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ABSTRACT

KEYWORDS

Hafnium is added to high temperature alloys to improve their resistance
against hot oxidation. Despitethat thiselement is often present only in small
guantities (around 1wt.%), it playsan efficient role. Itispossibletoadd itin
much higher quantities, for examplein carbon-containing alloysinwhich Hf
can be trapped in carbides. It is therefore interesting to see whether its
beneficial effect on high temperature oxidation is stronger or remains the
same or, on the contrary, or whether too much hafnium becomes detrimental
for oxidation resistance. Here, cast chromium-rich nickel-based alloys
containing particularly high Hf quantities were subjected to oxidation at
1000 and 1100°C in dry air for 46 hours, similarly to what was earlier done for
similar alloys but at 1200°C. The heating parts of the obtained
thermogravimetric curveswere exploited after correction fromair buoyancy
variation. The temperatures of oxidation start, the total mass gain during
heating, the instantaneous linear constant versus temperature and the
transient oxidation linear constant were determined and analysed versus
the contents of the alloys in carbon and in hafnium. This led to interesting
observations, notably concerning the oxidation start temperature and its
dependence on the chemical composition of these nickel-based alloys.
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INTRODUCTION

Nickel-based aloys,
High hafnium contents;
Hightemperature;
Transient oxidation;
Thermogravimetry.

Themaost often hightemperaturealloysin service
must resst mechanica solicitations(e.g. creep) but dso
chemical aggressions¥. Concerning the second point
good resi stance against high temperature oxidation can
beachieved by enrichingdloysinchromium, duminium
or dliconinorder tofavour theformation of continuous
protective oxidescaeswhich Sgnificantly decreasethe
oxidation rate?. Thesethree d ements, added in sev-

erd tensof weight percents, arethemost important e-
ementsfor thisobjective. Thisistrueinisothermal ser-
viceconditions, but in red applicationstemperature of -
ten variesand aserious problem existing besidesthe
oxidation rateitself isthe possiblelossof protective
oxide scalewhichleads, for thealloy, to theformation
of anew scde, thisitsdf inducing animpoverishmentin
Cr,Al or Si respectively.

Tolimit such phenomenon, rareearth or activeele-
mentsare added to alloystoimprove the adherence of
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the scalesover thealloys (aswell asother aspects of
high temperature oxidation resistance). One of these
elementsishafnium, whichisadded in some nickel-
based aloys. One can thusfind about 1wt.% of Hf (or
less) for example in NiFe-based®, Ni-based*® or
NiAl-based’®® alloys. In contrast several weight per-
centsin hafnium, such as4 or 5wt.%, are much more
encountered among the common alloys and superal-
loysfor hightemperatureuses. Thisisprecisaly therea
sonwhy hereonecapitalized ontheavailability of nicke-
based dloysespecidly richin hafnium® to examinehow
high Hf contents may influence some aspects of the
behaviour in oxidation of nickel-based chromium-rich
alloysat 1000 and 1100°C.

EXPERIMENTAL DETAILS

Thealloysof thestudy

The nickel-based alloys considered in thiswork
were designed by choosing high chromium content
(25wt.%Cr) to alow achromia-forming behaviour for
all aloys, and by choosing two levelsof carbon con-
tents(0.25 and 0.50wt.%) to obtain significant popula-
tions of carbidesin the microstructures. The chosen
hafnium contents, 3.7 and 5.6wt.%Hf, were much
higher than theusua Hf contentswhich can beencoun-
tered in more common aloysand superaloys. Thed-
loyswhichwill be studied herewere previoudy synthe-
sized by foundry. Theliquid alloyswere obtained by
melting pure elementstogether, and solidified in the
metallic crucibleof the used furnace. Their as-cast mi-
crostructures have been aready characterized® while
their oxidation behaviours were investigated at
1200°Cte1, Someof theselatter oxidation resultswill
be added to the ones of the present work to allow study-
ing over [1000, 1200°C].

Thenamesand chemica compositions (obtained
by Energy Dispersive Spectrometry) of thefivealoys
considered for the present study are:

e “Ni-25Cr-0.25C-3.72Hf’: 25.70wt.% Cr and
4.40wt.%Hf (Co: bal ., C: not measured)

e  “Ni-25Cr-0.50C-3.72Hf: 25.57wt.% Cr and
4.79wt.%Hf (Co: bal ., C: not measured)

e “Ni-25Cr-0.50C-5.58Hf’: 25.32wt.% Cr and
6.64wt.%Hf (Co: bal., C: not measured)

e  “Ni-25Cr-0.25C”: 23.79wt.% Cr (Co: bal., C: not
messured)

o  “Ni-25Cr-0.50C: 22.74wt.% Cr (Co: bal., C: not
messured)

