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I nfluence of chromium car bides on the high temper atur e oxidation behavior
and on the chromium diffusion in nickel base alloys

Patrice Berthod

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

Two simple cast nickel alloys Ni-30Cr-0.2C and RE38-0.8C were oxidized at 1000, 1100 and 1200°C.
Their behaviors were characterized using thermognairy techniques and their parabolic and chromia

e . dm .
volatilization constants were determined by analgshem. o versus— m curves. The obtained constants

were generally in good agreement with experimemabks gain kinetics and chromium balance sheets. A
higher carbon content i.e. a higher carbides dgnktads to higher values of the transient lineaidakon
constant K of the parabolic constant Kand obviously also of the volatilization constét Chromium
diffusion coefficients through the zone affectedokigdation were calculated from oxidation kinetiasd
chromium gradients. They increase when carbideitlemereases.
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Chromium diffusion
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INTRODUCTION

The high temperature oxidation of alloys contagnansufficient amount of chromium is limited by the
rapid establishment of a continuous,@y layer on the external surface (Ref. 1). Thus clwom which
protects alloys from a too fast oxidation, is oftesed in industrial superalloys to resist high terafure
oxidation by air or by other hot gases (Ref. 2 YoThis element is also used to protect superalbgeinst
corrosion by molten salts or glasses, by formingxernal passivation chromia scale (Ref. 4 to 5).

In chromia-forming superalloys chromium is alwaysgent in solid solution in the matrix. Since italso a
carbide-former element, Cr can be present in caghid.g. in the alloys for which the mechanicarggth is
provided by interdendritic carbides. For such altlye distribution of chromium between the matrixl ahe
interdendritic carbides can influence the oxidatimhavior by influencing the chromium diffusion tands
the oxidation front. Such an effect was earliemsee complex Ni-base and Co-base chromia-formitaysl
(Ref. 6) for which there was a clear dependendbehigh temperature oxidation rate on the carlmrtent
I.e. on the density of the carbides network. Bus thfluence remained difficult to explain becausdethe
complex chemical compositions and of the presehdéferent types of carbides.

Here the influence of the chromium carbides onhilgly temperature oxidation behavior was studietio@o,
1100 and 1200°C, for two alloys that can be comsilleas very simplified versions of real nickel base
superalloys reinforced by carbides: an alloy witlowa fraction of carbides (Ni-30Cr-0.2C) and anathfoy
with a higher fraction of carbides (Ni-30Cr-0.8@pfjtents given in weight percent). The charactédnaof
the oxidation behavior is achieved by the detertionaof both the parabolic constant kind the chromia
volatilization constant K Indeed knowing the rate of mass loss due to wlatilization of chromia is
important too since it allows a more precise debeation of K, when the temperature is higher than 1000°C.
In addition, the volatilization behavior of chromrmaay also depend on the chromium carbides densiono
the distribution of chromium between matrix ancemgtanular carbides, and it could be interestingeteal
and to study this possible dependence.

In order to determine Kseveral techniques are possible. First it is jpesdo look for a value of K

that allows a good description of the experimemtalss gain curve by amng = JZ.Kp .\/_—KV .t }-type



equation where m is the mass gain per surfaceane& (Ref. 7). It is also possible to use anotéenrtique
based on the differential equation derived from \tiiagner’s theory (Ref. 8) in which the teri{{ )ds

subtracted from the mass gain dm @me=(K,/m).dt-K, .dt) and m is replaced by a function

m+ k'.t.B where B is a constant and k’ is related to thatia@ation rate (Ref. 9 to 10).
Here these two constants were determined by anglyse thermogravimetry data using a third methbctiv

was earlier presented in detail (Ref. 11), whiclbased on the equatiann.o(lj—rtn = Kp=Ky .m and which

will be shortly described later in the text. Théfulion rates of chromium for the two alloys wereddced
from thermogravimetry results (taking chromia viizdtion into account) and chromium contents pesfi
across the zone affected by oxidation. The obtatiiffdsion coefficients were studied with respeatthe
carbides density.

EXPERIMENTAL METHOD
Synthesis of the Alloys and Oxidation Runs

The two alloys Ni-30Cr-0.2C and Ni-30Cr-0.8C (wdigrercent) were elaborated by casting of ingots
(mass= 100g) in a cold crucible with a high frequencyuntion furnace, under an inert atmosphere (about
400mbar of pure Argon, 4 < 3ppm, Q < 2ppm, GHn, < 0.5ppm), and from pure Ni and Cr (> 99.9 wt.%,
Alfa Aesar) and graphite. Parallelepipeds (dimemsiof about 10 mm x 10 mm x 3 mm) were cut to obtai
the samples for the thermogravimetry tests. Thaifases were polished with SiC paper from 240 t6012
grid under water. Oxidation tests were performedl@®0, 1100 and 1200°C using a Setaram TGA92
thermobalance under a dry synthetic air flow (83%N\20%Q) at 1.5 L/h. The test duration (50 hours) was
long enough to get a sufficiently long parabolicidation stage after the initial transient oxidation
Temperature and mass gain values were recordey €9ereconds.

