N
N

N

HAL

open science

Kinetics of High Temperature Oxidation and Chromia
Volatilization for a Binary Ni—Cr Alloy
P. Berthod

» To cite this version:

P. Berthod. Kinetics of High Temperature Oxidation and Chromia Volatilization for a Binary Ni—Cr
Alloy. Oxidation of Metals, 2005, 64 (3-4), pp.235-252. 10.1007/s11085-005-6562-8 . hal-02181299

HAL Id: hal-02181299
https://hal.science/hal-02181299
Submitted on 12 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02181299
https://hal.archives-ouvertes.fr

Kinetics of High Temperature Oxidation and Chromia Volatilization
for a Binary Ni-Cr Alloy

P. Berthod

Laboratoire de Chimie du Solide Minéral (UMR 7533jiversité Henri Poincaré Nancy 1
BP 239, 54506 Vandoeuvre-lés-Nancy — France
E-mail : patrice.berthod@centraliens-lille.org

The volatilization of the external chromia layerrfeed by oxidation of a Ni-30Cr alloy was studiedl@00,
1100, 1200 and 1300°C. This was done by analyhiagrtass gain curves obtained by thermogravimetry on
the basis of the differential equation that desesilthe oxidation kinetic, taking into account atleatep the
loss of CyOs; oxidized again into gaseous CGyOThe quantification of the parabolic constant atick

volatilization constant was done by drawimg%—r:: Kp - Kvm. This led to the values of both Kp and Kv for

the four tested temperatures. These were comparetiromium balance sheets obtained by measuring the
thicknesses of the chromia layer and chromium dieplen the alloy. A good agreement was found betwe
the two methods. They both follow an Arrheniusdaw precise values of the two constants are pravide
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INTRODUCTION

When exposed to air at high temperature, chrongantaining alloys are covered by an external
Cr,0O3 layer which protects them against rapid oxidaijgef. 1). Indeed, the progress of oxidation is then
controlled by outwards Cr cation diffusion (or imaa oxygen anion diffusion) through this existirgamia
scale. C4O3 is a stoechiometric oxide, therefore this diffusie particularly low. Thus, chromia acts as an
efficient protective barrier against oxidation ahés element is often used to allow the superaltoysesist
oxidation as well as other types of high tempertgrrosion. For instance, it is the case in maifa@sses in
which chromium allows the formation by passivatwina protective barrier of chromia (Ref. 2 to 3)et
dissolution of which is more limited in molten giahan alumina or Si3scales.
Unlike Al,Os, which develops on the external surface of alusidmeing alloys when oxidized at high
temperature, chromia is not stable when the expastemperature is too high. Indeed, when tempegatu
exceeds 1000°C, the chromia oxide suffers fromlatli@aation phenomenon. The external part of theGg
scale is continuously oxidized again into Gr@ new oxide that is volatile and leaves the scake gaseous
form. This phenomenon can become problematicakgat kigh temperatures, in aeronautics (Ref. 4 tash)
well as in other fields where chromia-forming aliogre used, such as Solid Oxide Fuel Cells (SOF3S),
demonstrated in recent works (Ref. 6 to 7).
The rate of chromia volatilization is negligiblellogr 1000°C but increases with temperature and rbest
taken into account for very high temperatures. ¢, ndetermination of the parabolic constants by
thermogravimetry becomes more difficult and leamlsdlues that are too low to represent correctty riwal
damage caused by oxidation of the alloy. To bettedict the lifetime of chromia-forming superallogtsvery
high temperatures, it could be necessary to dtateates of both mass gain kinetic and chromiatiViaktion.
For temperatures up to 1000°C, the oxidation kasefollow, each time, the Wagner's law (1) which te
integrated into equation (2) for cases where thiesient initial oxidation stages can be neglectedpared to

the following parabolic oxidation:
1
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where m is the mass gain per unit surface areaadlhy CsO3; formation (i.e. the mass of oxygen that joined
the alloy), Kp is the parabolic oxidation rate damé and t the time, the origin of which is the ibegng of the
oxidation phenomenon at the considered temperdtarehigher temperature one must also estimatérbar
speed of volatilization of chromia, i.e. the vdiaation constant Kv which appears in the equati@)sand
(4):

d(Ttv — Ky (3) m, =Kv.t (4)
where ny is the mass of chromia that left the alloy pett sniface area in the Cg@aseous form.