Theas-cag microgructuresof thesefivealoys which
arereminded in Figure O, wereprevioudy describedin
theinitial work!®. Tosummarizeonecansay thet al d-
loys present adendritic matrix composed of an austen-
iticnickd-chromiumsolid solution, and of carbides. These

Ni-25Cr-0.50C

Ni-25Cr-0.25C

| Ni-25Cr-0.25C-3.72Hf

FigureO: Micrographsillustrating theas-cast micr ostruc-
turesof thefive studied alloys (Scanning Electron Micro-
scope JEOL JSM-6010L A, Back Scattered Electronsmode)
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onesarehafnium carbidesand sometimeschromium car-
bidesintheas-cast Hf-containingaloys. Theas-cast Hf-
freedloysonly contain chromium carbides.

Preparation of the samples for the

thermogravimetry tests

Cutting theingots near their centresallowed ob-
taining parallelepiped samplesfor the oxidation tests.
Thesesampleswereground dl around with 1200-grade
SiC paper after having smoothed the edges and the
cornerswitha240-grade S C paper. Theoxidationtests
wereperformed withathermoba ance (Setaram TG92),
in a continuous flow of dry artificial air (80%N,-
20%0,).

Thethermal cyclewas composed of:

e aheatingat 20°C min,

e anisothermal (1000 or 1100°C)-stage during 46
hours

e acoolingat-5°C min?

For theexpl oitationsof the heating partsof themass
gainfilesone applied the procedures described ina
previouswork 12
e plot of themassgainsversustemperature (and not

timeasusudly done) to obtain an equation thereatf-

ter used to correct themassgainsfrom thevaria-

—== Fyl] Peper

tionsof air buoyancy,

e determination of thetemperature at which oxida
tion hasbecome significant enough to alow ade-
tectablemassgain,

e study of theevolution of thekineticlinear constant
between the oxidation start temperature and the
stagetemperature,

e andyssof thetemperature-dependenceof thislin-
ear constant intheArrhenius schemeand determi-
nation of the corresponding activation energy,

e determination of thetotal massgain achieved dur-
ing hesting.

In addition, the mass gain rate existing just after
having reached theisothermal stagetemperaturewas
determined. Thedopeof thetangent straight line (mass
gain represented versustime) was determined to ob-
tainavaueof thelinear constant of transient oxidation
(duringtheisothermal linear oxidationif any, or at the
early start of the parabolicregime).

RESULTSAND DISCUSSION

The{massgain ver sustemperature}-curvesdur-
ing heating

Themassgain recorded during heeting are plotted

Ni-25Cr-0.25C Ni-25Cr-0.25C-3.72Hf
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Figurel: Massgain curvesduring heating plotted ver sustemperaturefor deter mination of thetemper atur esof oxidation
start (criterion: detection of massgain with theused ther mo-balance) and for thetotal massgain duringthewholeheating;

here: thetwo 0.25wt.% C-containing alloys
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Figure2: Massgain curvesduring heating plotted ver sustemperaturefor deter mination of thetemper atur esof oxidation
start (criterion: detection of massgain with the used ther mo-balance) and for thetotal massgain duringthewholeheating;

here: thethree0.50wt.% C-containing alloys

versustemperaturein Figure 1 for the{0.25C} -alloy
(left) and the{ 0.25C-3.72Hf} -alloy (right). For each
aloy thegraphscontaining the curvesfor thetests cor-
responding to theisothermal stagetemperatures 1000
and 1100°C (this work) are enriched with the curves
previously obtained for a stage temperature of
1200°C™9, The oxidation during heating of the
{0.25C} -aloy presentsagood reproducibility for the
common part of thethree curves (T<1000°C). It is not
the case for the {0.25C-3.72Hf} -alloy. Indeed the
sampledestinedtothe 1200°C isothermal oxidation test
has obviously started to oxidize sooner than the ones
destined to isothermal oxidation at 1000 and 1100°C
(and—maybe consequently — faster than them) despite
that thetest conditions (e.g. heating rate, air flow...)
werethe samefor thethree samplesin the heating part
bellow 1000°C.

Figure 2 shows the curves of the same type but
obtained for the {0.50C} -alloy (l€ft), the {0.50C-
3.72Hf} -aloy (middle) and the{ 0.50C-5.58Hf} -al-
loy (right). Thistimethelack of reproducibility con-
cernsthethreealloys, Hf-free or Hf-containing. The
common parts(T<1000°C) of the three heating curves
are never superposed, whatever thealloy.

Temperaturesof oxidation start

For each of theall oys, thetemperaturesat which
the mass gain becomesto be significant enough to be
detectable by the used thermo-bal ance, can be speci-
fied on the previous graphs presented in Figure 1 and
Figure 2. Theresults are presented in the histogram
showninFigure3.

