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ABSTRACT

KEYWORDS

After the nickel-based alloys and theiron-based alloys, thisis here the case
of the cobalt-based alloys which is examined concerning the effect of
unusually high hafnium contents on the oxidati on during heating up to 1000
or 1100°C. The thermogravimetric tests were done in air for 50 hours and the
obtained massgain filesexploited intheir heating part. A correction fromthe
air buoyancy variation was realized to obtain mas gain curves suitable for
analyses. The studied parameters were the temperature of oxidation start,
the total mass gain during heating, the instantaneous linear constant versus
temperature, the linear constant representing the pre-parabolic transient
oxidation, and finally the corresponding activation energies. These
characteristics describing the behaviour of the aloys in oxidation during
heating were all studied with regards to the contents of the alloysin carbon
and in hafnium. Generally the resultswere not very clear. However interesting
observationswere done, for example concerning thetotal massgain achieved
during heating. © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Cobalt-based aloys;
High hafnium contents;
Hightemperature;
Transient oxidation;
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Somesuperdloyscontainhafniuminthear chemica
compositiong¥. Thisrather expensive dement, which
isadded insmal quantities (around 1wt.% and themost
oftenlower), bringsthedloysabetter resstanceagaingt
oxidation at hightemperature?, intermsof oxidation
rate and especially of resistance against oxide spalla-
tioninthermal cycling. In particular, hafnium may be
encountered in some coba t-based superdloys, aswell
asin some cobalt-based coatings®®. Morehafnium may

be added in cobalt-based alloys without promoting
possiblemetalurgicd instabilitieswhen carbonisaso
present in sufficient quantitiesIndeed, hafniumisavery
strong carbide-former e ement and, evenif another car-
bide-former element aschromiumispresent in much
higher quantity ““ for example with a content 30wt.%
all thecarbon atomsaretrapped in HfC carbided”.
Knowing the beneficial effect of hafnium when
addedinlow quantities, onecanthink that new improve-
ments may be obtained by enriching thealloysinthis
element beyond 3wt.%. But it isaso possiblethat too
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high contentsin thisreactived ement may inversdy go-
pear as detrimental. It isthe purpose of thiswork to
discover, inthecaseof cobdt aloysrichin chromium,
theeffect of very high hafnium quantitiesin hafniumon
the high temperature oxidation behaviour of Co-based
aloys. Inthisfirst part thisisthe oxidation during hest-
ing up to either 1000 or 1100°C, which will be charac-
terized by thermogravimetry tests, in the case of three
Hf-rich 25wt.%-contai ning cobdt-based dloysand two
Hf-freedloyswith the same chromium and carbon con-
tents.

EXPERIMENTAL DETAILS

Thealloysof thestudy

The cobalt-based alloys of the study, which con-
tain a rather high chromium content to promote a
chromia-forming behaviour (25wt.%Cr for al of them)
as well astwo levels of carbon contents (0.25 and
0.50wt.%), designed with hafnium contentssignificantly
higher than usually. The Hf contentsof thesealloysare
3.7 and 7.4wt.%Hf, asisto say much more than the
most common Hf contentsusudly addedtodloys. These
aloyswereaready earlier eaborated by foundry from
pure elementsin order to explorethe microstructures
which may be obtai ned as-cast for chromium-rich co-
balt aloyscontaining simultaneously carbon and high
Hf quantities®. Some aspectsof the oxidation behaviour
of these alloys were also previously studied at
1200°C!®19, Theresultswhich werethen obtained at
1200°C will be, for some of them, recalled to be added
to theresultsof the present work. Thiswill allow ex-
tending the analysisfrom 1000 to 1200°C. The five
alloysarethefollowing ones (name, followed by the
chemica composition obtained by Energy Dispersive
Spectrometry):

e “Co0-25Cr-0.25C-3.72Hf”: 25.51wt.% Cr and
3.81wt.%Hf (Co: bal., C: not measured)

e “Co0-25Cr-0.50C-3.72Hf’: 25.59wt.% Cr and
3.88wt.%Hf (Co: bal., C: not measured)

e “Co0-25Cr-0.50C-7.44Hf”: 25.82wt.% Cr and
8.78wt.%Hf (Co: bal., C: not measured)

e “Co0-25Cr-0.25C”: 24.22wt.% Cr (Co: bal., C:
not measured)

e “Co0-25Cr-0.50C”: 23.79wt.% Cr (Co: bal., C:

not measured)

Their microstructuresintheas-cast condition, pre-
vioudly described®, arereminded in Figure 1 by some
SEM/BSE micrographs (SEM: Scanning Electron Mi-
croscope; BSE: Back Scattered Electrons mode) in
which the HfC carbides appear white and the chro-
mium carbidesdark.

