ISSN : 0974 - 7486 Volume 12 Issue 1

A Tndéian Yournal

— Fyfl Peper

M SAIJ, 12(1), 2015 [022-028]

Creep of a cast cobalt-based alloy in 3-points flexion and depen-
dence on the applied load

Lionel Aranda, Thierry Schweitzer, Patrice Berthod*, Elodie Conrath
Ingtitut Jean Lamour (UM R 7198), Team 206 “Surface and Interface, Chemical Reactivity of Materials”, University of
Lorraine, Faculty of Sciencesand Technologies, B.P. 70239, 54506 Vandoeuvr e-lés-Nancy, (FRANCE)
E-mail : Patrice.Berthod@univ-lorrainefr

ABSTRACT

A cobalt-based alloy Co-25Cr-0.25C was elaborated by casting. Its
microstructure was composed of a dendritic matrix and of interdendritic
chromium carbides. Three parallelepiped sampleswere tested at 1200°C in
three-points flexion under a constant load, masses leading to 10, 15 or 20
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MPa as maximal stress in the middle of the sample bottom. The two first
phases of creep, primary and secondary, were characterized and their
dependence on the applied load studied. Laws of dependence of the
deformation rate in secondary stage of creep upon the resulting maximal
stresssimilar to what isknown for tensile creep, were tried to represent this
dependence. In the present case the relationship which is the most suitable

is the one which corresponds to the rather low stresses.
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INTRODUCTION

Besideshigh temperature oxidation and corrosion
themain destructive phenomenon for aloysand super-
alloysusedin hot conditionswith applied stressesis
creep deformation™. This progressive deformation
whichisinduced by aconstant applied stress appears
at hightemperature. Itisgenerdly consdered that creep
becomes significant when asufficient stressisapplied
at an absol utetemperature higher than haf the absol ute
solidustemperature of the alloy. Creep isaviscous-
plastic deformationwhich can occur for different modes
of mechanical solicitation: traction, compression, flex-
ion, torsion... Generally it starts with a fast deforma-
tion which thereafter progressively dece erates. During

thisfirst part of creep deformation (primary creep) the
did ocations become very numerous and the Franck’s
network finishesstabilizing. Thereafter, thedloy con-
tinuesto deformwith alow and constant rate (second-
ary creep), astagewhichisgenerally thelongest one.
During thissecondary stage of creep didocationscon-
tinue to reach the grain boundarieswhere they accu-
mulate to finally promote the start of local grains
debonding. Deformation accelerates again (tertiary
creep) tolead tothefind rupture(if thedloyissolicited
intraction, flexion or torsion). Theapplied stressand
thetemperature have both asignificant effect on each
of thethree stagesof creep, asschematicaly illustrated
in Figure 2 and the laws of dependence need to be
known.
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Figurel: Schemeremindingthemechanical superiority of
grainsby comparison tograin boundariesat elevated tem-
perature

Concerning the effect of temperature, the defor-
mation rate during the secondary stage of creep gener-
ally obeysan Arrheniuslaw, which can bewritten as
(EQ.1). For agiven temperature and when the applied
stressisnot very high the secondary creep deformation
rate depends on stress according to (Eq. 2). Thisis
accordingto (Eq. 3) when theapplied stressisparticu-
larly high.

de -Q

d—;l = CSt X eRXT )
de

d—: =CSt x g™ )
de

whereeg, isthedeformation during thesecondary stage
of creep, C¥ areconstants, Q istheactivation energy
(J/mol; Q depends on the constant applied stress), R
the constant of the state law of perfect gases(8.314 J/
mol/K), and nand o coefficients.

Among the more creep-resistant refractory alloys
and superdloystherearethecobdt aloy’s family®?. The
best ones arethe cast ones. indeed thelatter generally
present coarse microstructures which are more
favourablethan thefine oneswhen the servicetempera-
tureishigher than the equicohesivetemperature beyond
whichthegrain srengthishigher thanthegrain bound-
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ariesstrengtht®, asschematizedin Figure 1.

