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ABSTRACT

KEYWORDS

Thermal expansion is of great importance for alloys working at high
temperature. Both dendrite orientation and morphologies of carbides can
influencethisproperty in cast alloys. Two cast aloys, Ni-30Cr-1.0C and Co-
8Ni-30Cr-0.5C-7.5Ta (in wt.%), containing high quantities of chromium
carbidesand of tantalum carbides respectively, were heat treated at 1200°C
for durations up to 100 hours. Their thermal expansion behaviours were
characterized between roomtemperature and 1200°C and studied with respect
to the dendrite orientation and the heat treatment duration. The thermal
expansion is amost linear up to temperatures higher than 1000°C but, in
some cases, a contraction applied by carbides on the matrix weakened
because of high temperature, occursbefore reaching 1200°C and during the
isothermal dwell before cooling. The average thermal coefficient isdightly
influenced by dendrite orientation and by a more or less long treatment at
high temperature before test. The negative deformation of matrix due to
carbides, and the permanent contraction kept at the end of experiment, seem
being favoured in the dendrite direction in the case of the cobalt aloy. It is
lesstrue for the nickel alloy. The coarsening of the Cr,C, carbides of the Ni-
based all oy and the fragmentation of the TaC carbides of the Co-based alloy,
lower both the contraction at high temperature and the resulting permanent
deformation. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Salidificationof metdlicdloysofteninducestexture
heterogeneitiesin cast pieces¥. Generally, moltendloys
solidify fromthemould wall with afirst thinlayer with
very fineand equiaxed microstructure. Thereafter only
the crystal swhich arethe best oriented with respect to
thelocal thermal gradient grow inward theingot. This

leadsto thedeve opment of a““‘columnar zone™ in which
solidified columnsor dendritesaremainly perpendicular
to the external surface of the cast piece (Figure 1). If
thethermal gradient in the mushy zoneis decreased
enough beforeend of solidification, athird microstructure
zonesolidifiesinthe center of theingot, from nucleus
directly appearedinliquid dloy. Thisnew crystalsgrow
without specific orientation with regard to the external
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surface of ingot and lead to the““equiaxed zone™.
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SOLIDIFICATION TEXTURE ZONES
Figurel: Textureof theouter part of a solidified metallic
piece and the two main orientations of thermal expansion
which can betaken into consideration.

Inthecaseof cast aloysor superdloyscontaining
eutectic carbides solidified ininterdendritic spaces, like
carbides-strengthened nickel alloysor cobalt-based
superalloys?4, the mi crostructure orientation can lead
to an anisotropic mechanical behaviour: tenslestrength,
creep deformation or thermal expansion’™. Indeed, on
the one hand dendritic orientation induces the same
orientation for theinterdendritic carbide network, and
on the other hand carbides play an important role
because of their mechanical propertieswhicharevery
different with regard to the metallic matrix ones. The
poss bleinfluenceof orientation can aso depend onthe
morphologiesof carbides, anceit wasaready observed
that as-cast carbides and fragmented carbides(in aged
dloys) ledtodifferent levelsof tenslepropertiesand of
thermal expansiont®.

Theam of thiswork isto study theinfluence of
both dendritic orientation and of carbidesfragmentation
on thethermal expansion behavioursof anicke-base
aloy highly reinforced by chromium carbidesand of a
cobalt-based dloy strengthened by tantalum carbides.

EXPERIMENTAL

Synthesisand cutting of thestudied alloys

Thetwo dloyswereed aborated by foundry, usinga
High Frequency (300kHz) induction furnace (CELES),
from pure elements (purity > 99.9%). Melting and
solidification took placein the water-cooled copper

crucibleof thefurnace. Threeingots, each of about 100g,
were obtained per studied alloy (then six ingots). For
each aloy afirst onewasheated at 20 K x min* from
room temperature up to 1200°C, maintained at this
temperaturefor 5 hoursthen air quenched. The second
onewas heated at the sametemperature with the same
heating rate, but maintained during 25 hoursbeforeair
quenching. Thethird one underwent the sametype of
heet trestment, but with adwell of 100 hoursbeforeair
quenching.

All ingotswerethereafter cut in order to get afirst
part for chemical composition analysis and
mi crostructure examination, and secondly two typesof
parallel epipeds parts asdescribed in Figure 1. about
4mm x 4mm (sguare main faces) x 2mm (thickness
and direction of the studied thermal expansion), for the
dilatometry experiments.