Studies concerning chromia volatilization at htgmperature began about fifty years ago, relating t
its thermodynamic aspects as well as to its ragf. (Rto 11). Relating to the kinetic of chromidatdization,
studies were done using thermogravimetry on iodis®mium, pure chromium, chromia-forming steels or
sintered chromia, in different gas mixtures coritajroxygen at different pressures. Thus numerots alzout
the chromia volatilization rate are already avddalBut it can be also interesting to directly detmate the
volatilization constant from the thermogravimetegults obtained on complex superalloys, since Niaktion
of chromia may depend on the alloy. Indeed, knowhog it varies with the chemical composition of the
alloy, or with its microstructure, allows to knoww to modify this one in order to minimize chromia
volatilization, and therefore to improve its prdten against high temperature oxidation.

Several techniques are possible. For example thgravimetric curves can be fitted by calculationsam
equation model such as done by Di Martino (Ref.di2fhromia-forming cobalt-base superalloys. Tisaiok
the Origin software, he automatically tested susigesvalues of Kv until the theoretic curve basedtloe

equation (5) converged to the experimental mass@ave.
1

m=,/2.Kp .t2 - Kvt (5)

Here another technique was tested and appliedachrmore directly the values of both Kp and Kv.
This will be done by analyzing the data files issdeom the thermobalance according to the diffeatnt
equation (22). A simple alloy was studied here,i80Cr binary alloy, the solidus temperature of ethis
high enough to allow test temperatures as high3@9°LC without risk of beginning of fusion. It coma a
sole element able to promote a selective oxidatdmle the other one is the base element of mosinsia-
forming superalloys used at very high temperatures.

EXPERIMENTAL METHOD
Synthesis of the Samples and Oxidation Tests

This Ni-30%,Cr alloy was synthesized by foundry under contblemosphere (400mbar of pure
Argon, HO < 3ppm, @< 2ppm, GHy, < 0.5ppm). The ingot of about 100g was obtainedchfpure Ni and Cr
(> 99.9%,, Alfa Aesar) by induction melting in a copper ahle cooled by water circulation, in which it
quickly solidified. Thereafter a treatment of ab@ubours at 1000°C, followed by a slow cooling imnface,
was applied to release the stresses that can agpeag the solidification. Parallelepipeds (dimens of
about 2 mm x 10 mm x 10 mm) were cut to obtainsdmples for the thermogravimetry tests. Their sada
were polished with SiC paper from 80 to 1200 gnder water.

Oxidation tests were performed at high temperatuseng a Setaram TGA92 thermobalance under a
dry industrial air flow (80%MK — 20%Q) at 1.5 liter/hour (corresponding to a linear floate of about
5cm/min). Oxidation exposures were performed duB0ghours at 1000°C, 1100°C, 1200°C and 1300°C.
This duration is short enough to avoid the locabdements of the chromia scale that can affechtass gain
curves after 70-75 hours for such alloys, as wetheir local consequences for the sub-surfaceostiarcture.
But this duration is also long enough to get aisuddfitly long parabolic oxidation stage after tmtial
transient oxidation. The heating and cooling ratese respectively 20°C/min and 10°C/min. The sunthef
heating and cooling durations was about 3 hourdsde say 5% of the whole test duration. The ahiti



temperature was nearly 20°C (i.e. 293K) for altsesnce the thermobalance was in an air-conditionem
at this temperature.

Metallographic Study

After oxidation tests all samples were coverechvgold using cathodic evaporation, to give a good
electrical conductivity to the external oxide lay&hereafter the external oxide scale was strengthéy an
electrolytic deposition of nickel. The samples weu¢ in two parts using an Accutom-2 saw equippét &
diamond blade. Afterwards they were embedded wldresin (Araldite CY230 +Strengthener Escil HY)56
and polished, first with SiC paper from 80 to 12p@ under water, then finished with diamond pa$igm
and 3um (DP-Suspension P of Struers).

The samples were observed using an optical miopesto observe the oxidation front of the samples.
The thickness of the chromia scale, where it wak lost during cooling after test, was estimated by
calculating the average value of about 20 measpeef®rmed using a graduated ocular. The interval of
uncertainty was defined by the standard deviation.

