°c| ~ €nd of start of
Alloys heating cooling heating cooling
final deformation after isothermal contraction
return to 100°C
15.8 14.6 1.594 % 1.551 %
5h
Nickel alloy -0.163 % -0.043 %
18.4 17.2 1.931% 1.965 %
100h
+0.095 % +0.034 %
16.7 15.7 1.692 % 1.484 %
5h
Cobalt alloy -0.270 % -0.208 %
18.3 15.6 1.887 % 1.853 %
100h
+0.101 % -0.034 %




Journal of Alloys and Compounds 504 (2010) 243-250 HAL.archives-ouvertes.fr

Ni alloy aged 5h at 1200°C

Ni alloy aged 25h at 1200°C

Ni alloy aged 100h at 1200°C

Fig. 1.
Microstructures of the two alloys after each heastment
(SEM/BSE micrographs)
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Fig. 2.

Diffraction patterns of the nickel alloys after ttgee heat-treatment durations
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Diffraction patterns of the cobalt alloys after theee heat-treatment durations
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Dilatometry curves resulting from the thermal exgan experiments performed
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Dilatometry curves plotted as deformation versogetiwith enlargement of the dwell part,
in the case of the 5h-aged and 100h-aged Ni-bdkp a
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Mechanical scheme describing the proposed mechasfisothermal contraction in the alloy
arrived at 1200°C in the case of continuity stilffcient of the carbide network
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