Heretoo onefindsagain that cumulating theresults
obtained for asameadloy giveanideaontheir repro-
ducibility and thentheir representativeness. Assuspected
above by looking to the heating parts of curves, the
temperature of oxidation start isnot really thesamefor
asingledloy and for thethreetargeted stagetempera
tures. Thethreeva uesarecloseto oneanother onlyin
the cases of the {0.25C}-alloy and of the {0.25C-
3.72Hf} -dloy. Thisisnot the casefor thethree other
alloysfor whichtheresultsarevery scattered. How-

1200

Temperature of oxidation start
(heating part of the TG curve)

1100
=1000°C
Ll T100°C

m1200°C

900

T o.s. (°C)

800 -

700

600

Figure3: Histogram presenting thevaluesof oxidation gart
temper aturefor thefivealloyswhen heated up to 1000 and
1100°C (this study), and also 1200°C (previous study!”)
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ever it seemsthat oxidation startsto be detectabl e sooner
for thethree{ 0.50C} -aloysthan for the{ 0.25C} -al-
loys but without reproducibility. It ispossiblethat an
interdendritic carbides network composed of many HfC
carbides—as is to say of carbides formed with an ele-
ment particul arly oxidable— favours a better exposition
of thiselementsto oxidation, then an earlier start of
oxidation during heating. However theresults’ disper-
sion shows, inthishypothesis, that the carbides net-
work isnot devel oped enough towell establish thisef-
fect.

Total massgain during heating

Thetota massgansachieved duringthewholehegt-
ing are showninthe histogram presented in Figure 4
(top: full scale, bottom: enlargement for better seeing
thelow values). Theheating up to 1000°C seemingly
|leadsto heating mass gainswhichincreaseswith the
carbon content and with the presence of hafnium and
itscontents. Theeffect of the carbon content remains
for heatingupto 1100°C (increase of the heating mass
gain with the carbon content) while the presence of
hafnium, on the contrary, tendsto lower thisheating
massgain (except for the{ 0.50C, 5.58Hf} -containing
alloy for which the heating mass gain is the highest
among thefivealloys. For heating up to 1200°C the
heating mass gain tends decreasing when the carbon
content increasesin absence of hafniumwhileitisthe
inverseeffect whichisseenin presenceof hafniumin
thedloy.

| nstantaneouslinear constant ver sustemperature

During thewhol e heating and from thetemperature
at which the oxidation has becometo be detected an
instantaneouslinear constant of massgain, noted K (T),
has been cal culated for each temperature step by de-
riving the mass gain by time (by dividing by thetime
step themass gain difference between two successive
records). Aspreviously seenfor iron-based alloys*¥,
this instantaneous constant more or less obeyed an
Arrheniuslaw, notably in the high temperature part of
heating (low values of 1/K), as proven by the good
linearity of In(K (T)) versus UK. Thisallowed deter-
mining values of activation energies. Theseonesare
graphically presented in Figure 5. The values corre-
sponding to the heating up to the 1000°C-isothermal
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Figure 4 : Histogram presenting the values of total mass
gain at theend of heating, for thefivealloyswhen heated up
t0 1000 and 1100°C (this study), and also 1200°C (previous
study™): full scale(top) and zoomed (bottom)
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Figure 5 : Histogram presenting the values of the corre-
sponding activation ener giesobtained for thefivealloyswhen
heated up to 1000 and 1100°C (this study), and also 1200°C
(previousstudy™)
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Figure6: Determination of thelinear constant char acteriz-
ing the linear transient oxidation at the beginning of the
isother mal stage
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stages are scattered but also rather low: one can won-
der if thetemperaturerangeiswideenough toreally
allow such determination. Theactivation energiesob-
tained for heating up to 1100 and 1200°C seems evalu-
atemoreclearly versusthealoy’s chemical composi-

Wotoioly Science  mm—

tion... but unfortunately in inverse directions depend-
ing of themaximal temperature. Indeed, for heating up
to 1100°C the activation energy seems decreasing when
the carbon content increases and when the hafnium
content increases. For heating to 1200°C, it is exactly
the contrary: the highest the carbon content or the high-
est the hafnium content, the highest the activation en-

egy.
Linear constant representing thetransient mass
gain rateat theisother mal stagebeginning

Thefind kinetic characteristic of themassgaindur-
ing hegting istherate at which themass gain continues
itsincreaseinthefirs timesof theisotherma stage. With-
out correction fromair buoyancy variation (tempera-
ture has now become constant), the mass gain files
present amoreor lesslongfirst part linear versustime.
Thedope of thecurveat thisisothermal stage begin-
ning wasthen determined and gaveavauetothelinear
constant K, (which depends on the stage temperature).
Anexampleof determinationisgiveninFigure6 (case
of theNi-25Cr-0.50C-5.58Hf dloy arrived at the stage
temperature of 1100°C).