The samples were also examined using a Scanneajr&h Microscope (SEM) Philips XL30 in Back
Scattered Electrons mode under a 20kV acceleratbitage. The Energy Dispersive Spectrometry (EDS)
device was used to verify the real chemical contprsof the obtained alloy and to analyze the exdkoxide
scale.

Moreover, two chromium profiles were performed easch sample (i.e. for each temperature) by
Wavelength Dispersion Spectrometry (WDS) using em€& SX100 microprobe, in order to estimate tha tot
oxidized chromium. Depth and step of measures dakukion the total depth of chromium depletion. The
difference between, on the one hand the chromiuamtify that left the metallic state, and on theeothand
the chromium remaining on the sample as #goxide, led to estimate by a metallographic wayghantity
of volatilized chromium with the form CeO This was afterwards compared to the value thas wa
mathematically determined from the thermogravimessults.

Mathematical Processing (transient oxidation)

Before they reached the targeted test temperatanmaples encountered a first oxidation during heati
Thereatfter, the transient oxidation can be noshad, as shown by the existence of a first lineassgain
before the parabolic or pseudo-parabolic oxidatayk place. Indeed, except for 1300°C, all the ngeEn
curves obtained showed a more or less long inlitielar part (of the m = K type). This first double
contribution of the preliminary oxidation to the ssagain must be taken into account.

Oxidation of such nickel alloys usually startshwitucleation and growth of both NiO and,Gs, and
this transient stage finishes when theQgrscale becomes continuous. It is assumed heretlibabxide
formed during the transient oxidation stage is yaof Cr,O3 since no NiO was detected in the parts of
external oxide that remained on surface after bi&stjt will be seen further. Then it is considéteere that the
total mass gain that results from the transiend@tion stage is essentially due to@x:

The mathematical treatment of the mass curvesstaaed by the determination of the contribution of
the transient oxidation to the mass gain. Firstrédmerded files were processed using the Exceb&iware of
Microsoft to draw the mass gain curves nf @), where m is counted from the time when the gerature
reached the stage temperature (t = 0).

The first mass gain induced by oxidation duringthmy and linear isothermal oxidation is the sum of
an Heating part and a Linear part (6):

Mo =My +m (6)

Then the value of Kcan be easily determined from the mass gain meddetween the beginning of
the isothermal stage and the beginning of the péialpart of the curve. mwas determined from the
K, =f(T) evolution given by the four values of Kt 1273, 1373, 1473 and 1573K that led to a lireave
In(K,) versus 1/T (k). The Arrhenius constants (Kand Q) that appear in equation (7) were determiAed
estimated value of gjnwas obtained with the expression (8) calculatethfthe Riemann's sum (9) :
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where 293K is the initial temperaturey Bhe heating rateytthe heating duratiomt the recording time
increment (40s), and N the approximate numberadrding paths during the heatimgml—i:%
H .

Mathematical Processing (determination of Kp and Ky

When the temperature is not high enough to leaddignificant volatilization of chromia (e.g. 10@
and less), the Wagner's law can be written (10js Treans that the elementary mass gain betweeth tt+dh
is proportional to the ratio of a constant by thestng mass gain, multiplied by the elementaryetigtep dt.
The existing mass gain is itself proportional te tixide thickness and includes the mass gaipneviously
obtained during the transient oxidation. These elgary mass gain and existing mass gain are bossenaf
oxygen that went on the alloy and formed the cheooxide.

_Kp
m=-— .dt (20)

When the temperature is significantly higher ti®90°C, the elementary mass loss by volatilization
of chromia, which cannot be neglected, is propagido the elementary time step dt, then equal ko 4t.
This loss of chromia is the sum of a loss of chtomi-K\.dt and a loss of oxygen —Kwt. The three losses
are bound from one another by equations (11), &h&)(13).

2M 3M
Kv =Kvg, +Kvg (11) Kve =—S— Kv=0684Kv (12) Kv,=—"2
M Cr203 Cr203

.Kv = 0316Kv  (13)

The elementary mass gain of oxygen,ogdim then the sum, on the one hand of a part ptigoad to
the ratio of a constant which can be notedo Ky the existing mass of oxygenommultiplied by the
elementary time step dt, and on the other hantiehegative part —kydt. Thus, the oxygen mass gain per
unit surface area is given by (14). This equatian &lso become (15).

dmg =
° Mg dt

=Kpo —Kvgmg  (15)

