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BEHAVIORS OF (Ti, C)-CONTAINING CAST (Co, Ni)-BASED
SUPERALLOYSIN OXIDATION AND CREEP AT 1200°C
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Six alloys (25 wt% Cr, 0.4 C, 1.6 Ti, Co and Ni (paWwere prepared by casting for eva-
luating their oxidation and creep properties atQf20 Their microstructures consist of a
dendritic matrix with eutectic carbides in the itendritic spaces. Carbides are TiC for
the alloys richer in Co than in Ni, and chromiumhides in the alloys richer in Ni than in
Co. Differential thermal analysis shows that albgdl start melting above 1250°C. The
oxidation tests in air at 1200°C allow observingheomia—forming behavior of the alloys
rich in nickel better than the cobalt alloys. Imtrast, the creep resistance tests at 1200°C
demonstrate an undeniable superiority of the alkigls in cobalt. Good compromise for
both types of high temperature behavior appealsetobtained by a Co-base alloy con-
taining nickel as minor element but with significanoportion in nickel (15...30 wt% Ni).

Keywords: Co and Ni alloys, TiC carbides, chromium carbides, creep resistance, high
temperature oxidation.

licte crumagie (25 wt% Cr; 0,4 C; 1,6 Tipemra — Coi Ni) BUrOTOBIICHO JIUTTSAM JUIst
OLIIHKU IXHBOTO OHOPY OKUCHEHHIO Ta mos3yvocti npu 1200°C. MikpocTpykTypa CIUIaBiB
CKJIAJIAETHCS 3 JCHAPUTHOI MAaTPUIli 3 eBTEKTUYHUMH KapOilaMu y MIKICHIPUTHHX IIPO-
Mmikkax. Kap6iau TiC yrBoprooThes y crumaBax 3 6inpmmmm Bmictom CO,a kapbinu xpomy
— 3 6inbumm BmictoM Ni. udepeHuianpuuii TepMiuHMIA aHali3 MOKa3ye, MO BCi CIUIABH
HOYHMHAIOTH IUTABUTHUCS 3a TemmepaTtypu Buine 1250°C. OkucuenHs Ha nositpi npu 1200C
Jla€ 3MOTY CIIOCTEpiraTH 3aXHUCHI BJIACTUBOCTI XpOMY Ha CILIaBaX, 30aradeHUX HIKeeM,
CHUJIBbHIIII, HiXX K0OanbToM. I, HaBmaku, BUnpoOyBanHs Ha noB3y4victh npu 1200C nemoH-
CTpPYIOTb Oe33alepeuHy nepeBary 0araTiiuX Ha KOOalbT CILIaBiB. XOPOLIMM KOMIPOMi-
coM Jyisi 000X THIIIB MMOBEIIHKH 32 BUCOKUX TEMIIEPATYp € CIUIAB Ha OCHOBI KOOAIbTY 3
HiKeJIeM SIK IPYrOPSIHUM €JIEMEHTOM, alie 3 BeIMKOI0 4acTkoro (15...30 wit% Ni).
Kurouosi ciioBa: cnnasu Co ma Ni, kapbiou TiC, kapiou xpomy, onip nog3yuocmi, guco-
KomemnepamypHe OKUCHEHHL.

Introduction. Many conventionally cast superalloys contain stamgously co-
balt and nickel to constitute their matrix. For i@egp chromium content the Co/Ni
balance can influence significantly the oxidatiesistance at high temperature [1]. In
another way, the addition of titanium to alloys @hare first rich in chromium for the
purpose of chemical resistance at high temperatumg,second which contain carbon
for the formation of strengthening carbides, candififothe characteristics of the
carbides population. This effect, due to the stroagbide-forming behavior of this
element [2], may influence the mechanical propgrtiethe whole alloy at a high tem-
perature [3-5]. Ti may also significantly influentlee high temperature oxidation
behavior for (Co, Ni)-based alloys and others [6,The introduction of 1 or 2 wt% Ti
to chromium-rich alloys based on cobalt, have beeently tested and it is observed
that titanium monocarbides precipitate during sfididtion instead of the chromium
carbides that are obtained usually in (Co—25...86 ®r-0.25...0.5 wt% C) alloys [8].
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When such alloys are exposed for a long time tb leégnperature (1000...1200°C) they
tend to keep a significant part of their initialCTcarbides, notably when the alloy ini-
tially contains a high fraction of TiC (0.5 wt% €wt% Ti) or when temperature is not
too high (1000°C) according to thermodynamic caltiahs [9].

