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Abstract

The aim of this work is the study of the possilffea of surface dendritic orientation on the
high-temperature oxidation behavior of two chrofoawning Ni-base alloys with two
tantalum contents (3 and % Samples were prepared by special cutting oriemtavith
regard to the external surface. Thermogravimetsystevere run at 1000, 1100 and 1200°C
and parabolic oxidation constants were considérbd.mathematical process of the raw data
was performed taking into account the effect of titamsient oxidation. When the sample
surface is mainly parallel to the dendritic netwadhe oxidation parabolic constant is higher
than for a surface perpendicular to dendrites. $ieation is contrary for the transient
oxidation linear constant.
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1. Introduction

When obtained by a classical foundry way, the asitucture of metallic alloys
depends on their chemical composition but alsochensblidification conditions. For example
the thermal gradient existing during the solidifioa governs the general direction of crystals
growth, then dendrites and grain boundaries oriems The latter are to be considered as
special diffusion paths for species involved in thxadation mechanisms [1]. Then it can be
thought that the kinetics of high-temperature ottadaof superalloys could locally depend on
dendrites orientation, as it was previously seendifierent complex Co-base and Ni-base
cast superalloys [2]. This possible effect wasisaithere at different high temperatures in the
specific case of two chromia-forming Ni-base cdistya which also contain tantalum.

2. Effect of the thermal gradient on the dendrite 0 rientation

A microstructural evolution usually exists in goobtained by a classical foundry
way, from the external surface towards the lashiptm solidify [3,4,5]. Near the mold wall
(Fig. 1), among the first numerous very small aigsthat appeared here, only a little number
of them pursue their growth in the next zone. Taeythe ones which are favorably oriented
with regard to the local thermal gradient, whiclgenerally perpendicular to the mold wall.
Thus, after a skin zone containing very small aamttiomly oriented grains, a columnar zone
develops with an oriented microstructure. Here wols or dendrites (e.g. in the case of Ni-
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base alloys) are mainly perpendicular to the maddl.\Whe third zone, where solidification is
finished, contains coarser dendrites that are nahgdoriented again, because of the absence
of any very marked gradient. After machining, atgaece can present locally external
surfaces with different grain sizes and also d&fierorientations with regard to the sub-
surface dendritic network. Even if dendrites arealbeither parallel or perpendicular to such
surfaces, as it could be encountered for direclipsalidified (DS) alloys, a global effect on
the local oxidation kinetic may exist. The lattatl Wwe better studied with specially machined
equiaxed alloys than with DS alloys.

3. Materials and methods
3.1. Synthesis of the alloys

Two Ni-base alloys were elaborated using a higlgdency induction furnace under
argon gas, and solidified in a water-cooled compecible (cone-shaped ingots of about 100g
and height = maximal diameter = 30mm). They werglssized from pure elements (more
than 99.9%): Ni (supplier: Eramet), Cr (supplietfta®Aesar), Ta (supplier: Aerometal) and C
(graphite). The obtained chemical compositionsgaren in Table I.

3.2. High temperature oxidation tests and mathematical processing

Samples were parallelepipeds of approximately 10mrhOmm x 2mm. Cutting
orientation was chosen in order to obtain squaresfdhat are either parallel or perpendicular
to dendrites (Fig. 2). For each sample, the totaksngain kinetic is the sum of two
contributions which can be uncoupled. The oxidatiates of the parallel surface &nd of
the perpendicular surface; @xist together in the global mass gain (Eq. 1l)enfhthe two
parabolic constants pand Kp, that describe the two local oxidation rates,esppas the
two unknown values of a linear equation (Eq. 2)wimch they are related to the measured
global constant Kp. For a same alloy and a sampdgature, solving the two linear equations
(Eq. 2) written for the two types of samples gibesh Kp, and Kp..