Unfortunately, because of the chromia volatiliaatthe real value of gicannot be directly measured
during a thermogravimetry test. Indeed, at all 8itbe elementary mass gain dm or the measured gaass
m are lower than respectively dril6) and s (17) and the difference increases with temperattgeiations
(14) and (15) must be rewritten into (18) and (@®gre dm and Kv appear instead ofgamd Kw while np
must remain under kp

dm=dmg - Kv, .dt (16) m=mg —¢ a7
K dn_ m
dm:mLC:) .dt — Kv.dt (18) m.E:m—o.KpO - Kv.m (29)

During the test, m and grincrease simultaneously but not with the same aatdl times. Indeed, the
mass gain is particularly fast during the firsttpafrthe parabolic oxidation (about the first 1Qukg). But if
thereafter the ratiemﬂ, that can be Writtem—mi in (20), is assumed to be almost constant, tisefember

O O
of equation (19) or (20) appears to vary linearlthvm. Drawing this quantity versus m may lead s&traight

line, for what the ordinate at the origin ('usrmi).KpO which can be simply noted Kp (21), and the slape i
O

Kv. Then, plOttingm.Z—T as a function of m theoretically may lead to th&es of both Kp and Kv (22).



dm_ . & _ —a--%
m. = mo).KpO Kv.m (20) Kp=( mo)-KIOO (21)
m %—T =Kp - Kv.m (22)

To do that here, we considered the numerical rfilef (t), where m is the real mass gain (that also
includes the first mass gain due to transient d}da For the lowest temperatures and near the aénd
experiment, the used thermobalance was not alweaysa@e enough to detect the mass change between tw
successive weight measures (that were separatedlypy0 seconds). Then it was decided to keep onég/m
value of ten to obtain a time step long enoughlltovathe measure of a more significant mass gatwéen
two successive kept values. In addition, a gresgatision often remained among the kept successaivey, a
problem due to the lack of precision of the theralabce again. In order to reduce the dispersiothef

successive calculated derived numbé}%, without loss of precision, eacﬁ(]% was estimated by the

regression coefficient calculated on the interfaleo successive values of m. Therefore the new 8tap is
equal to ten times the measure time step (i.e.)400sreafter the variation oﬁ.%—T versus-m was plotted,

the linearity of this curve was verified, then tfadues of Kp and Kv were determined.

In fact, Kv also includes the linear volatilizatiof the platinum thread to which hung the samplie
microbalance. It is the reason why this other gbatron was separately determined for all tempeestuvith
short thermogravimetry runs without any sample cGlated by unit of area this contribution appealiée, it
will be seen thereafter, as being almost negligimenpared to chromia volatilization since its meadu
values were 0.93 . 1§, 4.5 . 10° 26.3 . 10° and 198 . 18° g.s* for 1000, 1100, 1200 and 1300°C
respectively. However these values, after theirveosion into mass loss by sample unit surface @iet,
2.2, 11.4 and 91 . T8 g.cm®s' ) were subtracted from the measured Kv valuesite the final Kv
constants. But the contribution of the platinumatitization was neglected for the determinatiorire linear
K, constants.

RESULTS
Metallographic Study of the As-cast Alloy and of tle Oxidized Samples

According to the Cr-Ni binary diagram, the alloegents a single phase for all temperatures. Titex la
is Ni-austenite which contains the whole chromiumsolid solution. The grain boundaries are notolesbut
it can be thought that the grain size of this all®ybout 25um, as observed on similar Ni-30Cr-rgots
elaborated following the same way. The obtainedmib& composition determined by EDS with the SEM is
70+ 0.5%w Ni and 3& 0.5%w Cr (average valuestandard deviation). The surface states of tlogy after
50 hours of oxidation for the four temperaturesiblustrated by Fig. 1. The external oxide scabglesively
of Cr,O3 (verified by EDS analysis on the parts of oxidat ttemained on samples), often left the alloy sigfa
during the cooling after test, especially for tlzenple oxidized at 1000°C. Voids also appeared énsilb-
surface over a depth that increases with temperafline 20 to 30 measures led to the results theat ar
summarized in Table |, in which the increasing lué bxide thickness with temperature can be seemm. Tw
WDS chromium profiles (weight content) were perfedrfrom the extreme surface inwards the bulk for al
samples (Fig. 2). The Cr-depletion depths logicadbrease with temperature, from about 40pum at A0Q6
ten times this value at 1300°C. Lower the tempeeailower the minimal chromium content is.

