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ABSTRACT

KEYWORDS

The diffusion of chromium in alloys, the oxidation resistance of which
depends on their chromia-forming behaviour, is of great importance. After
long times of oxidation such alloys are modified in subsurface by notably
the development of a carbide-free zone which may significantly influence
the diffusion of chromium. Diffusion coefficientsred in handbooksfor bulk
alloys can thus be not efficient to correctly represent diffusion in these
subsurfaces. In this work a method associating thermogravimetry
measurements themselves and chromium concentration profiles acquired
on cross sections prepared from the corresponding oxidized samples, was
used to try specifying the chromium diffusion coefficient in this special
alloy environment which isthe subsurface of the oxidizing alloy itself. This
led to avalue of aimost 3x 10 cm? s* for 1000°C in the subsurface of a Ni-
25Cr-0.5C alloy. © 2015 Trade Science Inc. - INDIA
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INTRODUCTION

Inmetalic aloysexposed to hightemperaturethe
diffusion phenomenaplay very important role. Thisis
truefirst for thedifferent possible stage of their el abo-
ration “ as in powder metallurgy>, mechanica alloy-
ing®®, joining/ welding“, deposition of coatings® or
hesat treatments® — and second during they are used. In
thelater caseone can citethechemicd phenomenasuch
asoxidationsinceitinvolvesthediffusion of dements
suchasAl, Cror S "8, Aluminum, chromiumor silicon
areusudly presentin superaloys®9 in quantitieshigh

enoughfor bringingan duminaforming, chromiaform-
ing or slica-forming behavior respectively, tothedloys
when they are exposed to oxidant gasesat high tem-
perature. The contentsin theseelementsareafirst cri-
terion indicating the oxidation resistance potential of
thesehightemperaturealloys, for example, inthe case
of chromium, 20wt.% Cr in anickel-based alloy and
30 wt.% Cr in acobalt-based alloy are often consid-
ered asminimal contents. A second very important cri-
terionistheeasinessof diffusion of theconsidered ele-
ment inthesubsurface of thealloys. A sufficiently good
diffusonof Al, Cr or Si towardstheoxidationfrontis
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necessary for obtai ning the devel opment and theresfter
for maintaining acontinuous protectivescaeof AL O,
Cr,0, and SIO, respectively. Thevaluesof diffusion
coefficientsof Al, Cror S aregeneraly availableonly
about the diffusion of theseelementsin puremeta sor
simple solid solutions. Unfortunately the use of these
vauesin caseof multi-phasedloysisoften not evident.
Theknowledgeof theaverage diffus on coefficientstak-
ing into account theinfluence of thegrain orientation,
the grain boundaries and the second phases possibly
present interdendritically isthough important to value
the sustainability of the protecting effect of theconsid-
ered eement.

Thethermogravimetry testsin hot oxidant gases,
whicharecommonly used to evd uatethe high tempera:
ture oxidation resistance, can be a so used to charac-
terizethediffuson of themost oxidable speciesexisting
inthealoysl. Theassociation of themeasurementsof
oxidation-induced mass gain by thermo-balancewith
the concentration profilesacquired in the sub-surface
of theoxidized samplesmay effectively permittingthe
deduction of theglobd diffusion coefficients*2. Inthe
present study the diffusion of chromiumwas specified
at 1000°C by this method for a cast polycrystalline al-
loy based on nickel and containing 25wt.%Cr and 0.5
wt.%C.

EXPERIMENTAL DETAILSOFTHE STUDY

Elaboration of thealloy of thestudy

The Ni(bal.)-25Cr-0.5C (all contents in weight
percent) wasinitially elaborated by foundry. Purenickd,
pure chromiumand graphite (AlfaAesar, purity higher
than 99.9 wt.%) wereweighed and placed in thewa-
ter-cooled copper crucible of aCELESfurnace. Their
heatingwasrealized by high frequency induction under
an inert atmosphere composed of 300 mbar of pure
argon. Theapplied operating parameters*“ about 110
kHz and 4kV —allowed obtaining the molten alloy. This
onewasthereafter maintained at about 1600°C for three
minutesto completely homogenizethemelt. The power
wasthen decreased to solidify it. Thealloy enteredin
contact with themetallic crucible and cooled downto
room temperature.