Alloys based on cobalt and chromium only are likelybe affected by possible
allotropic changes of the crystalline network oéithmatrix in some conditions of
heating or cooling, with possible deleterious effeon their internal stress state.
Usually to limit these problems, nickel is ofterdad to avoid such solid state trans-
formation in thermal cycling conditions [10], by lpeg the austenite stabilization
[11]. In the case of cobalt-based alloys desigoeblet strengthened by titanium carbi-
des, such nickel addition, useful for the crystallistability, may also influence the
alloy carbides population, the mechanical resigaielevated temperature and the hot
oxidation behavior. The present work aims to expltrese possible effects on the
guantity of nickel added to the composition by elating alloys derived from a refe-
rence cobalt alloy and by the characterizatiorheirtproperties.

Method of investigation. A series of six alloys all containing 25 wt% Cr6 Ti
and 0.4 C were considered: first the referencerég-Co-based alloy and two versions
with a moderate Ni addition. Another alloy with raddi and three Ni-rich alloys were
also elaborated to push the study further to ayydlased on nickel and without any
cobalt. The names and chemical compositions okikealloys are given in Table 1.
40 g of each of the six alloys were produced froorepelements (Alfa Aesar,
> 99.9 wt%) in the water-cooled copper crucibledfigh frequency induction furnace
under 300 mbars of pure Ar. Four types of samplesevextracted from each of the
obtained ingots, by cutting. The first compact ava&s kept for the metallographic
study of the as—cast microstructure. The smallrsdome was reserved for performing
differential thermal analysis (DTA) to specify timelting start temperature of the
alloy. A third one, a square-based parallelepipeals destined to oxidation test in a
furnace. To finish, the fourth one, an elongatedlpelepiped, was prepared for perfor-
ming a creep bending test.

Table 1. Designation and chemical compositions of the six studied alloys

_ N | e | T | ¢
Co-rich alloys
wt%
5COoONITi 0 25 1.6 0.4
4CO1NITi 15 25 1.6 0.4
3COo2NiTi 29 25 1.6 0.4
. Co Cr Ti C
Ni-rich alloys
wt%
OCO5NITI 0 25 1.6 0.4
1Co4NiTi 15 25 1.6 0.4
2Co3NiTi 29 25 1.6 0.4

The metallographic samples were embedded in csid end ground with 250 to
1200-grit SiC papers. This was followed by polighirsing Jum hard particles for ob-
taining a mirror-like state. They were examinechgsa scanning electron microscope
(SEM, JEOL JSM6010LA). The observations were cdraet under 20 kV in the back
scattered electrons (BSE) mode, at various magtiibies (from 125 to 1000). The ob-
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tained chemical compositions were measured usim@itiergy dispersive spectrometry
(EDS) device present in the SEM.

The 7x2x2 mm DTA sample was heated up to 1500°Ccantéd, with recording
of the heat flow to plot it versus temperature. Tdraperatures of melting start and end,
and of solidification start and end were notedgec#fy the solidus and liquidus tem-
peratures. The dimensions of the samples for theXidation tests were 8x8x3 mm
and these samples, ground all around with 12008g@tpaper, were exposed for 170 h
to laboratory air at 1200°C. The oxidized sampédter return to room temperature,
were embedded and cut to obtain cross-sectiongbleanmrhese ones were thereafter
ground, polished, observed and analyzed as thasiswetallographic samples, how-
ever with special attention to the oxides formetemally and internally. The creep
samples with dimensions 1x2x15 mm were ground W00-grit SiC paper with final
strips in the length direction. They were subjedi@d70 h at 1200°C to a constant
central load calculated to induce a tensile stoé$s5 MPa in the bottom center of the
parallelepiped.