In contrast with the best nickel-based superalloys,
{snglecrystd}-condtituted and efficiently reinforced by
intermetd lic particles (gammaprimey’), cobalt-based
aloysmust bestrengthened by solid solution or by car-
bides. Generdly they do not containa uminium but chro-
miumwith high contentsto resist high temperature oxi-
dation and hot corrosionl>®.

Inthiswork the creep behaviour at high tempera-
ture of asimple cobalt based-alloy which canbeasa
specimen of its family with its 25wt.%Cr and
0.25wt.%C, was studied in order to specify the effect
of thelevd of thestressapplied onthetwofirst partsof
creep, the primary stage and the secondary one. This
may be of interest for prediction purpose.

EXPERIMENTAL DETAILS

Elaboration of thealloy

Thealloy under study waspreliminarily elaborated
by foundry. Parts of pure cobalt, pure chromium and
graphite (AlfaAesar, purity better than 99.9%) were
welghedto preparea40g-ingot withthe Co(bal .)-25Cr-
0.25C (wt.%) chemical composition. The apparatus
used for the elaboration wasa CELESfurnace allow-
ing the heating by high frequency (about 100 kHz) in-
duction (Foucault currentsand Joul e effect) of theele-
ments. Heating, melting and cooling/solidification were
achieved under 300millibarsof pureargoninawater-
cooled copper crucibleisolated fromair by asilicatube.
The obtained ingot wascut in order to obtain asample
for themicrostructure examinationsand three samples
for thecreeptests.

Samplefor metallographic observations

The part of aloy destined to microstructure obser-
vationswasembedded inacold resnmixture (ESCIL),
ground with SiC papers from 240 grit to 1200 grit,
ultrasonically washed, polishedwith textiledisk enriched
with 1um diamond suspension. The microstructure was
observed using aScanning ElectronsMicroscope (JSM
6010LA of JEOL) in Back Scattered Electronsmode
(SEM inBSE mode).

Samplesfor creep tests
The partsdestined to the cregp testswere paralel-
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Figure2: General shapeof acreep deformation curveand effectsof temperatureand stress(case of tensile solicitation)

Figure3: Photogr aph of thealuminaappar atusallowingthe
dilatometer performing bending testsunder constant load at
high temperature

epipeds. Thar averagedimens onswere 15mm (length)
x 2mm (width) x Imm (thickness). They were pol-
ished all around with 1200 grit papers. The bottom
15mm (length) x 2mm (width) face was further pol-
ished with the{ 1um diamond}-enriched disk in order
toobtainamirror-likestate. Thiswill allow microstruc-
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Figure4: Schemerepresentingthestressdistributionin the
thicknessof thesamplejust under theupper support; valueof
theresulting maximal tensile stress.

ture observation beforetest. Thismay permit having
useful d ementsto eventually explain curious behaviour

(detection of eventuad microstructure defectswherethe
sresswill bemaxima).

Realization of the creep tests

The apparatusused for performing the creep tests
isadilatometer (SETARAM TMA 92-16.18) espe-
cialy equipped (Figure 3). Thenorma alumina-made

A VMW



MSAIJ, 12(1) 2015

Patrice Berthod et al. 25

devicefor thermal expansion measurementswasre-
moved and replaced by an a umina-made specia de-
vicewhichdlowsperforming 3 pointsbending tests.

The space between the two bellow supportswas
12mm wide and the upper support was centred rela-
tive to the bellow support. An argon flow allowed
inerting the chamber. Theload (adead mass+ anelec-
tronic complementary mass) was applied by the upper
centra support before hegting. Hesting wasthen sarted
(heating rate: +20°C/min) was performed until reach-
ing 1200°C. After a 48 hours dwell the cooling down
to ambient temperaturewas doneat -20°C/min.

Theloadswhich were applied werecalculated in
order to obtain, in the middle of the bottom of the
samples, amaximal tensilestressof 10 MPa(load: about
110g), 15 MPa(load: about 150g) or 20 M Pa (load:
about 200Q).