Thermogravimetry Results

The four thermogravimetry curves obtained are showrig. 3 (only the isothermal part of the mass
gain curves). They are logically ordered followittg order of the temperatures. Three of them shglelzal
parabolic shape, but they also have a short fimett part with a great slope, except for 1300°Cwbat the
parabolic oxidation was obviously already begun nvitee targeted temperature was reached. The 1100°C



curve also shows a little jump corresponding tameal detachment of the chromia scale, probably tdue
compressive strains that developed during the oxidevth. Therefore the chromia scale was certainly
fissured and allowed oxygen to directly acces$éounderlying alloy surface again. The little mgam jump
resulted from the local oxidation that became &astin.

The initial linear oxidation at the beginning tietisothermal step was first considered. The stdpe
the m=f(t) straight lines for 1000, 1100 and 12007&s determined, from which the values of thed#hstants
were deduced. For 1300°C, the slope of the strdiiglattangential to the curve at the first pointswaken as
an approximate value of the slope of the previaums (unknown) linear oxidation part of the curvel tAese
values are displayed in the first line of Tablelhi.a In(K) = f(1/T) Arrhenius graph, it appears that therfou
points are relatively well aligned (Fig. 4). Thieanms that first the beginning of the parabolic ak@h was
very closed to the beginning of the isothermal T8086tage, then that the slope of the tangent tadinee can
be taken as the Konstant at 1300°C. Second, this linear consti@ttesely obeys to an Arrhenius law, the
activation energy of which was determined in thretfline of Table Ill. Knowing the evolution ofKvith
temperature, it was possible to calculate indiyettle mass gain before the beginning isothermajesta
according to equation (9). After having added thessngain obtained during the isothermal linear atioc
(directly measured by the thermobalance), the totass gain before parabolic oxidation is known dthr
temperatures (from 1.4 .2@/cnt at 1000°C to 4.5 .1Dg/cnf at 1300°C).

The parabolic oxidation began when the externabroia scale became continuous all around the
sample. Thereafter, the thermogravimetry datachlie be exploited according to equation (22). Tédstb the

four curves shown in Fig. 5 which presents the @vah of m.%—T versus-m. These new curves first display

a great dispersion of the points, notably at 1000BGt it fortunately becomes less marked when the
temperature raises. This dispersion is due to dok bf precision of the thermobalance, especiailyha
lowest temperatures for which the mass gains betvi@e consecutive measures are too close from one
another. Despite of the calculation of the slopeh&f regression straight line for every ten timepst a

variation of the derived function, and of the.(z—rtnvalues, is observed. Fortunately, this problem almo

disappears when temperature increases, becaube &didter oxidation and then the higher mass eifies
between two consecutive measures.

Nevertheless, for the three highest temperatargsnp of them_o(lj_r: value can occur. For 1100°C it is
clearly due to the little detachment which wasadyeseen on the thermogravimetry curve in Fig.@3.this
curve it led to a particularly great jump, becaosdhe mass gain itself but more because of thévektkr

function (it is obvious When(jj—r:' is plotted as a function of time). The jumps olsedron the right of the

m_o(lj_r: curves for 1200°C and 1300°C (Fig. 5) are probally to small detachments of the chromia scale or

to another oxidation phenomenon. They can be nabab on the thermogravimetry curves (Fig. 3) %[%l}( IS

particularly sensitive to them. Indeed plotting therived function versus time revealed that it effesly
corresponds to a jump (gg .

On the left of these jumps (i.e. for later tim#g) points are effectively almost aligned alongraight
line. It is particularly true for the highest tematires, while such an alignment is more diffitalobserve for
the lowest temperatures because of the greategrdisp of the points. Particularly at 1200 and2QarC the
points are really aligned along the regressionigditaline calculated from them. In addition thetdatis
horizontal for 1000°C and shows a positive slopéctviis greater when temperature is greater. Theickatl
values of Kp and Kv are given in Table I, in whiehvalue of Kv after correction from the platinum
volatilization is also featuring. The two constamisrease with temperature and the variation af thepierian
logarithms versus the reciprocal temperature, shbaisthey follow an Arrhenius law (Fig. 6), thetigation
energies of which are given in Table III.