Shortly:

e thematrixes of thetwo Hf-free aloys are den-
dritic, andintheir interdendritic spacesmoreor
less chromium carbides are present (rarein the
0.25wt.%C-containing alloy, morepresent inthe
0.25wt.%C-containing one),

e thematrixesof thethree Hf-containingaloysare
aso dendritic and they contain script-like eutectic
HfC carbidesintheir interdendritic spaces;

e the Co-25Cr-0.25C-3.72Hf dloy and the Co-
25Cr-0.50C-7.44Hf one additiondly contain pre-
eutectic polygonal HfC carbides while the Co-
25Cr-0.50C-3.72Hf dloy contains some rare
chromium carbides,

Preparation of the samples for the

thermogravimetry tests

Thefiveingots have been cut inthe centres of the
ingotsin order to obtain parallel epiped samples. These
ones were ground with SIC papers of 240-grade to
smooth their edges and their corners. Thereafter the
sampleswerewholly polished with SIC paper of 1200-
grade. Thethermogravimetry runswere performed with
athermobalance (Setaram TG92), in acontinuousflow
of dry artificid air (80%N,-20%0,).

Thethermal cyclewhich was applied can be de-
scribed by thefollowing three phases:

e heatingat 20°C min’,

e isothermal (1000 or 1100°C)-stage during 50
hours

e coolingat-5°C min*

Thehesting partsof themassgainfilesweretreated
and exploited according to procedures which were
earlier described™. Initially, themassgainswereplot-
ted versustemperature (and not timeasusually done).
Thisalowed obtai ning an equation which wasthereaf-
ter used to correct the mass gainsfrom the air buoy-
ancy variations. The corrected mass gainswerethen
plotted again and analyzed to obtainthefol lowing data:
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Figure2: Massgain curvesduring heating plotted ver sustemperaturefor deter mination of thetemper atur esof oxidation
gtart (criterion: detection of massgain with the used ther mo-balance) and for thetotal massgain duringthewholeheating;

here: thetwo 0.25wt.% C-containing alloys

e thetemperatureat which oxidation beganto be
fast enough to lead to adetectablemassgain

e thesuccessvevauesof thelinear congtant at each
recording step between the oxidation start tem-
perature and the stagetemperature; analysisinthe
Arrhenius plot and determination of the corre-
sponding activation energy

e thetotal massgainwhichwasachieved duringthe
wholehesting.

Additiondly, oneadsotook incongderationthemass
gainrateexistingjust after that temperaturereached the
isothermal stagetemperature: the lope of thetangent
straight line (mass gain represented versustime) was
determined to obtain avalue of thelinear constant of
trangent oxidation (during theisothermal linear oxida-
tionif it exigts, or at theearly beginning of the parabolic

regime).
RESULTSAND DISCUSSION

The{massgain ver sustemperature}-curvesdur-
ing heating

Themassgain recorded during heating and plotted
versustemperature are displayed in Figure 2 for the
{0.25C} -dloy (left hand) and the { 0.25C-3.72Hf} -
aloy (right hand), in each casefor thethreetestsfor
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which thetemperature stageare 1000 and 1100°C (this
work) and also 1200°C!. Thereisobsviousdly alack
of reproducibility for the Co-25Cr-0.25C aloy since,
if two of the curves show an oxidation start at almost
the sametemperature, the oxidation start temperature
shown by thethird curve (stagetemperature of 1100°C)
issgnificantly bellow.

The curves of the sametype but obtained for the
{0.50C} -alloy (left hand), the{0.50C-3.72Hf} -alloy
(middle) and the{ 0.50C-5.58Hf} -dloy (right hand) are
presentedin Figure 2. In contrast with what was seen
just abovefor the{ 0.25C} -containing aloys, the best
reproducibility wasobtai ned for the Hf-freealoy (Co-
25Cr-0.50C) while the curves corresponding to the
1200°C stage temperature show an oxidation start at
higher temperaturethan the onesfor thetwo other stage
temperatures.