Am o _ Am,(O)+Amy(t) _ S, Sg

=) = = J2Kp, At+ J2Kp, At 1
S (t) S, +S. S, +S, Pu Vi S, +S, Po Vi 1)
S// SI] —

E\/Z.Kp// +?\/2.Kpu = J2Kp (2)

Oxidation runs were performed using a Setaram TZ#@rmobalance. Alloys were
exposed at 1000°C, 1100°C and 1200°C for 100 handgr a flow of synthetic air (80%N
20%0Q,) of about 1,51/min. The heating rate, until reachthe targeted temperature, and the
cooling rate, for the return to room temperatureran20°C/min and 10°C/min respectively.
The recording of the mass gain was made every d@hss.

All the obtained mass gain curves showed an Irlinaar part (of the (Eg. 3) type)
and a following parabolic part (of the (Eqg. 5) tyfy which it was possible to determine a
parabolic Kp constant. The oxide thickness obtaibefibre the beginning of the parabolic
oxidation must be taken into account for the deteatron of Kp. Then, to process the
obtained files, we applied the following procedure.
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-Q
A?m:K|.t 3) K=K, .eRT (4 %ma/%ft (5)

Oxidation during heating and linear isothermaldation each induced a first mass
gain before parabolic oxidation took place. Theiahimass gain is the sum (Eqg. 6) of a
heating part (first term) and a linear isothernmeat gsecond term):

A T _Q N o Q

m, _ K, j et gRTM) gt + Am ~ K, . Ze R(273k+ R, nAt) At + Am (6)
S ° Ja7k S ), ars s ).

where

- Ko and Q, the Arrhenius constants of the linear @it (Eq. 4), were deduced
from the K values obtained for 1273, 1373 and 1473K,

- Ry is the heating rate,

- At the recording time increment (74s),

Tiest — 27K

Ry . At )

- N the number of recording paths during the hedting

- and [A?m) is the mass gain during the isothermal linear dioda
L

When the external oxide scale becomes continubasiVagner's differential equation
describes the parabolic mass gain kinatig- /S (Eq. 7). Its integration leads to (Eq. 8).

d(AmP /S) _ Kp _ 1 2 2
G = s A 7) KP= S [(Amp /S+am, ISP - (am, /9) ] (8)

Knowing the values oAmy/S and of § (instant at which the parabolic oxidation took
place) the value of Kp can be obtained without ampr caused by the mass gain obtained
before.

For 1100 and 1200°C, the volatilization of theeewtll CpO5 scale (partly oxidized
into gaseous Crf) was taken into account by adding the Kv . t giyagEq. 9), in order to
get a value closer to the real Kp constant. Thatili@ation constant Kv is the rate of mass
loss per surface unit area due to the volatilirabb re-oxidized chromia. The values of Kv
for 1100°C and 1200°C used here were the onesnbia directly determined in a previous
work [6] for similar alloys: Kv = 2.4 . I8 g.cmi’s® (1100°C) and 46 . 18 g.cm?s?
(1200°C).

Kp = ?(ti—toj [((Amp IS+ Kv .t)+am, ISF - (am, 19)° ] 9)

To finish, on the time range where oxidation iser on both the part parallel to
dendrites and the perpendicular one, the globh#& K linear combination of two contributions
(Eq. 10), like for the parabolic constants (Eq.T2)e uncoupling (Eq. 10) leads to thg &d
KL constants.

S S
%-Km +?D'KID = K| (10)
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3.4. Examination of the oxidized samples

After testing, the surface of the oxidized samjiesame electrically conductive by a
gold layer deposited by cathodic plasma pulverzatiThen the external chromia layer was
mechanically protected by a sufficiently thick etetytic nickel coating. Thereafter samples
were cut, embedded in resin, polished and examisedy a Philips XL30 Scanning Electron
Microscope (SEM), under a 20kV acceleration volta§pot analysis and concentrations
profiles were performed using Energy DispersivecBpscopy (EDS) coupled with the SEM.
Identification of phases like carbides and oxidesl £r and Ta contents profiles were
performed with a Cameca SX100 WDS microprobe.