Comparison between Kv from Thermogravimetry and Miadoanalysis Results

A balance sheet was made for chromiuni , the amount of total chromium mass per unit s@fac

area that left the bulk to diffuse towards the atioh front, was assessed for the four temperatitregas
determined according to equation (23). In fact poreximate value was calculated according to (24).

dd N
mk = j [%.,, Cr(bulk) - %,, Cr@)].de (23) m2&* Op .ae. > [%,, Cr(bulk) - %,,Cr,]  (24)
0 n=1
wherep is the density of the alloy (8.2 g.chassessed by the ratio of the mass of a 5*5*3rombe by its
volume), %,Cr(bulk) is the weight chromium content in the hu,Cr(e) is the weight chromium content at
the depth e from the extreme surface,Cx is the weight chromium content at the depthenfrom the
extreme surface, and N is the entire value of &lie of the chromium depletion depth (dd) by thepste.

m2k is to be compared to the sum of two terms. Th& fine, m{®, is the chromium quantity
contained in the chromia scale, which was assemsdle parts of this scale that remained on theokaafter
test. The second oney?', is the chromium quantity that left the samplehvifte volatile Cr@form.
The chromium quantity per unit surface area coethin the chromia scale can be calculated accotditige
equation (25) from the chromia thickneswgrzo3 (Table 1), its densit)pCrzo3 (5.2 g.cn?®) and the molar

weights of Cr and GO3;. The chromium quantity gone away by volatilizatisrdetermined by equation (26).

2M 2M
v €).eco, (25) me =Ky, . At=—C KvAt= 0684Kv.At  (26)
Cr,05 Cr203

where At is the test duration (180,000 seconds).

scale _
me:™ =Pero, - (

Table IV shows all these values and it appearsttiee is for 1000°C a very good correspondence
between the chromium mass that left the alley’f) and the sum of chromium present in the@3rscale

(m£3) and chromium that disappeared in volatile €(@'). For 1100 and 1200°C the correspondence is
relatively good too: the values ofif®*+m are lower thanm* but remain close to the latter. On the
contrary, for 1300°C,m&¥e+m¥ is significantly lower thanm2* but this difference can be explained.
Indeed, the chromium depletion is sufficiently déegead to a not really correct calculationef® in the
zones that are near a ridge or a corner of thdlpl@@iped sample.

DISCUSSION

The linearity observed for the curves finally ab&al for the second part of the curves displayed in
Fig.5, clearly indicates that m and its derivedchion Z—T effectively obey the equation (22) (in which the
term Kp is supposed constant). Then it was alwagsiple to extract from the curve the values ohldop
and Kv for the four tested temperatures. Their camnspn with constants reported in previous worksasia
good agreement with the latter. The Kv values oletéinere were first confirmed by the chromium bedan
sheets, notably for the three lowest temperati8esond, they are in good agreement with the vidatibn
constants reported by other authors in Table V. Vdiees of Kp, displayed in Table II, are of thensaorder
of magnitude as most of Kp values obtained for ghme temperatures with other chromia-forming alloys
nickel base or cobalt base.

In order to verify the accuracy of the determioatiof both the parabolic constant Kp and the
volatilization constant Kv, each theoretic (or neattatical) curve was plotted together with the @alve
measured by thermogravimetry for the same temperdkig. 7). The mathematical curves were drawmfro
the equation (22) by calculating for each steprtbe elementary mass gain according to equation i(27)
which each elementary mass gdim),,,, obtained between t = n.dt and t = (n+1).dt, iedrined from the

previous total mass gainymthe two constants Kp and Kv previously determjrend the time step dt (40
seconds too).



@m) g =% .dt — Kv.dt (27)
n

The experimental initial mass gain that alreadgtex at t=0 (due to the transient oxidation) vedeh
for the first step to avoid an initial division I®ero, but it was subtracted thereafter from the lesho
mathematical curve. It appears in Fig. 7 that theth@matical curves correctly fit the experimentaésy
notably on their second part, with notably a gopdrallelism" between the ends of the two curvescivis
on a great importance for long times predictionsth® opposite, the fit can be a little worse toe first half
of the curves, in which some experimental curves@nted small defects essentially due to a ligtachment
of the chromia scale, or in which the expressioKis not yet almost constant.