Mathematical Processing

Before they reached the targeted test temperatineesamples encountered a first oxidation during
heating, which was followed at the beginning of ikmthermal stage by a second part of transierdatixin.
The latter gave a linear mass gain (of tha £ K, .dt}-type with K; expressed in g chs?') before the

parabolic oxidation started. Thus, for all testse treatment of the mass gain results began wigh th
determination of the linear constant. Khese Kvalues for an alloy at the three test temperatusdsch
obviously obeyed an Arrhenius law, allow estimatthg mass gain obtained during the heating. Tings fi
mass gain can be thereafter added to the isothenasd gain obtained during the second part ofrtesient
oxidation. Then the initial mass gain tan be known before considering the parabolicsgugo-parabolic
part. This procedure was entirely described inewipus work (Ref. 11).

The analysis of the thermogravimetry results foargifying both the parabolic rate and the volagitian rate
were performed considering the equation (1), wiiah also be written with a second form (equatiomn?2)
which the first member appears to be a linear fonasf m :

K dm
dm =—P dt-K, .dt 1 m.— =K, —-K,.m 2
n v 1) ot p ~ Ky (2)

where m and dm are expressed in Fchy, in g cmi* s* and K, in g cmi® s™.

. dm , . . -
Plotting m.— versus—m may lead to a straight line, the ordinate at thgim and the slope of

which are respectively Kand K,. This can be verified by drawing a mathematicalzeuwhich is typical of a
mass gain kinetic of a chromia-forming alloy oxgtisat T>>1000°C (mass loss due to the volatilizatd
chromia, Fig. 1a) or typical of a pure parabolic mass gain kineficc1000°C, absence of chromia
volatilization, Fig. 1b). Such theoretic mass gain curves can be obtdigembmputing the curves according



to equation (3) from values arbitrarily given tg &d K, (here the values are chosen to be characteristieo
constants that are usually measured for alloyh@fsame family) where the next total mass gain at the
step n+1 (i.e. at t = (n+1)At whereAt is the time step) is the sum of the total mass g& at the previous
step n and of the elementary mass gain.goalculated according to equation (4):

K
Mas1 = My + dMhey ©) dmsi= —P dt - K, .dt (4)
Mn

The obtained mathematical curves show that afgignt value of K (that simulates a noticeable
volatilization of chromia) leads to a tilted straidine (first curve, Fig. 1a) while a K, equal to zero (no
chromia volatilization) leads on the contrary toharizontal straight line (second curve, Fig.oL The
treatment according to equation (2) effectivelyegiwalues (see the equations of the regressiagtdtiaes
in the graphs) that are equal to the values of ik that were initially injected. The initial gasf the curve

(on the right side) show:;n.olj—rtn values that are particularly high since the higpsis made in Ref. 11 to

obtain equation (2) is not really respected atltbéginning of the parabolic oxidation (i.e. the sat—, mo
Mo

being the oxygen mass, is not yet constant).

For real curves the small lack of precision of thebalances leads to curves that are not so puce $ire

m.cél—r:1 values tend to be a little unstable becausénefderived termC:j—T. Then the values o% were
estimated by the regression coefficient calculatadthe interval of the eleven successive couplesjt
centred on the considered time t. Thus, in the.% versus— mj}-type graph each point corresponds to a
step equal to 400s and not to the initial recordtep which was 40s during the thermogravimetrystes
Thereatfter, the variation ah. Z—T versus— m was plotted, the linearity of the last part of ti#ained curve

verified, and then the values of End K, deduced.

More accurate values of,Kvere determined first by taking into account thesmloss corresponding to
the volatilization of the platinum suspension. Tater was measured by performing tests withoutptesn
that lead to volatilization rates ofR&,= 0.93x 10"'°g s' (1000°C), 4.5x 10"°g s' (1100°C) and 26.% 10
199 ¢! (1200°C), that allowed to add a8 . t linear term to the mass gain recorded by tieenhobalance,
before division by the sample surface. Secondag seen on samples after oxidation tests thathedeairee

zone grew from the external surface of the samyil®, a depth supposed to obey a {d(t)=constan‘lf }-type
diffusion-controlled law (like it was previously sérved by microscopy examination for other carbides
reinforced alloys after oxidation during severatations). In order to do not minimize the real mgams due

to the sole oxidation of chromium, the loss of carlthat initially belonged to the disappearing @b in the
alloy was taken into account. This was done by ragldo the measured mass gain a tergt)Rcalculated
according to equation (5), before division by thenple surface and treatment with respect to equézp

t
Rc(t) = Paiioy - S - WE alioy- Octz - : (5)
Atgtage

wherepaioy is the density of the alloy (about 8.2 g tior the two alloys), S the external surface of the
sample, ¢, is the depth of the carbide-free zone measuredmiiyroscopy on the sample after the
thermogravimetry test, Waoy IS the carbon weight content of the alloy, t tineetcounted since the beginning
of the isothermal stage afMi.4cthe total duration of this stage.

