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ABSTRACT

KEYWORDS

The chromium-rich iron-based alloys, the oxidation behaviour at heating of
which was characterized in the first part of this work, were subjected to
characterization of their average isothermal oxidationrate aswell asof their
resi stance against oxide spallation during cooling. Theisotherma massgains
at 1000°C and 1100°C during 46 hours and the exploitation of the cooling
parts of the thermogravimetry curves|led to observations about the effect of
the high contentsin hafnium of these other oxidation parameters. It appeared
that the effect of these high amountsin hafnium on the isothermal oxidation
was not the same depending on the stage temperature. Concerning their
influence onthe resistanceto scal e spallation at cooling from 1000 or 1100°C,
the good behaviours of the ternary alloys was not deteriorated by the
presence of this element in too high quantities to keep maybe the good
behaviour generally observed at lower Hf contents. To summarize, so high
Hf contents, which allow developing reinforcing HfC carbides, did not
significantly threaten the oxidation behaviour of the alloys, neither during
theisothermal oxidation, nor during cooling and probably thermal cycling.
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INTRODUCTION

Iron-based alloys;
High hafnium contents;
Hightemperature;
| sothermal oxidation;
Scale spallation at cooling;
Thermogravimetry.

Amongthee ementswhich play abeneficid roleon
the oxidation at high temperature of aloysand supera-
loysthereishafnium¥. Concerning especidly iron-based
aloys, Amano and a@ have seen that the presence of
thiselement in Fe-20Cr-10Al alloysled to adecrease
inoxidation rateat 1200°C, for example. This was also
observed by Okabe® for Fe-30Cr-4Al between 1000
and 1300°C, who additionally found the presence of

HfO, inclusionsinthea uminascaeand who aso no-
ticed that ahigh Hf content improved the scal e adher-
ence. Thelast observation wasa so done by Jedlinski
et al for Fe-23Cr-5Al alloys. Scale adherence was
also obviously improved by the presence of hafnium
when other elements (as sul phur) threaten scal e adher-
ence’®. Besideswhat happensin oxidationin hot air,
the beneficia influenceof Hf in Fe-Cr-Al aloyswas
also found for such alloysin case of oxidation in hot
pure O,
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It seemsthat thereisnot so many data about the
effect of Hf for iron-based alloysonly containing chro-
mium (and noduminium) inquantity highenoughto pro-
motethe devel opment of an externa chromiascaleor
of ascalecomposed of (Cr,Fe),O, withaCr/Feratio
varyingthroughthescaleor dongthescae.

Inthiswork, which followsafirst one concerning
oxidation at heating”, themassgain curvesobtainedin
thisformer study!” for cast Fe-25Cr-{ 0.25 or 0.50C} -
{0, 3.72 or 5.58Hf} (wt.%) wereexploited again but
thistime ontheir isothermal and cooling parts. It was
wished to characterize the effect of the presence of
hafnium inunusua ly high quantitieson theisothermal
oxidation rateand on thebehaviour of theexternd scale
during the cooling. Thethermogravimetry curvesunder
study are the new ones obtained for stage tempera-
turesequal to 1000 and 1100°C but earlier results ob-
tained for 1200°C!® were al so taken in consideration
for enriching the studly.

EXPERIMENTAL DETAILS

Thealloysof thestudy

Theiron-based dloysof thissecond part of thestudy
arethesameastheonesstudied inthefirst part™: they
contain arather high chromium content (25wt.%Cr for
all of them), two levelsof carbon contents (0.25 and
0.50wt.%), and either no hafnium (ternary alloysfor
comparison) or two levels of hafnium (3.7 and
5.6wt.%Hf, particularly high by comparison with the
usud contentsin hightemperaturealloys). Onecanre-
mind that thesedloyswereearlier prepared by foundry
from puredements?, and that their oxidation behaviour
were previously studied in oxidation at 1200°C89,
Theseresultsobtained at 1200°C will be added to the
onesof thepresent work to extend theanaysisbeyond
1100°C. The names of these alloys, and their real chemi-
ca composition (obtained by Energy Dispersive Spec-
trometry) arethefollowing ones:

e “Fe-25Cr-0.25C-3.72Hf”: 25.71wt.% Cr and
3.87wt.%Hf (Co: bal ., C: not measured)

o “Fe-25Cr-0.50C-3.72Hf”: 25.59wt.% Cr and
3.46wt.%Hf (Co: bal., C: not measured)

e “Fe-25Cr-0.50C-5.58Hf": 27.23wt.% Cr and
4.85wt.%Hf (Co: bal ., C: not measured)

e “Fe-25Cr-0.25C”: 25.47wt.% Cr (Co: bal., C: not
measured)

e “Fe-25Cr-0.50C": 24.52wt.% Cr (Co: bal., C: not
measured)

Their as-cast microstructures were already re-
minded in thefirst part of thiswork™: aniron-chro-
mium solid solution dendritic matrix, interdendritic
spaces containing carbidesof two types: hafnium car-
bidesand in some cases chromium carbidesin the Hf-
containingaloys, but only chromium carbidesintheHf-
freedloys.

