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Abstract. Thermogravimetry measurements associated to ctratien profiles allow determining

a diffusion coefficient at high temperature of thest oxidable one among the metallic elements
belonging to the chemical composition of an allloythis work the employed method is described
and applied to chromia-forming alloys essentiahgdd on nickel but also to selected cobalt-based
and iron-based alloys. More precisely,alues were estimated for chromium diffusing tlylou
the carbide-free zones developed during high teatper oxidation. The effects of the base
element, of the chromium carbides density and ef diendritic orientations on the chromium
diffusion were evidenced.

Introduction

When an alloy is subjected to oxidation at high gemature, the easiest to oxidize among the
elements present in the alloy’s chemical compasitgenerally diffuses toward the oxidation front
to be selectively oxidized, if it is present with amount high enough [1]. This is for example the
case of chromium or of aluminum, the oxidation dfieh leads to the formation of a continuous
external layer of protective oxide of chromia ouralna respectively. This diffusion leads to a
sub-surface zone depleted in chromium which grawgards, and across which is established a
profile of Cr or Al decreasing from the bulk contelown to a lower value at the {alloy — external
oxide} interface. In parallel the oxidation progsesan be followed by recording continuously the
sample mass using a thermo-balance in order totifyéime increasing mass of oxygen involved in
the growing oxide scale, which allows elsewherentjiyang the increasing mass of oxidized
metallic element (Cr or Al).

The sample mass variation measured by thermograyinaiows knowing the final rate of
outside arrival of oxygen in the oxide, then theeraf inside arrival of the metallic element if the
formed oxide is of a single nature. The concerdragirofile of the metallic element can be known
by microprobe measurements on the metallographiepkea prepared from the oxidized alloy,
which allows the determination of the correspondingdient in the neighborhood of the oxidation
front. The exploitation of the two types of reswudtbws estimating the diffusion coefficient, aeth
studied temperature, of the selectively oxidizesirednt through the external part of the alloy [2].
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In this work it was attempted to assess diffusioafficients of chromium by preparing specific
alloys and submitting them to oxidation at sevéiigh temperatures, by following the mass gain
rate and characterizing the sub-surface depletyamibroprobe profiles.

Experimental details

Several alloys were elaborated from pure elemeams)g a high frequency induction furnace
(CELES), under an inert atmosphere (pure argonmB@@s). 30wt.% is the chromium content
which was chosen for all the alloys of this stutdyfavor a chromia-forming behaviour for all of
them, and no other easily oxidable element thaarolum was added to the chemical compositions.
Thus only binary M-30Cr and ternary M-30Cr-xC aloyere elaborated, with M=Ni, Co and Fe to
study the effect of the base element on Cr diffusend x=0.2, 0.4 and 0.8wt.%C to study the
effect of the carbide density. The solidified ingetere cut in order to obtain parallelepipeds of
about 10 mm x 10 mm x 3 mm, with special cuttingerations for the samples destined to the
study of the effect of the dendritic orientation.

The thermogravimetry tests were performed at 10Q00 or 1200°C in dry synthetic air, during 50
hours. After cooling (at about -10K mij) the oxidized samples were covered by cathodic
pulverization of gold (to make their external oxidaperficially electrically conductive), by
electrolytic nickel deposition in a Watts bath, ,catnbedded in cold resin mixture (Escil) and
polished with first SiC papers from 120-grit to D2¢rit, and second 1um-abrasive particles. They
were observed by Scanning Electron Microscopy (SEMips XL30) in Back Scattered Electrons
mode with an acceleration voltage of 20kV to visealboth the external oxides and the
carbide-free zone. Concentration profiles weregreréd by Wavelength Dispersion Spectrometry
across the external oxide and the whole carbide-f@ne to specify the natures of the oxides
present in the external scales, and the chromiuadignts through the carbide-free zone, using
Cameca SX50 and SX100 microprobes.