Metallographic Study

The oxidized samples were covered using cathodapaation of gold in order to give a good
electrical conductivity to the external oxide scdlbereafter a layer of electrolytic nickel was daped on the



external oxide to protect it from mechanical stess€€ach sample was cut in two parts using an Aotto
saw equipped with a diamond blade. It was embedud@sh epoxy resin, then polished with SiC papemfro
120 to 1200 grid under water. The final polishingswealized using a 1um-diamond suspension.

An optical microscope equipped with a graduatedlawcwas used to observe the oxidation front of the
samples and to measure the thickness of the okale sn the areas where it partly remained aftr #he
oxide thickness was assessed by the calculatidheofiverage value of about twenty measures, arbdeof
interval of uncertainty defined by the standardidien.

The samples were also examined using a ScanningrdtieMicroscope (SEM) Philips XL30 in Back
Scattered Electrons (BSE) mode with an acceleratatage of 20kV. Its Energy Dispersive Spectroscopy
(EDS) device was used to verify the real chemicahmaosition of the obtained alloy (except carbon) &nd
identify the external oxide layer, as well as thieinal oxides when present.

Two chromium profiles measurements were performed dach sample by Wavelength Dispersion
Spectrometry (WDS) using a Cameca SX100 microprwberder to value the total oxidized chromium and
the chromium gradients in the zone affected by atiaah.

RESULTS
Characteristics of the Obtained Alloys

The alloys microstructures are composed of a dendickel fcc matrix and of GE; carbides that are
present in the grain boundaries. These chromiumd=slare dispersed and in small quantity in th&0 -
0.2C alloy. They are more present and form a coatiaunterdendritic network in the Ni-30Cr-0.8C gllan
which the austenitic dendrites are more visible aemaracterized by an average space between twessice
secondary arms of about 30um. The obtained chemdrapositions, which were measured on 0.Zraneas
using the EDS apparatus of the MEB, are given in& &bThe obtained Ni and Cr contents are very ctose
the targeted ones. The too low carbon contents tammoneasured by SEM/EDS or microprobe but the
obtained microstructures showed that the two tadyealues, 0.2 and 0.8, were obviously reachedinoeed,
the surface fractions of the chromium carbides nMegkin the present alloys are very close to théasa
fractions obtained earlier on other similar allayith the same carbon contents (which were measuseu)
spark-source mass spectrometry). It is not sun@isince carbon contents are usually well respeoiethe
elaboration procedure that was used here too.

Thermogravimetry Results

The graph presented in Fig. 2 shows the isothemmagak gain curves obtained for the two alloys fer th
three temperatures. It appears that all curvesrbecparabolic after a first more or less extendedal
oxidation part, which is generally longer for the 30Cr-0.8C alloy than for the Ni-30Cr-0.2C alldy.is a
first reason why the mass gain curves of the hagban alloy are all above than the curves corredipgnto
the other alloy for the same temperatures. Bugddition, the parabolic oxidation is also oftentéagor Ni-
30Cr-0.8C than for Ni-30Cr-0.2C.

dm - . : :
The m. o versus—m curves were plotted in Fig. 3 and Fig. 4 for respely the Ni-30Cr-0.2C and

Ni-30Cr-0.8C alloys for 1100 and 1200°C, temperguhat allow a significant rate of chromia volaétion.
As seen earlier on synthetic curves (Fig. 1), aiives begin here (on the right of the graphs) byiqdarly

: . . . . dm
high points, for the reason given previously. Imgocases this also may be due to the very sensﬁl?/e
factor value, as long as the external chromia gsatet perfectly continuous. The second part ofciinee (on

. . dm : dm
the left of the graphs) is almost linear, althotigé m o values (more precisely thgt— values) are more

or less scattered. Fortunately, this dispersiomimes smaller when the test temperature increases ta say
when the mass gain during dt is greater for alkesnand then less affected by the lack of precisiothe
thermobalance.



The determination of the | KKonstants leads to the values given in Table Nvhich an Arrhenius plot
was derived (Fig. &), for determination of the activation energiest Eomparison the corresponding values
that were previously obtained for a simple Ni-3@a&r binary alloy (Ref. 11) are added. It appeaas the K
constant increases with temperature and obviousty®an Arrhenius law, but it also depends on #iban
content. If for 1000°C Kis lower for the Ni-30Cr-0.2C alloy than for thther alloy, this difference becomes
smaller for 1100°C and this order is inverted f20Q°C. Indeed the activation energy should be dse by
the presence of a high quantity of carbides. Theotees more obvious when the results obtained eéolie
the Ni-30%Cr alloy (without carbides then closdéhe Ni-30Cr-0.2C alloy) are taken into account. ldoer,
on the 1000-1200°C range it can be consideredkhaénerally increases with the carbon content.