The dependence of K, versusthe stage tempera-
tureisgraphically presented in Figure 7 for the two
{0.25C} -containing aloys(top: Ni-25Cr-0.25C, bot-
tom: Ni-25Cr-0.25C-3.72Hf) and in Figure 8 for the
three{ 0.50C} -containing aloys (top: Ni-25Cr-0.50C,
middle: Ni-25Cr-0.50C-3.72Hf, bottom: Ni-25Cr-
0.50C-5.58Hf). Onecan seefirst that thethree points
arevery well aignedintwo cases (Ni-25Cr-0.25CHf
and Ni-25Cr-0.50C-5.58Hf). Thisislesstruein the
cases of the Ni-25Cr-0.50C and Ni-25Cr-0.50C-
3.72Hf dloys, whilethedignment istheworst for the
Ni-25Cr-0.50C-3.72Hf dloy. Theactivation energies
are of 200-250kJmol for thefirst cited alloys (good
aignment) and lower than 200kJ¥mol for theother ones:
around 180kJ/mol and even 130kJmol for thealloy
with thelessaligned points (value not representative).
Generdly theseactivation energiesare higher thanthe
onesdetermined abovefor theinstantaneouslinear con-
gtant during hesting.

General commentaries

The heating partsof thethermogravimetry curves
may beof interest for better understand thebehaviorin
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oxidation at high temperature of alloys, and to com-

pletethecharacterization of theinfluenceof their chemica

compositionsof microgtructuresinthisfield. Herethis
started by the correction of themassgainfilesfromthe
air buoyancy variationswhich may lead to virtual mass
variationsand then to bad interpretations. After having
proceeded to this correction thefirst results obtained
concerned thetemperature at which appearsadetect-

able massvariation dueto oxidation and only oxida-

tion. It gppearedfirst that an higher carbon content tends
to sooner oxidation start during hegting, asistosaytoa
lower temperature. Thiswas seenfirst for thetwo Hf-
freedloys(oxidation start temperaturelower for 0.50C
than for 0.25C), and second for thetwo low Hf alloys
(oxidation gtart temperaturelower for the 0.50C-3.72Hf
dloy thanfor 0.25C-3.72Hf one). Thiscan beexplained
by adenser carbide network for 0.50C which emerges
on surface and then which better expose the most

oxidabledementsCr or Hf to oxidation. Theoxidation
appears sooner during heating d so whenthealoy con-
tainshafnium (oxidation start temperaturelower for the
0.25C-3.72Hf alloy than for the 0.25C one, and for
the 0.50C-3.72Hf alloy than for the 0.50C one): this
can be attributed to a slightly more developed
interdendritic carbide network in the second case (de-
spitethe same carbon content) resulting from the stron-
gest carbide-former character of hafnium by compari-
son with chromium. But it can be al so dueto amost
oxidable character of hafnium, alwaysin comparison
to chromium. This suspected higher tendency to oxi-
dize of hafnium by comparison with chromium may be
aso responsibleof the highest total massgainsachieved
during heating up to 1000°C and up to 1200°C. How-
ever, theopposite observationswere donefor heating
up to 1100°C. The results concerning the activation
energiesof theinstantaneouslinear constant aswell as
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thetransient oxidation linear constant at the beginning
of theisothermal stage, and notably the dependenceon
the chemical composition of thedloy, arelessclear and
then moredifficult tointerpret. However it isremark-
ablethat these constants seem rather well obeying an
Arrheniuslaw.

CONCLUSIONS

The exploitation of the heating parts of the
thermogravimetry curves, thelater onesbeing more
devoted to thestudy of theisothermal oxidation of the
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aloys, isrardy donedthough thismay lead tointerest-
ing data. Theresultsobtainedinthiswork for ternary
Ni-25Cr-xC and Hf-rich quaternary Ni-25Cr-xC-yHf
wereinteresting but unfortunately not always exploit-
able because a dispersion which was sometimestoo
wideto alow good conditionsof anayzeand clear in-
terpretations. However first interesting observations
weredoneand expla ned, notably concerning the oxi-
dation start temperature. Thisisof importance since
these phenomenaarethe prdiminary onesand they may
moreor lessinfluenced so thefollowingisothermd oxi-
dation. Thisstudy of theeffect of particularly high con-
tentsinhafniumin chromia-forming nicke -based dloys
onthestart of oxidation and the oxidation during heat-
ingwill befollowed by the analyze of the effect of these
high hafnium concentrationson theisothermal oxida:
tion and onethe behavior of theexternaly formed ox-
idescaesduring cooling™.
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