4. Results
4.1. Initial microstructures of the alloys

The bulk microstructures of the as-cast alloysillustrated by the SEM photographs
presented in Fig. 3. The two alloys own first astanitic matrix which solidified with the
form of dendrites. They also contain two typesarbales in the grain boundaries. Chromium
carbides and tantalum carbides precipitated atetitke of solidification forming an eutectic
with matrix, with the GiC; and TaC stoechiometries. These carbides are knowve very
useful for strengthening at high temperatures [C8Fbides are obviously more present in the
high carbon alloy (H alloy) than in the low carbame (L alloy).

4.2. Oxidation rates

Oxidation runs were performed on the two alloys the two main dendrites
orientations and for the three temperatures 10000 Jand 1200°C. All curves started by a
linear part when temperature reached the targated Thereafter parabolic oxidation acted
and led to a more or less long parabolic part o¥&ulndeed, in some cases detachments of
the external and continuous oxide scale obvioustyuoed and induced jumps of the mass
gain. Some of thermogravimetry tests were startgdinabut detachments still existed;
fortunately the parabolic part was always suffiedong (about 50 hours) to allow the
determination of the parabolic constants. Fig. éwsh all the obtained curves from the
beginning of the parabolic oxidation (i.e. afteotieermal transient linear is finished), and
after addition of the Kv.t linear term to correobrh the mass loss by chromia volatilization
for 1100 and 1200°C. The two mass gain curves spomrding to a same alloy and a same
temperature but for the two cutting orientationsrevplotted together in a same graph.

It already appears on this example that dendrientation seems have an effect on the
oxidation rate. Indeed, for 1200°C the mass gameof L alloy for the parallel orientation is
above the other one. Everywhere along the curhessiope is also higher for the first one
than for the other. For H alloy at the same tentpegat is especially the slope that shows a
lightly faster oxidation for the parallel orientati than for the other one. For the two other
temperatures the comparison is more difficult, esky for H alloy at 1000°C for which the
perpendicular orientation seemed to favor detachmeh the oxide scale during
thermogravimetry tests.

Thereafter it was mathematically proceeded asiguely explained. Table Il shows

the values of Kobtained for all the oxidation tests and the daled A'g" mass gains

already existing before the parabolic oxidationt Each sample, as is to say each alloy and

4
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each main orientation, the linear constant logycatreases with temperature and, effectively
follows an Arrhenius law (example in Fig. 5). Theti@ation energies presented in the last
column are those which were employed to estimaertitial mass gains by oxidation during
heating before test. One also can see that tharlicenstants seem to be higher for H alloy
than for L alloy (except for 1000°C), and when #heéernal surface is mainly perpendicular
than parallel to dendrites (at all temperature$le $ame observations can be done for the
mass gains before parabolic oxidation. This tengénenhanced after uncoupling as shown
in Table Il in which it clearly appears that thdaemtation has directly an influence of the
linear oxidation rate.

After having exploited the values of the globalelar constants, the global parabolic
constants were obtained. Table IV displays theluas They also increase with temperature
and showed a dependence of the orientation, edlgeatal200°C. Indeed, the global Kp
values are almost equals between the two oriengfir 1000°C and 1100°C (except for the
L alloy at 1100°C). But at 1200°C, it appears tthet samples mainly parallel to dendrites
oxidized faster than the samples mainly perpendicth dendrites. Like for the linear
constants, the uncoupling enhances the differefr@@sl200°C the parabolic oxidation rate of
the surface elements parallel to dendrites areldgrisgher than the perpendicular ones. For
the two lowest temperatures the differences thpeaged after uncoupling are only due to the
calculation. However, the opposite difference obserfor L alloy at 1100°C still exists and is
increased after uncoupling. The parabolic constdrgach type of surface also follows an
Arrhenius law (Fig. 6), the activation energiesuiich are given in Table V.

4.3. Observation of the oxidation front

After oxidation tests all samples were metallogieglly prepared and examined using
a Scanning Electron Microscope. Unfortunately, theomia layer had totally quitted the
surface of the samples, then could not be exami@adhe contrary it was possible to study
the sub-surface deterioration of the alloy duexidation (Fig. 7).

From the external surface, all samples exhibitrst Zzone having lost its initial
carbides. For each alloy the depth of this carliide-zone increases with temperature. Its
depth also seems to be higher for the L alloy ttearthe H alloy, the carbide network of
which is more dense.