The values of the parabolic constant &e displayed in Table I, with also three poiptstted in a In(k)
versus 1/T graph for the two alloys in Figh5When carbides are present, the increasing opénabolic
constant with the carbides amount, which was alreduberved for other alloys (Ref. 6), is found agaere
between the two studied alloys. This remains truenithe results previously obtained for the Ni-30%Qyy
are added. Indeed, the parabolic constant is thhedbwhen there are no carbides in grain boundarfies
parabolic constant almost follows an Arrhenius I@wg. 5 b) but the calculated activation energies are
sensibly lower for the carbides-containing alldyart for the Ni-30%Cr alloy.

Table Il also displays the values of the constaptTKe volatilization of chromia already exists f@0D°C
but logically with the lowest values of,KThe volatilization constant appears to be of thmes order of
magnitude between the two carbides-containing alfoyd the binary alloy (except for 1000°C for whiGhis
negligible for the binary alloy). Although theselu@s cannot be clearly ordered with regards toctmdon
content of the alloy, it seems that carbon or clbitend to increase chromia volatilization. Like the K,
constant, the Kconstant seems to obey an Arrhenius law (Fig) &and the activation energy seems to
increase with the carbide density. This can expldiy there is not a clear dependence ¢fok the carbon
content for all temperatures.

Knowing the values of the initial mass gain befparabolic oxidation, of [Kand of K, it is now
possible to plot the mathematical mass gain curf@scomparison with the corresponding experimental
thermogravimetry curves. This was done in Fig. 61f00 and 1200°C in which the successive pointewer
determined using the equation (6) wheng., is the mass gain at t 7+ (n+1).dt andmg is the mass gain at

the end of the isothermal transient oxidation:

Kp
Mpy = My + —.dt - K, .dt (6)

My,
with m, and m. expressed in g cR K, in ¢ cmi? s*, and K, in g cni® s™.
The mathematical curves are more or less closeet@xperimental mass gain curves. The fit is padityl
good for the Ni-30Cr-0.2C alloy at 1000°C and 1XD@Fig. 6b), but it is also very good for the other curves
as shown by the perfect parallelism of the lastspafrthe mathematical curves and the experimeniaes. In
the case of a Ni-30%Cr alloy the fit was also vgopd (Ref. 11).

M etallographic results

After the thermogravimetry tests, all samples wearepared for metallography and observed. Their
surface and sub-surface states are shown in Figr. Z000°C and 1200°C. All samples present an eater
oxide scale which was unfortunately partly lostidgrcooling after test. The high carbon alloy iscehffected
by internal oxidation and by appearance of voidslatemperatures, because of the disappearantieeof
coarse carbides that existed here for this alloyefaal and internal oxides were identified by ED# are all
clearly CpOs. The two alloys also present a carbide-free zoedsn the external surface and the bulk, in
which, for the Ni-30Cr-0.8C alloy, internal oxidasd voids exist together. Between the carbideZoee and
the zone not affected by oxidation, a third zonistexn the Ni-30Cr-0.2C alloy oxidized at 1000°Khis zone
Is characterized by the precipitation of small alac new carbides in matrix. As demonstrated arehtjfied
in a previous work (Ref. 12), this is due to an amels diffusion of the carbon released by the dvésgl
carbides which promotes the intergranular solitlestarmation of new carbides involving chromium gt
in solid solution in matrix. Other phenomena can @egrowth or a change of stoichiometry of the
interdendritic carbides which already existed here.



The thicknesses of the external chromia layer badlepth of the carbide-free zone for all samples a
shown in Table IV. The thickness of the external ofieolayer logically increases with temperature tfoe
two alloys. For the two lowest temperatures thewitia scale is sensibly thicker for the high caratboy than
for the low carbon alloy while the two scales halmost the same thicknesses for 1200°C. Except for
1000°C, the carbide-free zone of the Ni-30Cr-0.88yaends to be deeper than the one of the Ni-3D8EC
alloy, as is to say they are inversely ordered amanbto the bulk carbides density.

Two WDS Cr content profiles were performed per sanplough the zone affected by oxidation. They are
shown in Fig. 8 for 1000°C and 1200°C. First, theomium content of the matrix in the bulk is of ces
higher in the case of Ni-30Cr-0.2C for which almaktthe chromium is contained in the matrix, thianNi-
30Cr-0.8C for which a significant part of the 30%Cr is included in the intergranular carbides drat more
present. Second, the chromium content gradientrbesdower for the two alloys when temperature rises
while the Cr-depletion depth increases. At eachpwature the Cr-gradient appears to be higher laadCt-
depletion depth seems to be less extended for it3®Ckr-0.2C alloy than for the Ni-30Cr-0.8C.