Temperaturesof oxidation start

Onthepreviousgraphs presented in Figure 2 and
Figure 3, one can specify for al thethree curvesplot-
ted together in each of them, thetemperaturesat which
themassgai n becomes significant enough to be detect-
able by the micro-balance of the Setaram TG92
thermogravimetric tester gpparatus. Theresultscan be
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Figure3: 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: thethree 0.50wt.% C-containing alloys

presented in asummarized manner by drawingthehis-
togramwhichispresentedin Figure4.

One can seefirst that cumulating the results ob-
tained for asamealloy israther informativeabout their
reproducibility and then their representativeness. As
qualitatively seen abovefor the heating partsof curves
themsel vesthe temperature of oxidation start (asde-
fined above) isnot dwaysreproducible. Herewe can
think that the values are close to one another for the
{0.25C-3.72Hf} -containing alloy and the { 0.50C} -
containing one but not really for thethree others. This
lack of reproduci bility doesnot alow to conclude about
the effect, onthisparameter, of the carbon content and
on the presence of hafnium anditsamount.

Total massgain during heating

The correction of themassgainsfrom air buoyancy
variation aso alowsdetermining thereal massgain
achieved during thewholehesting. Theresultsarepre-
sented in Figure 5 with two magnifications. Thefirst
graph (top) alows seeing globally theresultsfor the
fivedloysand thethreetemperatureswhile the second
one(bdlow) dlowsdigtinguishingthesmdler differences
between the heating up to 1000°C and the one up to
1100°C, for each alloy.

First one can say that it clearly appearsthat: the
higher thetemperaturethehigher themassgain (evenif
the 1200°C results!® are added). Second, in contrast
withwhat iswritten aboveabout theoxidetion start tem-
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Figure4: Histogram presenting thevaluesof oxidation start
temper aturefor thefivealloyswhen heated up to 1000 and
1100°C (this study), and also 1200°C (previous study!®)

perature, thetota massgain achieved during thewhole
heating up to 1000°C or 1100°C clearly depends on
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Figure5: Histogram presenting thevaluesof total massgain
at theend of heating, for the five alloyswhen heated up to
1000 and 1100°C (this study), and also 1200°C (previous
study™): full scale(top) and zoomed (bottom)
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Figure6 : Example of Arrheniusplot of theinstantaneous
liner congtant during heating (top) and histogram presenting
thevaluesof the corresponding activation ener giesobtained
for thefivealloyswhen heated up to 1000 and 1100°C (this
study), and also 1200°C (previous study!™™)

the carbon content and on the hafnium content. Indeed,
the mass gainsduring heating becomehigher whenthe
carbon contentinalloy increasesfrom 0.25C t0 0.50C
for agiven hafnium content, and, intheexclusive case
of the{ 0.50wt.%C} -containing aloys, the addition of
hafniuminducesahesating massgain higher thanfor the
Hf-freealoy and, in addition, theincreasein hafnium
content (from the Co-25Cr-0.50C-3.72Hf aloy to the
Co-25Cr-0.50C-7.44Hf one) leadsto anew increase
in heating massgain. In contrast theaddition of hafnium
to the Co-25Cr-0.25C do not haveany significant ef-
fect) whatever thetemperature. When the 1200°C re-
sults¥ areadded thisbecomesnot so clear: at thistem-
peraturethe addition of hafnium to thetwo Hf-freeal-
loysinversely leadsto the opposite results. the mass
ga an achieved during heating Significantly decreases.

| nstantaneouslinear constant ver sustemper ature
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Figure7: Determination of thelinear constant characterizingthelinear transient oxidation at thebeginning of theisother -

mal stage

After the start of oxidation as detected by the
thermo-baance, it ispossibleto determineduring the
heeting theinstantaneous massgain ratefrom the mass
gainscorrected from air buoyancy variation. Estima-
tionsof thisratefor each success vetemperature of mass
gan measurement, derived number of themassgain by
timeat thiseach recording temperature during heating,
wassimply doneby dividing themass gain difference
by thetime step. Because of thewidevariation of this
instantaneous linear constant (noted K (T)) when tem-
peratureincreasesfrom the oxidation start temperature
up totheisothermal stagetemperature, itismore con-
venient to present theresultsinanArrheniusscheme. In
thisrepresentation we obtained clouds of pointsmore
orlessdigned. Thedopesof theregresson sraight lines
were determined, what |ed to the val ues of activation
energies (after multiplication by the opposite value of
the statelaw of the perfect gases) which are presented
inFigure 6. Theresultsarerather scattered, resultsfor
1200°C™ added or not. However it globaly seemsthat
adding hafnium tendsto decrease the activation energy.