CONCLUSION

The parabolic constant Kp and the volatilizatioonstant Kv, respectively corresponding to the
Wagner's law type part of the mass gain kinetic @nthe vaporization of chromia into volatile Gr@hen
temperature is higher than 1000°C, were here datedrtogether for a simple binary Ni-30Cr alloy the
1000-1300°C temperature range, with notably a gagpéement with previous results about the volaitiion
rate of chromia. This procedure, that appeared agdpted for this very simple alloy, allows to agtrfrom
classical thermogravimetry files, these two kinetanstants that are both of a great importance Hollw
characterize the deterioration of a chromia-formatigy by oxidation at very high temperatures. HBuis
possible that it becomes less true for more complemmia-forming alloys or superalloys since theses
usually also contain other very oxidable elemehtd tan significantly participate to the mass gaithout
corresponding to the model used here.
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Table I. Thicknesses of the external chromia scale #iethermogravimetric tests

after 50 hours at ...
Thickness of the external
Cr,03 oxide layer 1000°C 1100°C 1200°C 1300°C
Average thickness 6.38 12.46 22.90 38.95
Standard deviation 1.08 1.34 1.23 3.11

Table Il. Values obtained for the transient linear oxilattonstant K the parabolic constant Kp
and the volatilization constant Kv

Oxidation constants 1000°C 1100°C 1200°C 1300°C
Value of the K, constant 51.1¢ 18 . 10° 30.10° 125 . 1¢
(g/cnt/s)

Value of the Kp constant 2.8.10% 23.10% 67 . 10" 245 . 10
(6. cm*. sY

Value of the Kv constant 1.3.10%° 89 . 10'° 168 . 10 367 .10%
(g.cm?.sY

Value of the Kv constant
(g.cm?.sY 0.9.10% 87 .10" 157 . 10 276 . 10"

corrected from Pt volatilization

Table Ill. Activation energies for the three types of ofimia constants, calculated from the results obthine
for the four temperatures (*except 1000°C for Kv)

Activation energy
Oxidation constants
kJ / mol
K 167
Kp 242
Kv 104*

10



Table IV. Chromium balance sheet between the chromiumtiywst by the alloy, chromium present in
the remaining chromia scale and chromium lost W@ation

chromium quantities (mg / cnf) 1000°C 1100°C 1200°C 1300°C
still present in the chromia scale 2.27 4.43 8.15 13.9
lost by vaporization of chromia into Cg© 0.01 1.07 1.93 3.40
sum of the two upper lines 2.28 5.50 10.1 17.3

chromium having left the alloy
(calculated on the two Cr WDS profileg) 2.22t02.28 | 8.10t09.13 | 12.7t0 129 | 27.3t031.5

Table V. Comparison of the obtained volatilization constamith those reported in previous works
Kv
(10%° g.cm?.sY 1100°C 1200°C 1300°C
Hagel (9) *
Cr,03 +1%Y,05 37 124 360
76mmHg O
Stearns et al (13)
Preoxidized Cr 83 280 /
0.115 Torr Q
Di Martino (12)
Co base superalloys 2.3 45 /
0.2 atm Q
This study 87 157 276

* - calculated from the Kv = 0.214 . exp (-204kJIM6R.T) formula
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Acc.V Spot Magn  Det WD 50 pm AccV Spot Magn Det WD
200 kV 6.0 500x BSE 10.1 Ni30Cr TG 50h 1000C 200 kV 6.0 500x BSE 10.0 Ni30Cr TG 50h 1100C
after 50 hours at 1000°C after 50 hours at 1100°C

-

- o ® .
. L. - -
. - .2 . =2
£ - - . .
: - . ¥ S -
‘& ) -
< L) » T >
S, J
* 4 :
- o « Te - T
-
~ 8 L= A -
- b * . A T |
- * - . -'
AccY Spot Magn Det WD ——— 50 pm AccY Spot Magn Det WD 100 pm
20.0 kV 6.0 500x BSE 10.0 Ni3QCr TG 50h 1200C = 20.0 kV 6.0 250x BSE 10.0 Ni3QCr TG 50h 1300C
2 - B
b -~ o -
after 50 hours at 1200°C after 50 hours at 1300°C

Fig. 1. Surface and sub-surface states of the sampbrsoxidation at 1000°C, 1100°C, 1200°C and 1300°C
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Ni-30Cr alloy after 50h at 1000°C

Ni-30Cr alloy after 50h at 1100°C
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Fig. 2. Profiles of chromium weight contents for therfeemperatures 1000°C, 1100°C, 1200°C and 1300°C
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