Assessment of the Chromium involved in Oxidation and Comparison
between Thermogravimetry and Metallography Results

The chromium mass per unit area that diffused tdsvéine oxidation front can be estimated from the
Cr-profiles by the sum of two terms. The first oagaquation 7):
N

M1 = paloy - A D _[Werpuik ~ Wor(i) (7)
i=1

where m is expressed in g ¢ Palloy IS the density of the alloy (about 8.2 g tror the two alloys),
Ad is the profile step (e.g. 5um =50“cm for samples oxidized at 1100°C) M.« is the chromium weight
content of the matrix in the bulk (e.g. 24.2% =42 2or Ni-30Cr-0.8C at 1100°C, content measure\yS
microanalysis), W, (i) is the chromium weight content of the matrixtlae depth ixAd from the extreme
surface, and N is the entire value of the ratiohef profile length divided by the stéul. The second one is
(equation 8):

My = Palioy - Gtz - f(Cr7Cs) . Wer carb (8)

where m is expressed in g chdy;, is the depth of the carbide-free zone (e.g. 60p80 = 10%m for
Ni-30Cr-0.8C oxidized at 1100°C),(fCr;Cs) is the weight fraction of the @23 carbide in the alloy bulk at
the considered temperature (e.g. 8.51% = 0.085Nif®@0Cr-0.8C at 1100°C, calculated using the Therm
Calc TCW software and its SSOL database), an§l M the weight content of chromium in the,Cs
carbides (e.g. 91% = 0.91).
The chromium quantity per unit area present onettternal surface with the form £0; (mz expressed in g
cm?), can be estimated from the average chromia te&ses gli. (expressed in cm here and in um in Table
IV), its densitypoxide (5.2 9 cn‘13) and the molar weights of Cr gVI=52 g mo11) and of C$03 (Mcr03= 152 g
mol™) by (equation 9):

2.M
M3 = Poxide - (M cr ) - doxide 9)
Crp0O3
The chromium lost by volatilization of chromia da@ determined by equation (10):
m, =—2Mcr K, .At = 0684. K, . At (10)
M cr203

where g is expressed in g cmK, is the volatilization constant (e.g. 85x<110*° g cm® s* for Ni-
30Cr-0.8C at 1100°C) andd is the test duration (180,000 s).

If the K, determination was correct the following equatibh)(must be verified:
m+m=nmg+m (11)

The values of the four chromium quantities for tilve alloys and the three temperatures are presentec
in Table V. For the Ni-30Cr-0.2C alloy there is, the three temperatures, a good correspondencedeton



the one hand the mass of chromium that left th®yalind on the other hand the sum of chromium ptdage
the CpO;3 layer and of chromium that disappeared as gas€oOs On the contrary, for the Ni-30Cr-0.8C
alloy, the mass of chromium lost by the alloy is/@s higher than the total mass of oxidized chromiu
although the two quantities have the same orderagiitude. This can probably be explained by thegmee
of internal chromium oxides in the case of thiowllwhich was not taken into account in the chramiu
balance sheet.

Diffusion of Chromium during Oxidation

It was remarked in the previous section that t@mium gradient was higher for Ni-30Cr-0.2C than
for Ni-30Cr-0.8C. In addition most of the Cr prefl appear to often contain an extended part oaidine
variation of the chromium content versus the distaftom the extreme surface (Fig. 8). Knowing nbwe t
kinetics of oxidation of chromium on the externalface it is possible to better know how the degneit
intergranular carbides can influence the diffussdghromium.

Here the first Fick's law was simply considerectan be written as follows (equation 12):

dgfr = D¢, . gradCe; (12)

where dng, is the number of Cr moles per unit area (expiegs mol cnf) that reached the oxidation

front during dt (expressed in s) at the end of @rpent to be oxidised first into gDs, D¢, is the average
diffusion coefficient of chromium through the all¢gxpressed in cfrs?), and gradCc, (expressed in mol

cm®) is the value of the gradient of concentratiolmomium G, (expressed in mol cf).

The second term of this equation is equaDtg, .(T\;"OVJ.(A\Q/&) i. e. to Oy multiplied by the
Cr X

product of, on the one hand the alloy density aididby the molar weight of Cr, and on the other htued
value of the Cr weight content gradient.