Linear constant representingthetransient mass
gain rateat theisother mal stagebeginning

Thefind kinetic characteristic of themassgaindur-
ing heatingistherate a which themassgain continues
itsincreaseinthefirst timesof theisothermal stage.
Without correctionfromair buoyancy variation (tem-
perature hasnow become constant), themassgainfiles
present amoreor lesslongfirst part linear versustime.
Thedopeof the curve at thisisothermal stage begin-
ning wasthen determined and gaveavauetothelinear
constant K, (which depends on the stagetemperature).
Anexampleof determinationisgiveninFgure7 (case
of the Co-25Cr-0.50C-3.72Hf aloy arrived at the
stage temperature of 1100°C).

The dependence of K| versusthe stage tempera-
tureisgraphically presented in Figure 7 for thetwo
{0.25C} -containing aloys (top: Co-25Cr-0.25C, bot-
tom: Co-25Cr-0.25C-3.72Hf) and in Figure 8 for the
three {0.50C} -containing alloys (top: Co-25Cr-
0.50C, middle: Co-25Cr-0.50C-3.72Hf, bottom: Co-
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Figure8: Arrheniusplot and valuesof theK  linear constants; value of the corresponding activation ener gy (for thetwo

{0.25wt.% C}-containing alloys)

25Cr-0.50C-7.44Hf). One can seefirst that thethree
pointsaremuch better digned for the Hf-containing a-
loysthan for theternary ones. For thelater onesit isnot
reasonabletotry interpreting the resultswhich are not
sure. For thethree Hf-containing aloys, for which the
pointswerewel| aligned, the obtained activation ener-
giesarealittlescattered, with no evident evolution ver-
susthe carbon content or the hafnium content.

General commentaries

Thethermogravimetry runsperformed until reach-
ing either 1000°C or 1100°C did not show a sufficient
reproducibility for their common parts (i.e. fromambi-
ent temperature to 1000°C). Only two of the five al-
loysled to good reproducibility but thiswas not suffi-
cient to evidenceapossiblerol e of the carbon content
and of the hafnium content on thetemperature of oxi-
dation start. It was seen for the heating up to 1200°C

that the oxidation start temperature was seemingly the
samefor thefivealoys(closeto 900°C in all cases),
thuswithout influence of the contentsin C or Hf. By
performing thethermogravimetry testswith heating up
to 1000°C or 1100°C for the same alloys the result
evocated just above has become unclear. Thevalues
obtained for thetotal mass gain during heating up to
1000°C and 1100°C show effects of the C and Hf con-
tentswhich areclear but different from what was seen
earlier for heetingupto 1200°C™: hereit increaseswith
the carbon content and with the hafnium content while
it decreased when hafnium was added in the case of
1200°C.

Concerningtheactivation energiesfor theinstanta:
neous linear oxidation constant at each heating step,
the results were rather scattered for asame aloy by
considering the heating parts of its three mass gain
curves, which did not alow anayzing theseresultsby
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Figure9: Arrheniusplot and valuesof theK linear constants; valueof the corresponding activation ener gy (for thethree

{0.50wt.% C}-containing alloys)

regardsto the chemica composition. However the pres-
ence of hafnium seemed leading to linear constants of
trans ent oxidation a thereaching of theisothermd stage
which obeyed an Arrheniuslaw. The corresponding
activation energieswereof smilar level sbut theseones
werenot really interpretable by considering the chemi-

ca composition.
CONCLUSIONS

Thesenew oxidation testsperformed up to 1000°C
and 1100°C with the same Hf-free and Hf-containing
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Cr-rich Co-basad dloysbrought new information about
thecharacterigticsof hightemperature oxidation of these
aloysduring heeting. Unfortunately no cear dependence
of theoxidation characteristicswere uponthechemica
composition wasrevea ed, and the possibleinfluence
of hafniumwhen present in high content was not redly
evidenced. Wewill continuethisexperimenta explora-
tion of the effects of high hafnium contentsin cobalt-
based alloyswith the study of theisothermal oxidation
and of the scale behavior during cooling in a next
work(2,
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