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Abstract. The high-temperature oxidation behaviours of Niband Co base cast superalloys were
studied to determine the effect of different graires and different surface dendritic orientations.
These microstructural characteristics were obtaibgdvarying solidification rate and cutting
orientation with regard to the external surfaceerffogravimetry tests were run at 1000 and
1100°C and parabolic oxidation constants were demnsd. It appears that oxidation is faster for
fine microstructures than for coarser ones for NCo alloys including tungsten in their chemical
composition, while it is the contrary when W is mvesent. When the sample surface is mainly
parallel to the dendritic network, the oxidatiorterds greater than for a surface perpendicular to
dendrites, for the studied Ni alloy. The same phasmon is observed for the studied Co base alloy
at 1100°C but the order is inverted at 1000°C. €hdiferent behaviours can be explained by the
grain boundary densities and orientations obtaoredurface, since they can influence the diffusion
of species involved in the oxidation phenomenas llso possible that the characteristics of the
chromia scale, such as grain size and generaltgudépend on the microstructural texture of the
alloy.

| ntroduction

The microstructure of metallic alloys resulting froclassical foundry practice depends on their
chemical composition but also on the solidificatioonditions. Indeed, local cooling rate and
thermal gradient existing during solidification @om, respectively, grain size and dendritic
orientation, as well as density and general orteriaof grain boundaries. Knowing that the latter
act as special diffusion paths for species likea®ms or & anions [1], it can be thought that the
kinetics of high-temperature oxidation of supengl@aould depend on both microstructural fineness
and orientation. These points were studied for isd\Méi-base and Co-base cast superalloys which
are strengthened by intergranular carbides of rdiffetypes.

Effects of solidification conditions on microstructures

A metallic cast piece obtained by classical foundrgctice usually presents a microstructural
evolution from the external surface towards the jasint to solidify [2,3,4]. In the nearest
neighbourhood of the mould wall, there is a thineavhere solidification begins by the appearance
of numerous very small crystals (Fig. 1). Among thtter, only the ones which are the more
favourably oriented with regard to the local thergradient (generally perpendicular to the mould
wall), pursue their growth in the next zone. Thaftgr this first zone is formed with a very finedan
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equiaxed microstructure, a columnar zone develdpshndisplays an oriented microstructure. Here
columns, or dendrites for Ni and Co base alloys,mainly perpendicular to the mould wall, then
parallel to the local thermal gradient existing idgr solidification. The third zone, where
solidification finished, contains equiaxed dendritieat have grown in several directions, because of
the absence of any very marked gradient. Whatdwerzone considered, final crystal or dendrite
sizes depend on the solidification rate or on theling rate. A low solidification rate leads to a
coarser microstructure than does a high one.

After machining, a cast piece can present locathermal surfaces with different grain sizes and
different orientations with regard to the sub-scefaendritic network.

cortical zone columnar zone equiaxed zone
(very fine (oriented dendrites)  (coarse and no oriented
microstructure) dendrites)

Fig. 1: The three different microstructure zonesally existing from the mould wall
in a metallic piece obtained by classical foundigctice

Materials and methods

General experimental details. Four superalloys were synthesised using an induétimace under
argon gas, and solidified in sand moulds to givendyical pieces with a diameter of nearly 30mm.
Chemical compositions of these alloys, a Ni baszand three Co base ones, are given in Table 1.
All alloys contained, in the grain boundaries, amagwo types of carbides (eutectic,i@s and/or
MC) known to be very useful for strengthening afhhiemperatures [5,6].

weight % | Co Ni Cr C wW Ta Fe
Cobaltl | bal. 9 30 0,4 6 3 /
Cobalt2 | bal. 9 30 0,4 / 6 /
Cobalt3 | bal. 9 30 1,0 / 6 /
Nickell / bal. 30 0,7 7,5 0 7,5

Table 1: Chemical composition of the four cast salb@ys studied

Oxidation tests were performed at 1000°C and 110@tCl0O0 hours, using a Setaram TGA92
apparatus and under a flow of industrial air (8Q%28%(Q,) of about 1,5L/min. Samples were
parallelepipeds, the dimensions of which were agprately 10mm x 10mm x 2mm. After testing,
oxidized samples were covered by a gold layer blyathc plasma pulverisation, which allowed the
external surface to become electrically conductileen a sufficiently thick electrolytic nickel
coating was deposed in order to mechanically ptolecexternal chromia layer. Thereafter samples
were cut, embedded in resin, polished and exanbgegtcanning Electron Microscope (SEM).
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Other experimental details (grain size). The following procedures were applied to all tHeys to
allow the influence of grain size on the oxidatlonetics to be considered. For each alloy a sample
for oxidation tests, with a coarse microstructurbafacterized by a mean spacing between two
secondary dendrite arms of about 50um), was cut from the equiaxed zonehef castings.
Elsewhere a part of the latter (about 50g) was ltexhén a water-cooled copper crucible in another
high induction furnace, in which the alloy soliéifi with a significantly higher cooling rate. Thus
the same alloys were obtained with a finer micragtre § [125um). An example of an alloy with

a coarse and a fine microstructure is given in Eig.