The first term is equal to the final value (i.et at180,000s) ofg .ddlto(noted% .ddito|end), wherengis the
number by unit area of oxygen moles involved flvjgtthe growth of chromia, then tgl\j— 'dd% end-
0

When volatilization of chromia can be neglected, ehen T is not higher than 1000°%|end is equal to

the final value (i.e. at t = 180,000s) of the dedvfunction of the measured surface mass é’%\em. When
the volatilization of chromia must be taken inte@nt, the measured mass gain dm is equal at eaehd
dmo- Ky . dt anddd%hnd is given by(:j—rmend +K, . Then, for all cases, the coefficient of the Cfudifon is
(equation 13):

dm
_2Mg  grledtRy

~ 3Mg 'p” AWcy
alloy -
AX

Der (13)

. 4 dm . 2 . . 2 . ) AWcy . _
where R is in cnf s*, C:j—t|end|n g cm® st Ky in g cm? s, pajoy = 8.2 g cnit andA_Cr in cmil.
X

The knowledge of both the Cr gradient and thel fiimass gain kinetics leads to the assessment of the
chromium diffusion coefficient. The values obtaingd the two alloys and the three temperatures are
presented in Table VI, together with the correspagdalues calculated from the results for the Bw8%Cr
alloy (Ref. 11). Several observations can be ddfiest the chromium gradient, which decreases with



temperature, also depends on the alloy. Indeedjthdient across the carbide-free zone appears tows
when the density of carbides is higher, for all penatures. In addition a second gradient is visiateall
temperatures, deeper in the Ni-30Cr-0.8C alloy wluarbides still exist, while such a gradient sbie only
for 1000°C for the Ni-30Cr-0.2C alloy. The Cr grawlis measured for the Ni-30%Cr alloy (Ref. 11)cose
to the Cr gradients for the Ni-30Cr-0.2C alloy whidiffers from the latter alloy only by a small aqui#y of
carbides. The Cr diffusion coefficient, calculagsidescribed above, logically increases with teatpes for
all alloys and it seems to be, for all temperatunggher for Ni-30Cr-0.8C than for Ni-30Cr-0.2C,dahigher
for Ni-30Cr-0.2C than for Ni-30%Cr.

DISCUSSION

First, the values obtained for,Kappear to be consistent with the results obseeaglier on similar
alloys based on Ni-30wt.%Cr and oxidized in aig. @bout 60x 10*? ¢ cm* s at 1200°C (Ref. 13), or
logically lower than other parabolic constants ot#d for R,=1 atm, e.g. about 20L0** ¢ cm* s* at
1000°C (Ref. 14), and 9QL0*? (1100°C) and 22010 ¢ cmi* s* (1200°C) (Ref. 15).

Second, the values obtained foy &e of the same order of magnitude as volatibmatonstants previously
measured by other techniques directly onGgr 37x10"° g cmi® s* (1100°C) and 12410%° g cm? s*
(1200°C) (Ref. 16), and 83.0*% cm? s* (1100°C) and 28010"°g cmi’ s* (1200°C) (Ref. 17).

The density of carbides seems to have a real effethe global oxidation rate of these simple edislys. It
was already seen on more complex alloys (Ref. @)phly for the parabolic constant. With the measuznt
of the transient oxidation rate and the double rdateation of the parabolic and volatilization ccarsis

allowed by the {n.C:j—T = Ko — Ky . m} - type treatment of the thermogravimetry tesut appeared here that

a higher carbide density leads to higher linearcénstants, to higher parabolic constantsdgain, and
seemingly to higher volatilization constants 0. This influence is obvious for the End K, constants
between the two carbides-containing alloys, and bmm®xplained, for the Ni-30Cr-0.8C alloy, by arsiea
nucleation of chromia on its external surface whiah be supposed because of the higher densitmexigeng
chromium carbides for this alloy. This could fiestt by a more dense nucleation of oxide, and tftere® a
more rapid mass gain by growth of chromia perpandicto the extreme surface until the scale becomes
continuous. Thereafter, the higher grain boundatessity obtained in the structure of this extemadle (due
to the initial more dense nucleation) could promarteeasier diffusion of the species involved indkiglation
phenomena, then a higher mass gain rate charactdrizthe higher Kvalues which were seen here. This is
also true when Kand K, constants previously measured on the Ni-30wt.%I0y avith the same method of
(Kp, Ky) determination, are also considered. Indeed theyoaver than for the Ni-30Cr-0.2C alloy and foeth
Ni-30Cr-0.8C alloy. The presence of carbides artdgher density of these ones can help the diffusibn
chromium towards the oxidation front. When the ngas rates and chromium profiles are analysedibege
the coefficients of chromium diffusion can be assés Their values clearly show that the chromiurbidas
have effectively a real influence on the diffusigaisiness of chromium. When present with a highesitle
they lead to higher diffusion coefficients. Sin¢eyt contain a part of chromium in the carbides ghan
boundaries act as good diffusion paths for chromaunth this contribution is added to the volume diifun of
chromium. When the intergranular carbides havepgisared, grain boundaries in the carbide-free zwae
probably more disordered if the intergranular adebiwere initially more present. Then chromiumaiely
diffuses easier through the grain boundaries ofcdrbide-free zone for the Ni-30Cr-0.8C alloy tHanthe
other alloys. Concerning the kinetic of chromiaatdization, some differences were also seen betee K,
values obtained for the carbides-richest alloy @redtwo others. One can think that the finer strieeof the
Ni-30Cr-0.8C external oxide, due to its more demsgal nucleation, allowed a faster new oxidatioh
chromia.