The progressive downwards movement of theup-
per support was recorded and theresults plotted ver-
sustime. The obtained curves were analysed, in the
present state, after derivation (deformation rateversus
time). Further analysiswas a so done after derivation
and smoothing (each va uereplaced by theaveragevdue
of theten neighbour ones), in order to distinguish the
primary creep and the secondary creep from onean-
other. Theduration of the primary creep aswell asthe
total deformation achieved during thisfirst stage, and
the average constant rate of deformation during the
secondary creep, were specified. They were studied
with regardsto the maximal stressresulting fromthe
appliedload.

Figure5: Microstructureof theCo (bal.)-25Cr-0,25C alloy
(Wt.%); SEM micrographin BSE mode
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RESULTS

Themicrostructureof thealoy before creep bend-
ingtest isillustrated by the micrograph presentedin Fig-
ure5. Onecan seethedendritic character of thematrix
and the chromium carbides having precipitatedin the
interdendriti c spaceswhere segregati on occurred dur-
ingsolidificationaredsovisble.

The sampleswere photographed after test. They
are shown in Figure 6 in which one can see that the
movement of the central upper support waslogically
moreimportant for ahigher applied load. Onecan no-
ticethat oxidation occurred during thetest. Indeed pure
argon aways containsvery low O, quantities. These
onesaresufficient to provokeoxidation, especidly at a
so high temperature as 1200°C and for a rather long
time (two days). Thethree sampleswerewholly cov-

10 mm

Figure6: Macrographsof thedefor med samplesafter creep
for 48 hour sat 1200°C (10 MPa, 15 MPa and 20 MPa) are the
stressesresulting fromtheloadsapplied in the bottom face of
thesamplesat half length)
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ered by oxide(mainly chromiaasreveded by itsgreen 70
colour) but themain part of thisoxidefell downnotably ——20 MPa
during theexiting of thesampleand itshandling. £ 60

The measurements are presented in Figure 7 in E -
whichthethreecreep curvesareplottedtogether. Since ¢
themechanical solicitation modeisflexionandnottrac- & i
tionor compression, itisnot ardaivedeformationwhich 5 ~‘Ei
isplotted versustime but s mply the movement of the § 230
central upper support, thusin micrometers (um) and ;
notin%. Clearly, the higher the gpplied stress, thefaster § 20
the deformation of thesample. Inthethreecases (10 3
MPa, 15 MPaand 20 MPa) thecurve presentsapri- € 10
mary creep part and asecondary creep part. Thepri-  © time (h)
mary creep wasthen finished or dmost finished before 0 !
reaching the 46 hours and it was more or less partly 20 0 2 40 60
replaced by the secondary creep. —15 MPa

Thedeformationwasderived versustimeinorder  § 35
to get new curvesonwhichthetranstionfromthepri- €
mary creeptothesecondary creepmay bemoreobvi- £ 0 |
ous. Onthesecurves, whicharepresentedinFigure8, 3 55
one can effectively clearer seeafter whichtimethede- E =
formation rate can be considered as constant. § E; 20

450 § - 15

E 60 =70 MPa §
g 350 =15 MPa T:U 10
E =10 MPa bt
g 300 £ 5
£ 250 / S :
%‘ oo / 0 | | ‘tlme (h)
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E. 100 L
: / —10 MPa
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Figure7: Thethreecreep-deformation curvesplottedto- 2
gether E = 6

These derived curvesallowed specifyingthetime & € 5
separating theprimary phaseandthesecondary phase, 2 = 4
whichalowedtodraw theregressonstraight linefrom & g .
thegood timetotheend of experiment sincenotertiary 5
creep phaseobvioudy took placebefore48hours. The £ 2
dopesof thesethreestraight linesaregiveninthede- g -
formation curvespresentedin Figure9inwhich thesec- 8 | | time (h) |
ondary creepisddimited. 0 20 40 60
General commentaries Figure 8 : Thethree creep curves after derivation versus

time
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secondary creep phase and the equation of theregression
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Thesethree creegp testsled to many datawhich can
bepiledupin TABLE 1. One can seethat the higher
themaxima dress:

. the shorter the primary creep duration

o themoreimportant thefina deformation at the
primary — secondary transition

o thefaster the constant deformation rate during
the secondary phase of creep.