Theobtained ingot, of acompact shape, wasthen
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cut to get apart for the observation of the as-cast mi-
crostructureand for the control of the obtained chemi-
cal composition. Another part was machined to get
sampl es (parallel epipeds of about 8 mm x 8 mm x 3
mm) destined to be oxidized with thermogravimetry
follow up of their masschange and theresfter to beana-
lyzed for specifying the concentration profilesin their
sub-surface.

Theoxidation test

A parallelepipedic samplewasmachined usinga
Buehler DeltaAbrasimet metall ographic saw. It was
ground onitssix faceswith 1200-grit SIC papers. Its
edges and corners were smoothed by grinding them
using the same papers. For performing the
thermogravimetry test a SETARAM TG92 thermo-
balance was used. The test was carried out under a
flow of syntheticdry air (80%N,-20%0,). Three suc-
cessive stages composed thethermal cycle: aheating
phaseat +20K / min, anisotherma stageat T=1000°C
for At=114h, and acooling phase at -5K / min. This
test ledtoamassgainfile{ Am/S=1(t)} whoseiso-
thermal part end wasanayzed to valuethefinal mass
gainrate dm/dt before the start of cooling. Thismass
gain correspondsto the oxygen atomswhich cameon
surfaceto be combined with themost oxidableelement
present inthealloy: Cr. Onecanwritethefollowing
equation:

dm —M°x dn,
dt w« S | dt

where m isthe mass gain per surface unit area (and

dt end

stage, M =16g x mol™the oxygen molar mass,

dn,
and(ﬁj the number of oxygen moles initially
end

themassgainrate) at theend of theisothermal

present in air and arrived on the sample to be com-

bined with metal to be added to the oxide scale.

By considering the main oxidation reaction
3

(2xCr + 502 - Cr,0;), the number of

molesof Cr diffusing from the all oy to be combined
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with oxygeninthe oxidescale, appearsasequal to:

d Am
dng, 2 (dng 2xS S
—_— =—X| —— = X
dada )., 3 dt J_, 3xM, dt o

Characterization of theoxidized sample

After return to room temperature the oxidized
samplewasfirst subjected to X-ray diffraction (XRD)
to specify the nature of the oxidesformed on surface.
ThiswasdoneusingaPhilipsX’Pert Pro diffractometer
(A=1.5406 Angstrom, CuK ). The oxidized sample
wasthereafter covered by athin layer of gold depos-
ited by cathodic evaporation, which allowed charac-
terizing theoxide sca e; using aScanning Electron Mi-
croscope (SEM) JEOL JSM 6010LA in Secondary
Electrons(SE) mode and composition analyzeby using
the Energy Dispersion Spectrometry (EDS) apparatus
equippingthisSEM.

Theoxidized samples, becamed ectricaly conduc-
tivity by the previous gold deposition, werealso el ec-
trolytically coated with athick layer of nickel (cathodic
polarizationina50°C-heated Watt’s bath). A Buehler
DeltaAbrasimet saw was used to cut it in two parts,
without minimized loss of oxidessnce mechanically
protected by thethick nickel shell surroundingit. The
two parts were embedded in a cold resin mixture
(ArdditeCY 230 resnwith HY 956 hardener, Escil) and
ground with SiC papers from 240-grit to 1200-grit.
After cleaningwith ultrasoundsthe mounted ssmplewas
polished with textile enriched with 1um hard particles.

Observationsin cross-sectionwerecarried out with
the SEM, in Back Scattered Electrons (BSE) mode.
EDS spot andysisallowed specifying againthe natures
of theoxides. EDSwasasoinvolvedin acquiring con-
centration profilesinthe sub-surface, perpendicularly
tothealoy/oxideinterface of thedloy.