On a thin outer part this zone also contains makeoxides, which were identified as
being CrTaQ by WDS microanalysis. These oxides seem to be m@sent for the H alloy
than for the L alloy which contains less tantalurhese oxides almost form a continuous
layer along the external surface of the H alloytven the carbide-free zone and the bulk we
often encounter an intermediate zone in which dabiare different compared to the bulk:
darker, coarser or having precipitated in the maffihese phenomena were explained in
previous works [9 to 11] in others alloys also feined by carbides, as resulting from an
inwards diffusion of carbon atoms released by tikedlving carbides.

Concerning the dendritic orientation, one does se# real differences on both the
carbide-free zone and the internal oxides betwkemtain faces of the two types of samples
for a same alloy and a same temperature.

4.4. WDS profiles

The evolution of contents of both chromium andtdhrm were analyzed from the
external surface towards the bulk until the valuemain constant. Two profiles were
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performed by sample and the results that are pregerspectively in Table VI and Table
VII, are the obtained average values.

The chromium profiles show two successive gradiéot all samples at 1000°C and
1100°C, the first one corresponding to the carlfide-zone for 1000 and 1100°C, while the
second one exists more deeper in the bulk whetgides remained. However the second
gradient is almost negligible for 1200°C and it d@nconsidered that it does not exist (Fig.
9). For all alloys, when the temperature increasles, depths of the two gradients also
increase while the values of the gradient decrd@s®veen the alloys the gradients are higher
and their depths are smaller for the L alloy than the H alloy at 1000°C while these
tendencies disappear for the two highest tempamtiBetween the two orientations, some
differences can be pointed out. Indeed, for 1008A@ for the two alloys Cr gradients seems
to be greater for the parallel orientation thantfoe perpendicular one, while such an order
does not exist for 1100°C. However the first terayesis 1000°C seems to be found again for
1200°C.

The tantalum profiles often present two succesgraglients, especially in the case of
L alloy. Like for chromium the gradients decreasd their depths increase when temperature
increases. Their gradients are more accentuateH falloy than for L alloy, because of the
higher Ta content of the first one. The total depteis deeper for the L alloy than for H
alloy. Except for the H alloy at 1000°C, the oregidn does not sensibly influence the Ta
gradients.

5. Discussion

Thermogravimetry results showed that the dendoitientation can have an effect on
the oxidation rate of these two nickel alloys. Thias already seen on samples, at all
temperatures for linear oxidation constants buy anl1200°C for the parabolic constant, but
it appeared more marked by considering the two wpleal contributions.

We saw first that the transient linear oxidation faster when dendrites are mainly
perpendicular to the local external surface, thaemthey are parallel. The same observation
can be made for the total mass gain obtained béferparabolic oxidation takes place.

To explain that, one can say that perpendiculantation is probably favorable to a more
exposed position of emerging sub-surface carbides iheir very oxidable Cr and Ta
constitutive elements) to oxidation, in terms ohsiey as well as of homogeneity. Then
transient oxidation and early linear mass gain loarfaster in this case than for the other
orientation for which the presence of primary déedrarms can act, here and there, as
oriented barriers between interdendritic carbidesl #he external surface. The general
nucleation of chromia (average number of nucleusspgace unit) could be also greater for
the perpendicular orientation than for the paradie¢, for the same reasons. The first lateral
growth of the chromia can be accelerated untilttadise CiO; crystals meet one another,
leading to a faster mass gain during the transa&mation for the perpendicular orientation
than for the parallel one.

On the contrary, the Wagner's parabolic oxidatiends to be lower when dendrites are
perpendicular to surface than when they are péardllee same effect of the dendritic
orientation on the values of the parabolic constaptwas already found [2], but more
marked, for a similar alloy (Ni-30Cr-0.7C-7.5Fe /) for which a sample with a surface
mainly parallel to dendrites exhibited a higher #@an a sample mainly perpendicular to
dendrites (Kp, ~ 3.Kpg at 1000°C and Kp ~ 2 Kpp at 1100°C). Here, the real differences
that were observed in this work are at 1200°C Iher two alloys (but more marked for L
alloy). The parabolic constant for the parallekatation is twice the one for the perpendicular



J Mater Sci (2007) 42:352—-362

orientation for L alloy, while, for H alloy, the pallel parabolic constant is greater than the
perpendicular one, of 25% only.