These observationsarethe onesgeneraly donefor
thedeformationrateintraction (in%/ hand not smply
inum here), and which were reminded above in Figure
2. It can beinteresting to examinewhether the defor-
mation rateduring the secondary creep phase obeysa
law sSimilar to theonesknown in caseof traction-creep
and reminded above (by Eq. 2 and Eq. 3). TheNeperian
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Figure10: Plot of thedeformation ratein secondary creep
phaseaccordingto Eq. 2 (top) and Eq. 3 (bottom)

logarithm of the deformation rateisthen plotted versus
the Neperian logarithm of the resulting maximal stress
(upper graph) and versusthislater stressitself (bottom
graph) in Figure 10. One can seethat thethree points
arealmost aligned in both cases, perhapsmoreinthe
first casethaninthe second case. By considering the
first grgph the d ope, about 2, should bethevaueof “n”
whichisusualy comprised between 3 and 8in case of
“dislocation creep” and close to 1 in case of “diffusion
creep”. By considering the second case, the o coeffi-
cient should beequal to 0.138 MPa. Thesetwo rather
good alignments of the three pointsin both cases|et
think that, despitethe present caseisfar from atrac-
tion-creep Stuationwith amaximal stressexistingonly
locally in contrast with awholesection, similar relaion-
shipsasEq. 2 and Eq. 3may bewrittenfor thistype of
deformation (whichisnot rd ativeand whichresultsfrom
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TABLE 1: Dataresulting fromtheexploitation of thethreecreep curves

Creep deformation Kinetic Primary stage Secondary stage (um/h)
for aresulting stressequal to Duration Final Slope of theregression  Rate (average value
(h) defor mation (um) straight line after derivation)
20 MPa 10.85 186 5.75 5.82
15 MPa 14.02 123 3.86 3.86
10 MPa 16.73 161 1.44 1.47

amuch morecomplex mechanica phenomenon). Fur-
thermoretheval uesobtained for the coefficientsexist-
inginthetwo lawslet think that 1200°C is for this alloy
intermedi ate between the did ocation creep and diffu-
sion creep temperatures, and the 10to 20 MPaof re-
sultingmaximd gressisintermediate betweenlow stress
and high stress.

CONCLUSION

Evenif bending testsarelessinformativethan ten-
sleteststhey may give someindication about theten-
dlestrength of materiasbut, itistrue, very localyin 3-
pointsconfiguration. Herethiswasmore precisely about
the creep resistance that the apparatus adapted to the
dilatometer dlowed to observethe strength of the stud-
ied cobalt aloy. It was not thelocal viscous-plasticten-
slestrain whichwasmeasured here but smply the pro-
gressive downwards movement of the central upper
support. However one observed the same succession
of principal creep phasesasin high temperature con-
stant tensile solicitations. primary phase then second-
ary phase. By characterizing theseonesintermsof du-
ration, whol e deformation amount and constant defor-
mation rate, one encountered the same consequences
of anincreasing stressasthe onesusualy observedin
creep tensiletests. Furthermore the deformation rate
during the secondary creep seems obeying the same
lavsaswell knownintensletests. Thismay probably
alow predictionsfor interpolated val ues of |oad and of
not far extrapol ated ones.

Further work can be now performing similar tests
for the sameall oy, but longer enough to observe aso
the secondary — tertiary creep trangition (and may be
ruptureif thisone occursbeforethe deformed sample
reaches the bottom of the apparatus). One can also
think to higher temperaturefor studying thedependence
of thedeformation upon thisother main parameter.
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