ThisalowedrevedingaCr- zoneimpoverished part
inthesubsurface. The chromium profilepresented an
amost linear shgpe over the chromium-depl eted depth.
Thisalowed the determination of theaverage gradient

in chromium concentration Cg, : |grad C,, || (ex-
pressedinmol x cm™):

1 (Puy ) AWCL,,
loradc.] - (M )x—Ah

Cr

Inwhich p,,, isthedensity of thealloy (consid-
ered asbeing 8.9 g x cm3), M, the molar mass of

AWCt,

Ah
erage gradient of the weight content in chromium (z:

depth).
Deter mination of theaver age diffusion coefficient
for chromium

chromium (equal to 52g x mol*) and theav-

Thepreviousdatawerefinally usedto calculatean
esimated vaueof theaverage coefficient for chromium
diffusion through the sub-surface, according to the
Fick’s first law:

d _—
(%lnd = -D x|gradC|

dn -
By replacing (?er and | grad C,| by their ex-
end

presson previoudly given:
dm
o [(2xMe), dte
o 3xM, AWCt
aJI>< Ah

Inthislateexpression K, isthechromiavoldiliza-
tion constant which kinetically characterizesthelinear
lossof chromiaCr,O, oxidized againand thistimeinto
anoxide, CrQO,, whichisgaseouswhen temperatureis
higher than 1000°C. This constant was determined, as
the parabolic constant K . by plottingthemassgainre-

dm .
sultsas mx-_ - = f (—m), and by exploiting them

according to the following equation,

dm
mx E = Kp + (_m) X Kv, method establishedina
previouswork(*,

RESULTSAND DISCUSSION

Theobtained massgain curves

The obtained massgain curveispresentedin Fig-
ure 1. Thekinetic oxidation regimeis parabolic-type,
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Figurel: Determination of thefinal massgain rateat theend
of the 114h-long 1000°C-isothermal stage for the Ni-25Cr-
0.5C alloy in syntheticdry air

but theloca problem of binding-unsticking of the ex-
ternal scaewasobvioudy at theorigin of themassgain
jump occurred at about 250,000 seconds. Since the
total mass gain may beinfluenced thereafter by thelo-
ca accel eration of oxidationresulting fromthefast oxi-
dation of the corresponding denuded part of aloy’s
surface, it waspreferred to consider two massganrates,
not only the oneat theend of isothermal stage (A) but
asotheoneexigtingjust beforethemassjump (B).

If thefirst value (16.1 x 10*°gcm? s, A) may be
dightly modified by the mass gain jump occurred be-
fore, thesecond one(18.0 x 10°gem?s?, B) ischar-
acterigtic of thehomogeneous Cr diffusion towardsthe
oxidationfront... but at t equal to 250,000 s: this will
not correspond to the chromium gradient which will be
specified through the subsurface zone depleted in Cr
between = 0 and t = 410,400s (114h). It wasfinally
preferred to keep the value measured at theend of the
isothermal stage (16.1 x 10°gcm?2st A).

Themassgainfilewasalso treated according to
the{} method*® to specify thevaueof thevolatiliza-
tion constant (Figure2). Thisoneis19.0 x 10°gcmr
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251 asisto say of the same order of magnitude as
(and even dmost equd to!). Theva ueobtainedfor the
K, constant as well as the one sobtained for the not
underestimated K, vauearetested by reconstructinga
mathematical curve (green) to comparewith the ex-
perimental curve (Figure3): it well fitsthisone, better
than thered mathematica curveplotted by usngonly
the K, vauewhich canbeclassicdly determined (asis
to say without taking into account the masslossdueto
chromiavoldilization).