The mass gain results were plotted in a m = f(ieswe (m: mass gain per surface unit area) and the
slope of the tangent straight line at the end efphrabolic curve was determined to estimate the
final mass gain rate (dm/dt) (Fig. 1, left). The Cr-concentration profiles wetlso plotted, versus
the distance from the {scale/alloy} interface, wilso the estimation of the chromium gradient
close to the oxidation front by measuring the slopa tangent straight line (Fig. 1, right).
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Fig. 1. Determination of the final mass gain régét)Y and of the chromium gradient in the alloy
close to the external oxide scale (right), befatigating the Cr diffusion coefficient
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These values of the final mass gain rate and adnolum gradient in sub-surface can be used to
specify the terms present in EQ. 1. Indeed the dingl the second members of Eq. 1 can be written
as presented in Eg. 2 and in Eq. 3, respectivdig. (Dmy/dt)eng term can be corrected by adding a
volatilization constant Kv for the thermogravimetgsults obtained at 1100 and 1200°C by taking
into account the mass loss by chromia volatilizati&nowing then the values of these two
guantities the diffusion coefficient can be deduaedording to Eq. 4.
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Results and discussion

Cr diffusion coefficient versus the alloy’s base ement. Applying the technique described
above to the oxidized nickel alloys was possibledlb carbon contents and all temperatures. In
contrast, despite the absence of any other verjabie element (as tantalum for example) in the
studied alloys, GO3; was not always the single oxide to form. IndeedPCand CoCiO, also
formed in most cases for the cobalt alloys and Bs wften mixed with chromium in the ;M3
external oxide covering the iron alloys, with vawyiFe/Cr ratio along the scale of a same oxidized
sample (Fig. 2, left). Thus, generally it was ntempted to value the diffusion coefficient of
chromium by using the mass gain results and WD®nslum profiles. However, since it was
observed that the oxide present on the 0.4C-cantpoobalt-based and iron-based alloys oxidized
at 1000°C was essentially pure chromia, the vabiesiromium diffusion coefficient were assessed
for these two cases. The results for the three @ataining alloys oxidized at 1000°C are
graphically presented in Fig. 2 (right).
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Fig. 2. Left: examples of surface states of theli@ed samples: @03 for all Ni alloys, possible
presence of additional CoO for many cobalt allayd af Fe in the MO3 oxide for the iron alloys;
Right: the values obtained for the diffusion cog@éint of chromium in the carbide-free zones of the

M-30Cr-0.4C alloys oxidized at 1000°C (on which@yis the exclusive or main oxide present)

The value obtained for the Ni-30Cr-0.4C alloy is tbeiest one. However it is twice the one
later obtained for a Ni-20Cr alloy at the same terafure [3]. The highest value is the one of the
ferritic Fe-30Cr-0.4C alloy: this would show that @ore easily diffuses in a centered cubic matrix
than in an face centered cubic one, accordingli witler observations done about the differences
of Cr diffusion at 850°C seen between a ferritic-15€r-0.5C-1Si and an austenitic
Fe-15Cr-0.4C-1Si-1Ni [4] despite that the later ywasbably helped for Cr diffusion by chromium
carbides.

The Cr diffusion is thus slower in the nickel allthan in the cobalt one, although it is on the
contrary generally considered that Cr diffusesefiast nickel alloys than in cobalt alloys. This may
be explained by the fact that 1000°C is not a JWagh temperature and then Cr diffused more
through the grain boundaries and interdendriticepdshort circuit diffusion paths) than in volume.

Cr diffusion coefficient versus the carbides densjt For the binary Ni-30Cr and the ternary
Ni-30Cr-xC with x varying from 0.2 to 0.8wt.%C clmea was obviously the single oxide formed.
The technique was then applied for these four alfoyshe three temperatures, which led to the
results graphically presented in Fig. 3. One canfsst that the diffusion coefficient of chromium
logically increases with temperature. But the motresting observation concerns the dependence
of this coefficient [, on the alloy’s carbon content or the carbide foacin the alloy. Indeed, &
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Fig. 3. Left: chromia scales and carbide-free zarigbe Ni-30Cr-0.2C and -0.8C alloys
oxidized at 1200°C; Right: the obtained chromiufffugion coefficients