The faster oxidation for the parallel orientaticould be explained by a less
homogeneous chromia scale structure due to the riteshdorientation. Indeed grain
boundaries are parallel to surface and then maycmen anisotropy (or orientation along the
external surface) for the conditions of formatidnegternal oxides. Thus one can think that
the quality of external chromia scale can dependhis special texture, then the chromia
scale is less protective for the alloy, i.e leafable to a better resistance to the diffusion of
the species involved by oxidation. Despite of aatge difficulty due to diffusion paths not
well oriented, chromium then diffuses faster tovgatide oxidation front. This can be more
accentuated in the case of L alloy, for which tihneerging interdendritic carbides are less
dense and the primary dendrite arms coarser, thraH &lloy for which this heterogeneity is
less marked because of a lower surface fractioenzérging matrix. When one sees to the
chromium depletion of the parallel L alloy sampieappears that more chromium was
concerned by oxidation at 1200°C (greater gradiantslightly deeper depletion zone) than
for the perpendicular one.

Unfortunately, no analysis was done on the chrao@e since this one systematically
quitted the alloy during cooling. Like for all chmia-forming alloys this phenomenon is
possible since the average thermal expansion cieeffi (about 7.1€°C™) is sensibly lower
than our alloys’ one (10.19C%), but the chromia exfoliation is worsen by the énn
development of CrTafoxide just under chromia that obstruct the adiesiacchromia of the
substrate. Slower cooling rates obviously were atgé to prevent this loss of the external
oxide scale for these tantalum-rich alloys. Conicgythe sub-surface CrTaO
One can also remark that the inner developmertefrTaQ has maybe also decreased the
effect of dendritic orientation when the resultglo$ study are compared to previous ones [2]
obtained for a nickel alloy without tantalum.

The greater differences about oxidation ratesé@iinand parabolic), and also sub-
surface microstructure and concentration profieste also seen between the two alloys: on
the one hand lower transient and parabolic oxidakinetics, and on the other hand deeper
carbide-free zone, higher Cr gradients at 1000°Cibaper Ta depletions, were clearly found
for the L alloy compared to the H alloy. Such résuvere already found in previous studies
concerning other carbides-strengthened cast alloys.

6. Conclusions

The dependence of the local oxidation rate ondéedritic orientation was found
again in the case of tantalum-containing nickebyas) but essentially for 1200°C. A second
effect was also seen on the transient oxidatioe. qurantification of the latter, allowed by the
determination of the linear,Kkonstants and of their law of variation with temgtere, led to
see also a dependence of this first stage of agitan the dendritic orientation.

These results confirm others obtained in previwasks on other equiaxed cast alloys.
The dendritic orientation obviously influences tivadation behavior. But the mechanisms
remain to be more clearly explained, since it waispossible to examine the structure of the
external chromia layer, a problem which is probathbe to inner oxidation of tantalum.
Future works, on alloys which can more easily corese¢heir external oxide until return to
room temperature, will certainly allow to betterdenstand the phenomena responsible of this
influence of the dendritic orientation on the oxida behavior.
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TABLE | Chemical compositions of the two studiedkel-base alloys
Weight contents (%)
Alloys
Ni Cr C Ta
H alloy Bal. 30 0.40 54
L alloy Bal. 30 0.20 2.0

TABLE Il Global oxidation linear Kconstants (18 g.cm?.s?) and values of the calculated
Am,

mass gains already existing before the parabalitation (in mg/cr)

Temperature 1000°C 1100°C 1200°C Activation
energy
Alloy (kJ.mol%)
Il 1.12 8.84 33.3 265
H alloy (0.651mg/cm2) (1.25mg/cm2) (4.82mg/cm2)
U 1.29 11.8 41.7 272
(1.06mg/cm2) (1.32mg/cm2) (5.52mg/cm2)
Il 2.65 3.58 14.2 129
L alloy (0.113mg/cm2) (2.08mg/cm2) (4.18mg/cm?2)

O 2.63 4.13 20.6 158
(0.096mg/cm2) (2.52mg/cm?2) (4.59mg/cm?2)

TABLE Il Uncoupled oxidation Kconstants (18 g.cmi®.s?)