All thesekinetic results, together with thevalue of
K, classically determined and the oneissued from the
treatment, aredisplayedin TABLE 1.
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Figure2: Determination of thelinear constant K (1.9 x 10-

9gcm2s?) characterizingthemasslossrateby volatilization

of chromia (together withthe Kpsimultaneousiy determined:
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Figure3: Validation test of thevaluesobtained for K (and
Kp); much better correspondence than for the classically
determined vaal ueonly

Characterization of theoxidized sample

After returnto room temperature the sample has
lost apart of itsexterna oxidescale. Thiswasfirst re-
veadled by the plot of the massgain fileasmassgain
versustemperature (after correction fromtheair buoy-
ancy variation), leadingto thecurvepresented in Fig-
ure4. Thisonewasaso entirely exploited to get data
about the temperature of oxidation start (defined as
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TABLE 1: Valuesof thedifferent kinetic constantsissued fromthetreatmentsof themassgain files(in bold characters. the

valuesfinally taken into account)

Constant Value Unit
m
C:j_t (A) 16.1x 10 gem?s?
end
am B 18.0x 10™ cm?s?t
g (B) 9
t end
K, (classical determination) 420 x 102 g’ cm*s?
K, (by taking the chromia volatilization into account) 4.82 x 10 g?cm* st
K, (chromiavolatilization 19.0 x 1070 gem?s?

Ni-25Cr-0.50C (114h at 1000°C)
2.E-03 -

2.E-03 -

2.E-03 -
& 1.E-03 -
1.E-03
1.E-03 -
8.E-04 -
6.E-04 -
4.E-04 -

2.E-04 - Temperature of oxidation start

0.E+00 : I

0 500 1000
temperature (°C)

Figure4: Exploitation of themassgain resultsobtained during
thewholethermal cycle

uied ssew |e10|

Mass variation after
return to room
temperature

Isothermal mass gain

mass gain (g/cm

Mass gain
achieved
during the
whole
heating

being thetemperaturea which themassgain by oxida:
tion becameto be significant enough to be detected by
the used thermobal ance (thus definition relativeto the
apparatus sensivity), thedifferent mass gains (whole
heating, isothermal massgain, thetwo previousones
together, thetemperature of oxide spallation start); the
obtained resultsareall displayedin TABLE 2.
Thepart of external oxide scaleremaining onthe

sample was specified by XRD analysis. Theresults
show, asillustrated by thediffractogram showninFig-
ure5, that chromia(Cr,O,) isthemain oxide present,
despitethe presence of additiona NiCr,O, spinel ox-
ide. Thisallowed considering that theformulaestab-
lished above may be effectively used for the determi-
nation of thediffusion coefficient of chromium.

Themorphology and nature of theexternal oxide
scaeareillustrated in Figure 6 by aSEM micrograph
taken in Secondary Electrons mode (topography, A)
and asecond onetaken in Back Scattered Electrons
mode (composition, B), for two different magnifications.
Thelast oneisenriched by EDSresults(chromia, chro-
miumin extreme surface measured onatotally denuded
Zone).

After the preparation of the cross-section sample
new observationswere carried out with the SEM in
BSE mode. Asillustrated by the SEM/BSE micrograph
shownin Figure7, one can seethat acarbide-freezone
wasdevel oping inwardsfrom the oxide/interface. SEM/
EDS concentration profileswere performed through the
subsurface affected by oxidation, with asresult theone
giveninFigure8. Onecan seeanamost linear varia
tion in chromium content which increasesfrom about
14 wt.% upto 21-22 wt.%Cr when reaching thefron-
tier separating the carbide-free zone and the bulk. A

TABLE 2: Valuesof thedifferent char acteristicsresulting from the massgain exploitation for thewholethermal cycle

Data Part of the curve Value
Temperature of oxidation start heating 768.3°C
Mass gain achieved during the whole heating heating 0.1017 mg cm
I sothermal mass gain isothermal stage 1.7613 mg cm?
Total massgain heating + isothermal stage 1.8630 mg cm™?
Temperature of oxide scale spallation start cooling 496.5°C
Total mass variation Whole cycle 0.548 mg cm