L
e

E R s % Ry et i\
3 x e ks 2 L
: & i3 Chi \ g
AccV Spot Magn Det WD F———- 100um e - % AccV Spot Magn Det WD ——— 100pum

20 0kV 6.0 260x BSE 9. 9

o coarse microstructure

200 kv 6.0 260x BSE 10.1

fine microstructure

Fig. 2: Example of the two microstructural fineress the case of the Cobalt2 alloy

Other experimental details (dendritic orientation). The influence of dendritic orientation on
oxidation behaviour was studied only for Cobaltdl &hckel 1. Two types of samples for oxidation
tests were prepared (Fig. 3), with square faceallphor perpendicular to dendrites. Thus it is
possible to obtain an external surface (S,= %) which is either mainly parallel to dendrites (S
> &) or mainly perpendicular to dendrites;($ S, ). For the same alloy a difference between the
two oxidation kinetics for the two types of samplesuld demonstrate that orientation can have an
influence on the oxidation behaviour of the alloy.

<1>//
2> [ <1>//

casting external surface <2>

sample mainly
per pendicular <1>0 <1>50% //

to dendrites <2> <2>/ 50% O
x A <25/

sample
mainly parallel
todendrites<1>

<1>//
<2> ]/ <1>//
<2>0

equiaxed zor

Fig. 3: Cutting modes for samples mainly paralletainly perpendicular to dendrites

Moreover, a formula obtained by uncoupling the dbations to the oxidation rate of the parallel
part (Eg. 1) and the perpendicular part (Eq. 2hefexternal surface can be written (Eq. 3). Then
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the oxidation parabolic constants for p,) and $ (Kpn) appear as the two unknown values of a
linear equation (Eg. 4) in which also the meastioéal constant appears.

1 1

TLl)=2Ke, () T2 ()=y2Kp,, 2 @

O

By =Bl . S oip, i+ i 2Kp, ®3)
O O

Sy +Sp Sy + Sy

s s
L 2Kpy +0[2Kps =\[2Kp (4)

Solving the two linear equations (Eq. 4) writtem fwo samples of the same alloy oxidized at the
same temperature, leads to values of bothdtu Kp:.

Results
Effects of alloy grain size. Thermogravimetry results show that high-temperatoxedation

kinetics are obviously dependant on the microstmattfineness. Indeed, for the same alloy, the
mass gain curves obtained for the coarse and fioestructures are different, as shown by Fig. 4.

0,0015 0,006 1

e

0,001

Am/S (g/cm2)

0,0005

time (s) time (s)

0 — 77— —— T
0 100000 200000 300000 400000 0 100000 200000 300000 400000
& Nickell coarse 1000°C - Nickell fine 1000°C + Cobalt2 coarse 1200°C - Cobalt2 fine 1200°C

Fig. 4: Some examples of mass gain curves for tiferent grain sizes of the same alloy
(on the left: case of Nickell at 1000°C, on théatigase of Cobaltl at 1200°C)

Table 2 presents all the oxidation parabolic conistaetermined from the obtained curves. These
values also show that oxidation rate varies withirgrsize but not always in the same way.
Differences between "coarse" and "fine" were vergrkad for 3 over the 6 cases, since the
parabolic constants ratio were higher than 2 orelothan 0.5. The difference depended on the
alloy, possibly on its chemical composition. Fatance, the alloys showing a higher oxidation rate
for a fine structure than for a coarser one alltaimed tungsten (Nickell and Cobaltl), while the
opposite was found for the others (Cobalt2 and G8&paFor the only alloy tested for several
temperatures (Cobalt2), the parabolic constanits ratreased with temperature, from values lower
than 1 to values higher than 1. Thus, a fine Cabakidized faster than a coarse Cobaltl at
relatively low temperatures (<1000°C), as fastles doarse one at 1100°C, and slower than the
coarse one at higher temperatures (>1200°C). Qaidaind/or diffusion phenomena seem to be a
little different, since activation energies (Fig.\Bere 185kJ/mol for the coarse microstructure and
253kJ/mol for the fine one. The three points in. Bigvere not really aligned, doubtless because of a
high volatilization rate of chromia at 1200°C (asked into gaseous CgPwhich reduces the

4
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measured parabolic constant. If only the two poausesponding to the two lowest temperatures
are considered, the activation energies becomeshiglable 2).