increases with the C content. Between the binar@0Gr and the carbon-poor Ni-30Cr-0.2C the
ratio isx 2.7 for 1000°C while there is no significant diece for @ between the two alloys at
1100 and 1200°C. The ratio between Ni-30Cr and thecliest Ni-30Cr-0.8C is higher but
decreases when temperature increased,(x 3.6 andx 2.8 for respectively 1000, 1100 and
1200°C). This decrease of the difference for aneiase in temperature probably results from an
increasing part of the diffusion in volume whichncbe less influenced by the density of the
carbides initially present. For the three alloye ttiffusion coefficient of chromium obeys an
Arrhenius plot, especially in the case of the NC8®.2C alloy (Fig. 4). The activation energies are
all around 300,000 J / mol.
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Fig. 4. Dx; versus temperature in Arrhenius plot;
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Cr diffusion coefficient versus the dendrite orienation. The diffusion kinetic probably
depending on the orientation of grain boundaried @@ more numerous interdendritic spaces,
some samples for oxidation tests were cut followspgcial procedures to favor a main surface
either parallel to dendrites or perpendicular todiges (Fig. 5). Per alloy and per test tempegatur
two samples were cut with two different orientationth regard to the external surface of the ingot,
and subjected to the same high temperature oxid&dsi.
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Fig. 5. Ni-30Cr-0.8C alloy oxidized at 1100°C fdith cutting methods and bulk microstructure
orientation for a main surface parallel to dendrifieft) or perpendicular to dendrites (right)

Obtaining the two diffusion coefficients for thedwypes of orientation from mass gain rates
which are global measurements needs to uncoupledhiibutions of the two types of surfaces.
For the whole sample the global mass gain can beritbed by Eq. 5, which can be also formulated
as Eqg. 6. The two later equations allow writing EqTHe principle consists in performing two
thermogravimetry tests in the same conditions ¥av samples from a same alloy but prepared
following the two cutting methods illustrated irgEb. This allows obtaining two different values of
the ratio {surface parallel to dendrites / totatfaoe} and also two different values of the ratio
{surface perpendicular to dendrites / total surfau®d then the two equations written on the model
of Eq. 7, for the two distinct samples, are not deleat to one another, permitting to solve the

system by deducing an unique solution couple;(Kp+). Knowing the uncoupled local parabolic
constants it is now possible to estimate the twallmass gain rates at the end of thermogravimetry
experiment. Since the concentration gradients laeelacal measurements, applying Eq. 4 for each
of the two orientations allows obtaining the Crfukion coefficient through the carbide-free zone
developed from the surface parallel to dendrited #me one through the carbide-free zone
developed from the surface perpendicular to dezslrit

1
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Unsurprisingly the two distinct diffusion coefficitss of chromium are almost the same for the
Ni-30Cr-0.2C alloy which contained initially few tades in the carbide-free zone while the
differences are considerably enhanced for the Nir3D8C alloy in which the highest carbide
fraction let to more marked diffusion paths in tabide-free zone, the orientation of which plays
an enhanced role (diffusion easier when they aentad in the same direction as the general Cr
diffusion).
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However the value obtained for the Ni-30Cr-0.8wlat 1200°C is maybe too high to be
realist. It is true that solving the equation sgsteay possibly lead to exaggerated differences
between the two values of local parabolic constanith thereafter detrimental consequences for
the accuracy of the § determination. But one can reasonably considdrthieae is effectively a
significantly easier diffusion of chromium for tperpendicular orientation that for the parallel.one

Conclusion

Values of coefficient diffusion of chromium giverly more classical techniques (diffusion couples,
...) are surely more accurate in general. Howeverctrbide-free zone is not a classical binary
alloy since it contains two-dimensional zones whare the locations where existed the initial
carbides before their oxidation-induced disappeagabDespite it is not very accurate, the technique
used here probably allows better characterizingdiffasion rate of chromium, with consequently
possible deeper interpretation of eventual diffeesnof behavior in oxidation at high temperature,
not really about the mass gain kinetic which wapleyed at the origin for this determination, but
about some phenomena governing this behaviour.

Unfortunalety applying this method cannot be erygshas soon as other oxides different from
chromia also exist in not negligible quantities¢ept in the cases in which it is sure that thekerot
oxides only appeared at the early beginning of atxidh. It can be also applied for alumina-forming
alloys, but in other alloys free of any carbide.
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