Watariosy Stience  mm—.
A VMW



MSAIJ, 12(11) 2015 Elodie Conrath and Patrice Berthod 397

= PFyl] Peper

7000

6000

g
l 2U3

:

Lin (Counts)

3000

2000

1000

@
3
N
8

40 50 60 70

2-Theta - Scale
Figure5: XRD diffractogram acquired on the surface of the oxidized sample

After 114h at 1000°C
SE mode
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Figure6: SEM illustrating theexter nal oxide scale (A: mor phology at X250 in SE mode, B: nature at x1000 in BSE mode
with EDSspot analysis)
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Figure 7 : SEM/BSE micrograph of the oxidized surface
observed in cross-section, evidencing two typesof exter nal
oxidesand an outer carbide-freezone
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Figure8: EDSchromium profileacquired through theCr-
depleted subsurface zonewith the SEM
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TABLE 3: Valuesof thedifferent characteristicsresulting from the massgain exploitation for thewholether mal cycle

Data Symbol/Formula Unit
dm -10
Final isothermal mass gain rate — 180 X—Zlql g
dt end cm-s
-10
Linear constant of chromia volatilization K, 19'3;2121 g
AWCHt 9
Average gradient of weight content in chromium e 0.3164 W} wCr
Ah Hm
dm
—  +K,
Diffusion Coefficient of Chromium at 1000°C D. - [2Mg |, dt e 2.85 x 10" o
through the carbide-free zone cr 3x M AWCH st
© P X <

Ah

gradient of about 0.316 wt.%Cr um™* wasthus deter-
mined.

General commentaries

Thevaueof thefinally obtained chromium diffu-
soncoefficientisgivenin TABLE 3, after therecd of
thevauesof thedifferent experimenta datainvolvedin
itscaculations. Thisvaue, whichisingood agreement
withvauesof Cr diffusion coefficientsearlier obtained
at the sametemperaturesfor similar alloys*2, well
representstheredity of chromiumdiffusioninsituation
of oxidation at high temperature of a{ chromium car-
bi des} -containing nickel-based dloy sinceit takesinto
account the presence of interdendritic spaces perturbed
by theinitid presenceof chromium carbideswhichdis-
solved during oxidation. Thisdeterminationwashel ped
here by thefact that chromiawasthe predominant ox-

ide, despitethe presence of the spinel onewhich may
influencealittlethechromium consumptionand theover-
al diffusion. Tofinish onecan underlinethat it wases-
sential, even at thisrather low temperaturefor which
the chromiavolatilizationisnot yet fast, to valuethe
volatilization constant. Indeed thisone, whichisdirectly
added to thefinal isothermal massgainrate, wasal-
most equal to thelater one, with asconsequenceif not
taken into account, an underestimation of 50% of the
cd culated diffusion coefficient. Thiswas soimportant
since, becausethe rather long duration of theoxidation
test (morethan 100 hours) allowing asufficiently deep
chromium-depletion (for agood determination of the
Cr concentration gradient), theinstantaneous massgain
rate has significantly decreased by comparisontoits
initia vaueexisting at thestart of theisotherma stage.
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CONCLUSIONS

Thus, the combination of thermogravimetry mea:
surementsduring hightemperature oxidation test with
the measurement of the subsurface chromium concen-
tration profile, dlowsdetermining the chromium diffu-
sion coefficient of chromium specifically inazonefor
whichitsknowledgeisof highimportance: the subsur-
facezoneaffected by oxidationinthepreviousingtants,
crossed by chromium fromitsorigin (matrix remained
richinchromiumand chromium carbidesexistingasCr-
reservoirsintheinterdendritic spaces) to thelocation
of itsconsumption (the external oxide, inner or outer
face, thisdepending on thetype of conduction: nor p).
If this method — already used in earlier works!**12 —
was possiblein the present case (well chromia-forming
nickel-based dloy), it will surely moredifficult to gpply
when the oxidation phenomenaare more complicated,
asinthecaseof cobalt-based or iron-based which are
oftennot redly chromia-forming.
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