Another interesting observation is that a depend@fithe oxidation rate on the density of carbides
previously observed for this alloys family [7], walsserved here for the coarse microstructures but
not for fine microstructures. Indeed, {pseat 1000°C raised with C content, whatever theneabd

the carbides, while all parabolic constants at :G0@ere similar when microstructures were finer
(all values are near 1.5 0 ¢.cm*.s?).

10 . Kp microstructure | Kpge Activation Activation
y 4 coarse | fine KP coarse energy energy
g.cm’s Kpcoarse | KPine ratio (kJ.mol-1) (kJ.mol-1)

Nickell* (1000°C) 0.57 1.55 2.72
. for the 3 | for the 2 lowest

Cobalt2 (1000°C) 2.69 1.52 0.53 |coarse fine | coarse fine
Cobalt 2 (1100°C) 18.7 15.3 0.82 185 | 253 | 282 | 336
Cobalt2 (1200°C) 28.0 37.8 1.35
Cobalt3 (1000°C) 3.46 1.39 0.41 * contains tungsten
Table 2: Values of the oxidation parabolic consadtitained for all tests
and activation energies for the two grain sizeso@lt2 alloy)

_23’5 1 L L L L L L L L L
5408065 PN 0,0007 0,00075 0,0008
=) ] L
& 24,51
PANETE ~3
o ]
o -25,5 1
S 3
S 267
< 1
= -26.5E =
-27 3 *
27,5 1
1T (K-1) m coarse ¢ fine

Fig. 5: In(Kp) versus the inverse of temperatur&étvin for the Cobalt2 alloy;
determination of the activation energy associabeitié coarse and the fine microstructures

Microscope examinations were performed on the sesnphfter special metallographical
preparation. Even if the external ;O scales were always mainly lost during cooling rafte
thermogravimetry tests, some parts of this layemaieed on the sample surfaces so that it was
possible to estimate the chromia thickness. Therasfithe chromia thickness on the alloys was in
most cases the same as for the parabolic constEmsdepth of internal oxidation (§¥; and/or
CrTaQ, depending on the alloy) was also assessed ampéased that there was no differences
between the two microstructural finenesses foistimae alloy (20um for all alloys at 1000°C).
Cobalt2 was also tested at two higher temperatdrd3) and 1200°C. The order of the parabolic
constant values and of the assessed chromia tlss&severe the same as at the lower temperature.
Internal oxidation increased with temperature, frabout 20pum (coarse or fine) at 1000°C to 30
(fine) or 50um (coarse) at 1200°C. A zone havirg] its initial intergranular carbides began to be
visible at 1100°C and became deeper from the eaftesurface at 1200°C, about 80 (coarse) or
90um (fine), as illustrated by Fig. 6.

Thus, with increasing temperature, oxidation ratd the carbide-free band growth rate increased
and were higher for a fine microstructure thandaroarse one, while the internal oxidation depth

5
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also increased but with an inverted order betweamse and fine. As was observed earlier [8], this
tendency remained at 1300°C since the depth otdhigide-free zone was, after 20 hours, nearly
120um for a coarse microstructure and the douldeafdine one. At these high temperatures,
tantalum diffuses towards the oxidation front fréme zone containing tantalum carbides. Tantalum
oxides formed a discontinuous band in the alloy yusler the chromia layer.

- 5 _. Croxide layer

internal Ta
oxide ban

- -y
zone =
= (5 -
)
holes OO0 D)

AccY Spot Magn Det WD 1 B0pm AccY Spot Magn Det WD 1 B0pm
, 20.0kV 6.0 500x BSE 10.0 Cobalt? coarse 100h 1200C 20 0kV 6.0 500x BSE 10.0 Cobalt? fine 100h 1200C

Fig. 6: Depth of the carbideless zone for Cobakidliaed at 1200°C for 100 hours
in the cases of a coarse microstructure (on thedatl of a fine one (on the right)

Effects of dendritic orientation. The mass gain curves suggest that oxidation rasemwzaie or less
dependant on the dendritic orientation. Fig. 7 ldgp curves for Nickell at 1000°C which are
sensibly different from one another, the oxidatiate being higher for the sample parallel to
dendrites than for the perpendicular one. On thdrapy, the kinetics were almost the same for
Cobaltl at 1000°C, with a tendency for a lightlpveér oxidation rate for the sample mainly
parallel to dendrites than for the perpendicula.drhese observations are reflected in the pakaboli
constants values in Table 3, and amplified afteoupling of the two contributions. Comparing the
behaviour at 1000 and 1100°C, it appears that trwlaate of Nickell was higher for samples
mainly parallel to dendrites than for perpendicudaes, with a ratio of 10 at 1000°C and of 4 at
1100°C on the parabolic constants, and a ratio af B000°C and of 2 at 1100°C for the rate of
mass gain at each time. Similar results were redagtrlier for simple Ni-30Cr-0.8C (%wt) alloys
[9] but with less marked differences. For Cobatitidation rate was lightly higher for the sample
mainly perpendicular to dendrites than for the felrane at 1000°C, and the difference increased
with temperature.