Results and discussion. The EDS analyses show that the targeted chenical ¢
positions have been successfully obtained. Theastiarctures of the six alloys in the
as-cast condition are illustrated in Fig. 1. TheSEM/BSE micrographs show that the
matrix of all alloys is dendritic and more or letark particles are present in the inter-
dendritic spaces. The EDS spot analyses carriedmouhe coarsest particles of each
type demonstrate that the black ones are TiC pestidhese ones are Chinese script
shaped in the 5CoONiTi and 4Col1NiTi alloys, areloihgated shape in the 3Co2NiTi
one, and are small blocky in the 2Co3NiTi one). Ghey ones are coarse,§ls in the
3Co2NiTi alloy and GiCs in the 2Co3NiTi, 1Co4NiTi and OCo5NiTi alloys. Sas
previously observed in the case of TaC carbidegemb and less Co disadvantage
monocarbides and promote chromium carbides in gimcgment with 25...30 wt% Cr.
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Fig. 1. Microstructures of the as-cast six alloythveirrows designating TiC and Cr carbides.

The DTA runs performed for the six alloys allow sipgng the temperatures of
melting start and melting end in the heating pamt] the temperatures of solidification
start and solidification end in the cooling patheTaverage of the temperatures of mel-
ting end and solidification start is calculatedalenation of the liquidus temperature),
as well as the one of the temperatures of meltiag and solidification end (solidus
temperature). All these results are graphicallysenéed in Fig. 2. Globally, the liqui-
dus temperature increases with the cobalt contemte the evolution is not mono-
tonous for the solidus temperature (minimal valieesquivalent contents in Ni and in
Co). One can notice that all temperatures relaidtd solidus are above 1250°C. This
leads to the choice of 1200°C for the oxidation ergkp tests, the highest temperature
which remains however reasonably far from all sdid
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Fig. 2. Temperatures of liquidua: (A — melting end® — average,
B - solidification start) and solidub:(A — melting start® — average,

H - solidification end) for the six alloys, accorgito the results of the DTA:
1 - 0Co5NiTi (0% Co, 73% NiR2 — 1Co4NiTi (15% Co, 58% Ni);
3—2Co3NiTi (29% Co, 44% Ni¥ — 3Co2NiTi (44% Co, 29% Ni);
5 — 4Col1NiTi (58% Co, 15% Ni — 5CoONiTi (73% Co, 0% Ni).
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After 170 h spent in laboratory air at 1200°C ia thuffle furnace six alloys were
covered by an external oxide scale. The SEM/BSErmwhsions (Figs. 3 and 4) and the
EDS spot analyses carried out on the prepared-sexd®ons allow distinguishing a
double constitution of the external scale in theecaf the three Ni-based alloys (from
2Co3NiTi to 0Co5NITi): they are covered by a thmbntinuous chromia scale, which
is itself covered by an outermost thin continuou®,Tlayer. The 3Co2NiTi and
4Co1NITi alloys are covered by an oxide scale maidehromia only (no outermost
TiO, layer, seemingly). For the nickel-free Co-basddya{5CoONiTi), chromia was
present as a discontinuous inner layer more orplesstrated in the alloy. This chromia
layer was covered by a thick external scale caretitby a mix of cobalt oxide (CoO)
and of spinel oxide (Co@®d,). Internal oxidation also occurred, with the appeae of
finely dispersed TiGO, oxides in the subsurface close to the alloy/sicatgface, and
of coarse internal GD; oxides. The thicknesses of the external scaleswarenarized
in Table 2. Clearly, adding Ni to the referencer@b-alloy improves significantly the
oxidation resistance by promoting the developmémtrotecting chromia. The Ni-free
5CoONiTi alloy was the single alloy concerned karisof generalized oxidation (parti-
cularly thick oxide scale). To finish, one can nmemtthat, in the case of the chromia-
forming alloys, the chromia scale is obviously preed from volatilization by the
outermost TiQ scale. Indeed, the chromia scale is slightly thictor the Ni-rich
alloys. This is an effect of TiDvhich was earlier observed.
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Fig. 4. Surface of the three Ni-rich alloys staéier 170 h at 1200°C.
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Table 2. Oxides and their thickness observed on the surfaces and in the subsurfaces

Co-rich alloys External scale Internal oxides Ext. thickness
(73?/()(:82{\]2)30 Ni) ciré(;%fg;’o TiO,, TiCr,04, Cr0Os 120pm
(58;C(§)01,'\:||_i-5r(i,/0 Ni) Cr,03, TiO, TiO,, TiCr,0y4, Cr,05 40 um
(44(;)C(;302,'\|2r9r(i,/0 Ni) Cr,03, TiO, TiO,, TiCr,0O,, Cr,05 40 um