During oxidation, the chromium carbides disapp&am the oxidation front on a depth which
increases with time, and also with temperature. ddph of the carbide-free zone also depends adehsity
of the initial carbides since it is deeper for Hie30Cr-0.2C alloy than for the Ni-30Cr-0.8C one&dept for
1000°C where a part of the carbon obviously renthinghe first alloy between the carbide-free zand the
bulk), a phenomena which was already encounterguiemious works (Ref. 12). Even if the contributioh



the chromium carbides to the Cr quantity suppliadhe oxidation front is lower for the Ni-30Cr-0.20oy
than for the Ni-30Cr-0.8C alloy (Table V), the dads of the first alloy necessarily dissolve dedpean for
the second alloy, because of its less dense icdidlides network.

To finish, one can remark than the method used toetaow both the Kand K, constants, which allowed this
double determination for a particularly simple ahra-forming alloy (Ni-30wt.%Cr) in a previous wo(Ref.

11), was successfully used here for alloys thattasonchromium carbides, although the more complex
microstructures lead to thermogravimetry curves éin@ less parabolic then not so easy to exploirakng to
this method. But the chromia volatilization conssanthen also the parabolic constants, were cdyrect
assessed. Indeed, on the one hand the mathemaiivals are close to the experimental thermogravimet
ones, and on the other hand the chromium balaneet sthich was dressed up between the metallography
measurements and the quantified chromium loss bynula volatilization is well respected (or the difénces
can be explained by the internal oxidation).

CONCLUSION

The thermogravimetry runs and their treatmentraento extract all the different oxidation condgan
allowed to clearly show that the presence and émesitly of the interdendritic carbides network o$tcaickel
alloys are of a great importance on their high terapure oxidation behavior. The oxidation kinetics
(transient, parabolic and re-oxidation of chromi&rease when the carbides density of the alloyeemses.
Moreover, the determination of the, Konstants allowed to know more precisely the whdieomium
quantity that arrives on the oxidation front, thierobtain the Cr diffusion coefficients. This lexldlearly see
that the interdendritic chromium carbides facigtélhe Cr diffusion towards the oxidation front. dddition
this appears to be a possible method to measurdiffasion coefficients of chromium at high tempteira,
which can also be used for the determination of gnperature diffusion coefficients of other elatsehat
can be easily oxidised: Al, Si, Ti, Ta, ...

m . . . .
It appears also that the treatment based ormhg(F = Ko — Ky . m differential equation, which already gave

good results for a binary alloy, is also efficidat alloys containing chromium carbides and it akothe
determination of the volatilization constant anch@re precise parabolic constant. This method resnairbe
tried on other more complex chromia-forming allogg. containing other types of carbides.
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Tablel. Chemical compositions of the two obtained alloys
(average and standard deviation values from tB2® measurements on each alloy)

Chemical Ni-30Cr-0.2C Ni-30Cr-0.8C
composition (wt.%) Ni Cr C Ni Cr C
average contents 70.46 29.54 £0.2 70.76 29.24 £0.8
standard deviation 0.21 0.21 / 0.71 0.71 /
Tablell. Values of the transient linear oxidation constgnior the two alloys and with assessment of

the corresponding activation energies

K, (x10°gcm“s?) 1000°C 1100°C 1200°C Activation energy
(kJ mol%)
Ni-30Cr-0.8C 18.3 30.5 44.2 69
Ni-30Cr-0.2C 7.1 23.3 60.0 166
Ni-30%Cr * 5.1 17.7 29.7 167

* (alloy previously studied in Ref. 11)

Tablelll. Values of the parabolic oxidation constatafd of the chromia volatilization constant K
for the two alloys with assessment of the comesing activation energies

Kp (x10%°g°cm”sh) 1000°C 1100°C 1200°C Activation
Ky (x10'°gcm?s?) energies
(kJ mol%)

Ni-30Cr-0.8C Ko 8.7 54.5 177 204
Ky 15.1 85.1 142 177
Ni-30Cr-0.2C Ko 5.9 29.4 77 201
Ky 19.2 60.4 125 147
Ni-30%Cr * Kop 2.8 18.1 64 239
Ky 0.72%* 64.7 134 122+

* (alloy previously studied in Ref. 11);
** (value for 1000°C not precise and not taken iatount for the determination of the activatioemgy)

TablelV. Average values and standard deviation for the&kit@ss of the external chromia layer.es
and for the depth of the carbide-free zogg(@bout 20 measures per sample in each case)

External CsOs3 thicknesgum) 1000°C 1100°C 1200°C
Carbide-free zone depth (um) €cr203 dcfz €cr203 dcfz €cr203 dcfz
Ni-30Cr-0.8C 8.7 27.0 14.3 60.1 26.5 105
+1.4 +2.2 +1.6 #6.0 +1.1 +6
Ni-30Cr-0.2C 3.7 18.4 114 90.7 25.1 197
+0.7 +2.8 +2.1 +10.7 +1.5 +12

11



TableV.