Temperature Activation
1000°C 1100°C 1200°C energy
Alloy (kJ.mol%)
Ki 1.02 8.20 27.2 257
H alloy
Kio 1.60 13.4 48.4 267
Ki 2.65 3.14 11.7 113
L alloy
Kio 2.63 4.53 23.5 169




J Mater Sci (2007) 42:352—-362

TABLE IV Global oxidation parabolic Kp constant(f ¢?.cm*.s?)

Temperature
1000°C 1100°C 1200°C
Alloy

Il 3.24 24.9 137
H alloy

0 3.20 24.8 126

Il 2.46 13.3 117
L alloy

O 2.21 16.1 81.5

TABLE V Uncoupled oxidation parabolic constants t167.cm*.s?)

Temperature Activation
1000°C 1100°C 1200°C energy
Alloy (kJ.mol%)
Kp /Il 3.26 24.9 145 296
H alloy
Kp o 3.12 24.7 117 283
Kp / 2.49 11.2 133 308
L alloy

Kp o 2.15 18.2 67.5 270

10
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TABLE VI Mean values of chromium gradients from #dernal surface

Temp. 1000°C 1100°C 1200°C
Alloy external internal external internal external ingérn
0.110%/pm  0.017%pum  0.038%/um  0.008%/pm  0.025%/pum
// over over over over over too light
24um 120um 76 um 203um 260um
H alloy
0.062%/pum  0.015%/um  0.050%/um  0.010%/um  0.020%/um
0 over over over over over too light
36um 101pm 66um 174pm 270pm
0.200%/pm  0.075%/pm  0.046%/um 0.007%/pum  0.031%/pum
// over over over over over too light
20pum 50pum 95um 150pum 275pm
L alloy
0.113%/pum  0.029%/um  0.047%/um  0.004%/um 0.018%/um
0 over over over over over too light
40um 70um 90um 220 pm 265um
TABLE VIl Mean values of tantalum gradients fronetéxternal surface
Temp.
1000°C 1100°C 1200°C
Alloy
0.028%/um over 130um
H allo // 0.054%/pum over 70um 0.038%/pum over 130 um then
y 0.008%/pm over 80um
0.062%/pum over 45um
0 0.095%/pum over 40pum then 0.010%/pm over 160um
0.014%/pm over 65um
0.049%/um over 45um 0.037%/pum over 35um 0.011%/um over 135um
// then then then
L alloy 0.020%/pum over 40pum 0.013%/pum over 105um 0.004%/um over 195um
0.038%/pum over 40pm 0.009%/pm over 155um
0 0.045%/pum over 40pum then then

0.009%/pm over 95um

0.004%/pum over 165um

11
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cortical zone columnar zone equiaxed zone
(dendrites mainly
(very fine perpendicular (coarse and randomly
grains) to the mold) oriented dendrites)

Figure 1The three different microstructure zones which lwamet from the mold wall
in a metallic piece obtained by a classical founday

+«— Sample mainly
Il Il perpendicular to
I dendrites

I i
[ N e sample mainly
parallel to
dendrites

I

Figure 2Cutting modes for samples mainly parallel or mapgrpendicular to dendrites
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AccY Spot Magn

L alloy

Figure 3As cast microstructures of the two alloys
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Figure 7 Surface microstructural state of all L-alloy saegpafter oxidation test
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Figure 8 Surface microstructural state of all H-alloy saegphfter oxidation test
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Figure 9Example of the two types of Cr profiles with twadients or only one but deeper
(here L alloy after oxidation for 100 hours at 130@nd at 1200°C)
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