Thermogravimetry testsand exploitation

One can remind that the five ingots obtained by
high frequency induction melting werecut intheir cen-
treto provide sampleswith an almost parallel epiped
geometry. Theseoneswereground with 240-grade SIC
papersfor smoothing the edges and the corners, then
wholly polished with 1200-grade SiC paper (the six
faces and the edges and corners again). The
thermogravimetry runs were performed with a
thermoba ance (Setaram TG92), in acontinuousflow
of dryindugtrid air.

Thethermal cyclewascomposed of thefollowing
successive steps: heating at 20°C min, isothermal
(1000 or 1100°C)-stage during 46 hours, and cooling
a -5°C min™. Fromtheisothermal parts(globdly para-
bolic whenthemassgainisplotted versustime) were
extracted only thetotal mass gainsdueto isothermal
oxidation.

Theexploitations of the cooling parts of the mass
gainfilesweredonefollowing thesameprocedureasin
an earlier work!*Y: the mass gainswere plotted versus
temperature (and not versustime) after correctionfrom
thevariationsof ar buoyancy!. Thefollowing datawere
deduced from the cooling parts of the obtained new
Curves.

e temperatureat whichthecurvebecomesirregular
during cooling (oxide spdlation start temperature)

e fina massvariation (sometimespostiveif nooxide
gpallation or limited gpallation, sometimes negative
incaseof severe spallation)

RESULTSAND DISCUSSION

The {mass gain versus temperature}-curves.
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isothermal part and cooling part

Thewholemassgain curves plotted versustem-
perature are presented in Figure 1 for the { 0.25C} -
dloy (Ieft) and for the{0.25C-3.72Hf} -aloy (Right),
in each casefor thethreetests (1000 and 1100°C: this
work; 1200°C: earlier work®). For the Hf-containing
aloy one can seethat the higher the stage temperature
themoreimportant thetota isotherma massgain. This
logical order iscurioudly not truefor the Hf-freealloy
sincethemassgain for 1100°C is higher than the one
for 1200°C. For a given stage temperature the total
isothermal massgain appearsto be sometimes|ower
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(1000°C), sometimes higher (1100°C) for the Hf-con-
taining alloy than for the Hf-free one (and sometimes
equivalent: 1200°C). During the cooling spallation of
the externa scaleoccursonly after isothermal oxida
tionat 1200°C.

The anal ogous curves but obtained for the three
other alloysare presented in Figure 2: { 0.50C} -aloy
(Ieft), the {0.50C-3.72Hf}-alloy (middle) and the
{0.50C-5.58Hf} -dloy (Right). Concerning theisother-
mal massgain curvesthereisnow curiousorder inthree
cases: asfor the{0.25C, Hf-free} -aloy theisotherma
massgainfor the{0.50C, Hf-free}-alloy for 1100°C
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Figurel: Thewholemassgain curvesplotted ver sustemperature (after correction fromtheair buoyancy variationd?) in

the case of thetwo {0.25wt.% C}-containing alloys
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Figure2: Thewholemassgain curvesplotted ver sustemper ature (after correction fromtheair buoyancy variationd?) in

the case of thethree{0.50wt.% C}-containing alloys
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ishigher thanfor 1200°C and, for the two Hf-contain-
ingaloys, thisisotherma massgainishigher for 1000°C
thanfor 1100°C. It also tends to increase with the pres-
ence of Hf and with the Hf content for 1000°C and
1200°C while there is seemingly no real difference be-
tweenthetwo Hf-containing aloysfor 1100°C. In con-
trast theisotherma massgainismuch moreimportant
for theHf-freedloy at thissametemperature.

Temperaturesof oxidation start

Ontheprevious graphs presented in Figure 1 and
Figure 2, one can specify for al thethree curvesplot-
ted together in each of them, the mass gains obtained
during the 46 hours of isothermal stage (no participa-
tion of the oxidation during heating). Theresults, which
aregraphically presented in Figure 3, confirm what ap-
peared on themassgain curvesin Figure 1 and Figure
2 andwhich wasaready commented above. Globally
theaddition of hafnium tendsto diminish theoxidation
of the{0.25C} -containing aloy but, in contrast, it en-
hance oxidation when the carbon content is double
(0.50C).