Chromium balance sheets for the two alloys andhtee temperatures

Ni-30Cr-0.8C Cr lost by thealloy Oxidized Cr
(mg cm'2) matrix carbides Total Alloy Cr,03 volat. CrQ@ Total Oxides
my mp ms3 my
1200°C 9.82 6.29 16.11 9.42 1.75 11.17
1100°C 6.48 3.72 10.20 5.09 1.05 6.14
1000°C 2.07 1.71 3.79 3.08 0.19 3.27
Ni-30Cr-0.2C Cr lost by the alloy Oxidized Cr
(mg cmz) matrix carbides Total Alloy Cr,03 volat. CrQ@ Total Oxides
my my ms My
1200°C 7.48 2.60 10.07 8.94 1.54 10.48
1100°C 5.10 1.30 6.39 4.07 0.74 4.81
1000°C 2.01 0.28 2.29 1.31 0.24 1.54
TableVI. Weight content gradients and diffusion coefficiestghromium through the zone affected by

oxidation

Weight content chromium gradients Cr diffusion coefficient

Cr-profiles % (Wt.% x pmd) Der(x10%%n? sY)
carbide-free deeper carbide-free deeper
zone (if not negligible) zone (if not negligible)
Ni-30Cr-0.8C
1200°C 0.014 0.011 44.5 56.6
(50 hours)
1100°C 0.040 0.033 10.1 12.3
(50 hours)
1000°C 0.203 0.061 0.69 2.30
(50 hours)
Ni-30Cr-0.2C
1200°C 0.029 / 175 /
(50 hours)
1100°C 0.104 / 2.89 /
(50 hours)
1000°C 0.274 0.173 0.46 0.73
(50 hours)
Ni-30% Cr *
1200°C 0.031 / 15.8 /
(50 hours)
1100°C 0.094 / 2.81 /
(50 hours)
1000°C 0.349 / 0.17 /
(50 hours)

* (alloy previously studied in Ref. 11)
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K, = 70.10" g®>.cm*.s* K, = 125.10%° g.cm®.s™
(e.g. alloy oxidized at 1200°C)
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Fig. 1. Two examples of synthetic curves built with data alcalated from

{dmn+1:(Kp/mn).dt—KV.dt} for chosen K and K, and here plotted in the

m. (dm/dt) = f(—-m) scheme; comparison between constants obtaineddatgadio equation
(2) and the values initially used
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Fig. 2. The obtained thermogravimetry curves for the Nx80Cr-xC alloys (x = 0.2 or 0.8)

at 1200, 1100 and 1000°C
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Fig. 5. Arrhenius-type plot of the Ka), K, (b) and K, (c) constants versus temperature corresponding to the
Ni30Cr0.2C (small points, normal characters) anth&oNi30Cr0.8Cthick points, bold characters) alloys

17



0,005 - 0,005 +— -
1 Ni30Cr0.2C at 1200°C 1 Ni30Cr0.8C at 1200°C ///"’”
0,0045 ] 0,0045 //
0,004 - 0,004 1
0,0035 1 = 0,0035
& 0,003 - & 0,008 ]
5 ] £ ]
30,0025 - g 00025
£ 0,002 - £ 0,002
0,0015 1 y 4 0,0015 /
0,001 - = 0,001 ]
g — X ) ] — XD
0,0005 - — math 0,0005 —math||
0 ] T T T T T T T T O 1 T T T T T T T T T
0 100000 200000 0 100000 200000
time (s) time (s)
a c
0,004 - 0,004
{Ni30Cr0.2C at 1100°C 1 Ni30Cr0.8C at 1100°C
0,0035 ] 0,0035 |
0,003 ] 0,003 ]
. 0,0025 - _ 0,0025 ]
(oN] ] N ]
S o] S ooz
g 0002 g 0002
€ 0,0015 ] € 0,0015 ]
0,001 | 0,001 |
] ]
0,0005 ] —exp || 0,0005 3 —exp ||
——math ] ——math
([ SEEEEE— o
0 100000 200000 0 100000 200000
time (s) time (s)
b d
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Fig. 7. External chromia layer and sub-surface statb@tlloys oxidized for 50 hours:
Ni-30Cr-0.2C at 1200°Caj and at 1000°Ch(), Ni-30Cr-0.8C at 1200°Ccf and 1000°Cd)
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Fig. 8. Chromium profiles across the sub-surface aftebiethe 50 hours oxidation (2 profiles per sample)
Ni-30Cr-0.2C at 1200°Caj and at 1000°Ch(), Ni-30Cr-0.8C at 1200°CcJ and 1000°Cd)
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