Ni-rich alloys External scale Internal oxides Eoxt. thickness
(00/?22??330 Ni) Cr,0s, TiO; TiO,, TiCr,O,, Cr,03 70 um
(15(;(-)C(;):|\2'8|'(i)/0 Ni) Cr,03, TiO; TiO,, TiCr,O4, CrO;3 60 um
(Zg(yzocgjl\él:l(i)/o Ni) Cr,03, TiO; TiO,, TiCr,O4, CrO;3 60 um

The center of each oxidized sample is also obseifdr 100 h at 1200°C the
microstructures are all considerably modified (. The TiC carbides (5CoONiTi
and 4ColNiTi alloys), the chromium carbides (1CoANIind O0Co5NiTi) and both of
them (3Co2NiTi and 2Co3NiTi) become rounder andreera(coalescence). The TiC
have completely lost their initial Chinese scripetongated shapes while the geometry
of the chromium carbides has evolved from acictdaround. This shape evolution
may be deleterious for the creep resistance.
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Fig. 5. Aged microstructures of six alloys with arradesignating TiC and Cr carbides.

The specimens for the three-point bending credp tee loaded in the center of
their upper side in order to induce and maintainoastant tensile stress equal to
7.5 MPa in the center of their bottom face. Theaw®d creep curves (downward
movement of the upper central point) are shownign & All curves present an initial
fast deformation which decelerates at a constaatafadeformation after 10 h (5 h in
some cases). Six values of total movement of théraepoint achieved at 70 h of test
and the stabilized deformation rate (counted at70 h too) are measured and the
values are displayed in Table 3. Obviously, the besistant alloys against creep are
three cobalt-rich alloys. Adding more nickel to {iN¢ = Co) equivalence progressively
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lowers this resistance. The less creep-resistéoy & the cobalt-free Ni-based one,
but, seemingly, adding nickel in moderate amoungsscdot threaten its creep strength.
However it seems that Ni must never be more pretbamt cobalt to avoid the weake-
ning of the alloy seen for the 2Co3NiTi, 1Co4NiTidanotably 0Co5NiTi alloys.

S, um
Fig. 6. The creep deformation curves 2
for six alloys 500
(3-point bending, 7.5 MPa, 1200°C): J 3
1 — 0CO05NiTi;2 — 1Co4NiTi; 250
3 —2Co3NiTi;4 — 3Co2NiTi;
5 — 4Co1NiTi;6 — 5CoONiTi. 5 P 4

0 10 20 30 40 50 60 t,h

Table 3. Oxide species observed over the samples surfaces and in the subsurfaces

Co-rich alloys | Central point position,| Central point movement final speed,
at 70 h-creep pm um/h
5COONITi
(73% Co, 0% Ni) 180 1.18
ACOINITI
(58% Co, 15% Ni) 166 111
3CO2NiTi
(44% Co, 29% Ni) 208 1.67
Ni-rich alloys Central point position,| Central point movement final speed,
at 70 h-creep pm um/h
OCO5NITi
(0% Co, 73% Ni) 363 3.31
1CO4NITi
(15% Co, 58% Ni) 599 4.89
2Co3NITi 977 L8

(29% Co, 44% Ni)

CONCLUSIONS

The alloys based on cobalt, containing several @6 of chromium and desig-
ned to be strengthened by eutectic TiC carbidds avithinese script shape are of great
interest, even with their rather simple chemicahposition in comparison with indu-
strial superalloys. Even at a temperature partiulsigh (1200°C) for alloys of such
category (conventionally cast, not precipitatioresgthened) the general behavior is
obviously good. There is reasonable resistancensigakidation but superior creep-
resistance. The oxidation resistance is enhanctéd moderate addition of nickel as
demonstrated by the 4ColNiTi and 3Co2NiTi alloys, Which the high creep resis-
tance is fortunately maintained. So, much cobatt Ewt% of nickel (or a little more)
may lead to interesting and exploitable propeiitiethe mechanical and chemical field
at this elevated temperature. A base element shetagen 4/5 to 3/5 of Co and 1/5 to
2/5 of Ni (i.e. 4Co1NiTi and 3Co2NiTi and intermaté alloys) is a design which
appear to be advised.
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