0,001

0,0008 -

0,0006 -

0,0004 -

Am/S (g/cm2)
Am/S (g/cm2)

0,0002 -

time (s) time (s)
0 — ——e e — e — e — e ——
0 100000 200000 300000 400000 0 100000 200000 300000 400000

« Nickell parallel 1000°C ==s==Nickell perpendicular 1000°C » Cobaltl parallel 1000°C = Cobaltl perpendicular 1000°C

Fig. 7: Some examples of mass gain curves obtdordtie two dendritic orientations
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valuesof 10°.Kp ing®cm™s?
1000°C Kﬁblaqh Kp// 1100°C KQ|aq/, Kp//
KpplacD Kpl] KpplacD Kpl]
Nickell 1,71 2,30 Nickell 5,57 6,28
0,63 0,19 2,67 1,51
Cobaltl 1,32 1,22 Cobaltl 7,14 5,76
1,69 1,90 10,38 14,32

Table 3: Values of the global parabolic constants @ the uncoupled ones
for the two alloys

The external chromia thicknesses were of the samher @s the uncoupled parabolic constants for
Nickell, with chromia scales thicker for the pagbBurfaces than for the perpendicular ones. On
the contrary there was no real difference of cheostiale thicknesses between the two orientations
for Cobaltl. For the two alloys the depth of in@drioxidation increased with temperature (it
doubled between 1000 and 1100°C) and internal triavas more extended for Cobaltl than for
Nickell. For Nickell the internal oxidation deptid shot depend on the dendritic orientation (less
than 20um for 1000°C and about 35um for 1100°C) tl@ncontrary the internal oxidation depth
was greater for the perpendicular orientation (8A@G00°C and 65um at 1100°C) than for the
parallel one (20 at 1000°C and 40um at 1100°C).difierences in oxidation rate observed for the
two orientations appeared to be directly associatethe chromia growth rate in the case of
Nickell, while it was more related to the interngidation for Cobalt1.

200 pm AccY Spot Magn Det WD 200 pm

AccY Spot Magn
BSE 10.0 Cobaltl jj to dendrites 100h 1100C 20 0 kV 6.0 125x BSE 10.0 Conaltl T to dendrites 100h 1100C

20.0kV 6.0 125x

Fig. 8: View of the two orientations of dendriteghwegard to the surface (Cobaltl)
and surface state after oxidation at 1100°C for H@@rs
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Discussion

These results, taken together with earlier datd, [d®monstrate that both grain size and dendritic
orientation can affect the high-temperature oxafatrate. This influence remains to be fully
explained ; however, a first hypothesis is presthere.

The effect of alloy grain size on oxidation ratesex but there is also a dependance on chemical
composition, more precisely, on the presence ajstem in the alloy. A fine microstructure leads to
a high density of grain boundaries emerging atstiréace. In that case, chromium can diffuse more
rapidly towards the oxidation front, and this faailes the rapid initial formation of the proteetiv
chromia scale and an efficient supply thereaft@usithe chromia scale can be of a higher quality,
and more protective. However, if the alloy contdimsgsten, which participates in the formation of
interdendritic carbides, oxidation of these leamlthe formation of W@gaseous oxides which can
disturb the chromia growth and its protective dyallrhus, a small grain size promotes a high
density of grain boundaries, which can lead to nseeere deterioration of the chromia scale.
Elsewhere, it is possible that the fine grain Sifethe alloy promotes the development of an
external chromia layer with a high density of gramundaries in the oxide itself. Its conductivity
for ions or content of point defects may be higdrich may increase the oxidation rate.

Dendrite orientation can have similar effects oa tharacteristics of the external chromia scale,
and therefore on its protection efficiency. Sincailgboundaries are often more conductive than the
alloy matrix, it is likely that diffusion can be sar for the perpendicular orientation than for the
parallel one, with consequences on the formatiothefprotective chromia scale and supply of Cr
(Nickell), and also on the internal oxidation pexy (Cobaltl).

Conclusion

The chemical composition is not the only alloy paeter having some influence of the high-
temperature oxidation behaviour of carbide-stremgéia cast superalloys. Indeed, it appeared here
that both grain size and dendritic orientation mibet taken into account, for example, when
comparative oxidation tests are made in order toroge the chemical composition of an alloy for
improving its oxidation behaviour. But this influm which seems also to depend on other
chemical or microstructural parameters, is diffi¢doldefine and more work remains to be done for
better understanding of the involved phenomenat Rigsts at other temperatures are needed on all
alloys in order to define the activation energi®@scond, microprobe contents profiles and texture
analysis of the chromia layer are required to ustded the diffusion phenomena and their
differences when grain size or dendritic orientatrary.
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