Oxidespallation at cooling

After theisothermal stageacoolingat -5°C/min
wasapplied for al thesamples. Thecooling of theme-
talicaloysinducesathermd retractionwhichisgener-
aly moreimportant than the oneof theexterna oxide.
Thisinducescompressive stressesin thescalewhich
may |ead to rupture and detachment from themetallic
substrate (the alloy). One aready saw above on the
wholemassgain curvesplotted versustemperature that
irregularitiesoccurred onthecurvein somecases (here:
al curvesafter isothermal stageat 1200°C). This hap-
pensthen at atemperature which isto be considered
asbeingafirg parameter characterizingthe oxide spal-
lation. Theresultsare presented inthehistogram shown
in Figure4. Since spallation did not occur during the
cooling down to room temperature for the samples
whichwerejust beforeisothermally oxidized at 1000
and 1100°C, only the results for 1200°C are available.
One can seethat the presence of hafnium (3.72wt.%
targeted, 3.5 to 3.9wt.% obtained) delayed spallation
start to lower temperaturesfor the{ 0.25C} -dloysand
the{ 0.50C} -dloyswhileahigher Hf content (5.58wt.%
targeted, 4.9wt.% obtained) alowed suppressing spal -

Mass gain during the isothermal
stage
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Figure3: Histogram presenting for thefivealloystheval-
ues of thetotal mass gain achieved during the isother mal
stage (exclusively) realized at either 1000 or 1100°C (this
study); theonespreviously obtained for 1200°C in an earlier
wor k® arealso added
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Figure4: Histogram presenting the valuesof thetempera-
tureof spallation start duringthecooling, for thefivealloys,
after isothermal stage realized at 1000 or 1100°C (this
study), and also at 1200°C (previous study!®); spallation for
only thefour first alloysafter isother mal oxidation at 1200°C

lation at cooling from 1200°C. One may also note that
ahigher content in carbon seemsto delay the spallation
start too, inabsence of hafnium or inits presence.
Thefinal massgain after return to room tempera-
ture (Figure5) isgenerdly not different from what was
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Figure 5 : Histogram presenting the values of final mass
gain at theend of cooling, for thefivealloysafter isother mal
oxidation at 1000 or 1100°C (this study), and also at 1200°C
(previousstudy™)

obtained for theisotherma massgains(Figure3). The
valuesfor 1200°C are, for some of them, a little de-
creased, thisbeing dueto spall ation during cooling.
The surface aspects of the oxidized samplesare
illustrated by the scanned images (officescanner) dis-
playedin Figure6. Theseimages confirm that no spal-
lation occurred during coolingfor dl thesesamples. The
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Figure6: Surfaceaspectsof theoxidized samplesafter cooling down toroom temperaturefrom 1000 or 1100°C (tempera-
turesof isothermal oxidation); imagesissued from scanning using an office scanner
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small areas of denuded aloy are dueto oxide detach-
ment during the room temperature mani pul ation of the
oxidizedsamples.

General commentaries

With such especially high hafnium contentsit ap-
peared that the Hf-containind alloystend to i sother-
mally oxidizefaster than the Hf-freeones. Thisispar-
ticularly obvious for the two extreme temperatures
1000°C (this study) and 1200°C (earlier work™). The
resultsobtained for 1100°C, which were rather scat-
tered when considered versustemperature, seem show-
ing aninversed effect: decreasein oxidation rate, much
moreingood agreement with literature (which concerns
—itis true — much lower Hf contents). In contrast, the
well-known effect of hafnium ontheres stanceof iron-
based all oys against oxide spallation wasnot denied
here: it probably existseven for such high Hf contents.
Indeed thereis no spallation during cooling from the
stage temperature, neither from 1000°C nor from
1100°C. It is true that the Hf-free alloys did not them-
selvessuffer of scalespdlation during cooling, but high
Hf contentsat |east did not promote spallation. Onthe
contrary it was seen earlier!” that spallation occurred
for cooling from 1200°C after 46 hours of oxidation at
thistemperature, for thesamealoys, but eveninthese
casesHf demondtrated abeneficia effect sncethetem-
peratureof spallation start was shifted downwards.

CONCLUSIONS

Thus, it was seen, in thissecond part of thiswork,
that the cooling parts of thethermogravimetry curves
wereof interest again: no visibleirregularitiesshowing
oxidespd lation during cooling from theconcerned stage
temperatures. Evenif present with thehigh amountsnec-

essary for obtaining HfC carbidesin the microstructure
for dloy strengthening purpose, hafnium leadsto main-
tain agood resistance against spallation. Unfortunately
it wasalsofound that theisotherma oxidationratewas
globally not lowered by the presence of hafnium. This
appeared true for 1100°C but not at the other tem-
peratures. Thebeneficial effect of hafniuminthisfield
seemsto belimited to theusua low Hf contentsgener-
ally addedtothealloys.
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