Metallographiccharacterization

Thefirgt cut samplewasembeddedinacold{resn
+ hardener} mixture and this mounted sample was
polished with grinding papersfrom grade 240to grade
1,200, then ultrasonic cleaned, and mirror-like polished
with 1um alumina suspension. Metallographic
examinations were done using a Scanning Electron
Microscope (SEM, type: Philips XL30), in Back
Scattered Electrons mode (BSE) with an acceleration
voltageof 20kV. Thechemica composition of eachingot
was assessed by microanalysison thewholealloy, by
Wavelength Dispersion Spectrometry (WDS) usinga
Cameca SX 100 microprobe.

Dilatometry runs and structure examinations /
har dnessmeasur ementson dilatometry samples

Thethermal expansionwas measured during the
heating from room temperature up to 1200°C (rate of
10K x min?), thedwd | of 600 secondsand the cooling
(rateof -10 K x min?). Comparisons between curves
were done between the two types of orientation and
versustheaging duration at 1200°C initially applied to
ingots. The microstructures of the main faces of the
dilatometry sampleswere examined (withthe SEM in
BSE mode), after they had been used for thethermal
expansion measurements and prepared as the
metall ography samplesabove, in order to control the
dendritic orientations. Vickersindentationswith aload
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of 30kgwereperformed on thesame samples (Testwell
Wolpert apparatus) in order to detect an eventual
dependence of hardnesson dendritic orientation,.

RESULTSAND DISCUSSION

Microstructuresand chemical compositionsof the
alloys

For each alloy the chemical compositionsof the
threeingotsobvioudy well respected thetargeted ones,
since the measured contents areall in the ranges 30
+1wt.% for Cr for the two alloys and 7.6 +0.5wt.%
for Tain the cobalt aloy. Concerning carbon, which
cannot be analysed, the obtained carbides densities
suggest that it iscloseto thetargeted val ues, asusually
verified by spark spectroscopy for similar aloys
previoudly elaborated following the same procedure.

The microstructures of the six ingots after the
different durationsat 1200°C are illustrated in Figure
2. Thetwodloyscontain adendritic matrix with eutectic
carbidesin theinterdendritic spaces. These carbides
are Cr.C, in the nickel-based aloy and they seem
becoming rounder and their surfacefractionsalittlelower
whentheduration of theaging trestment increases. The
carbidesinthe cobat-based dloy, whichare TaC, are
more and more fractioned when the aging duration
increases. Their surfacefraction also seemssdlightly
decreasing. For the Co-based dloy likefor the Ni-based
one, the changein volumefraction of carbidesisnot
significant and it can be considered that the main
differenceisonly onthe carbides morphol ogy point of
view. Typical microstructuresfor thetwo orientations
areillustratedin Figure 3, inwhich, for the cobat-aloy
aged during 100 hours at 1200°C, no dendrites are
visbleinthetop micrograph (no primary dendriteaxis
since they are al cut perpendicularly in this cross
section), whilethey can be easily seen in the bottom
micrograph sincesome primary dendrites axisare cut
dongther axis.

Dilatometry measurements
Thedilatometric curvesobtained for the nickel-
based alloy aredisplayedin Figure4. They aredrawn

from 100°C and not from room temperature to allow
therma homogenization of the apparatus before
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measurement can bedone Thethreegraphs correspond
tothethreemetalurgical states (aged during 5h, 25h
and 100h at 1200°C), and each of them contains the
wholecurve (hesting + cooling) for thetwo orientations.
Generally thermal expans on acted continuoudly from
100°C up to 1200°C, but sometimes only up to several
tensCe susdegreesbefore 1200°C. Indeed, a lowering
of thermal expansion, and even acontraction in some
Cases,

e

+ Nialloy
{aged 100h)

Co alloy —

«— Ni alloy
(aged 25h)

Co alloy — B

«— Ni alloy
(aged 3h)

Co alloy —

50pm (for :11{1

Figure?2: Microstructuresof the obtained alloys (SEM in
BSE mode)

can benoticed a theend of heating. Thisoccursfor the
two dendritic orientationsfor thealloy aged 5 hours,
and affects only one of the orientations for the two
longest aging durations. In the cases where this
phenomenon occurred, the new thicknessof thesample
after coolingislower than beforeexperiment. Thecurves
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obtained for the cobalt-based dloy areshown in Figure
5. The same commentaries as above can be done.
However, it can be noti ced that the contraction at the
end of heating seems, for thisalloy, existingonly for the
two lowest aging durations and only for the parallel
orientation.

main face of a
“parallel-to-
dendrites ™

sample

(1e. dendrites
parallel to
direction of
measured
thermal
expansion, then
perpendicular to
the main face)

100pm

main face of a

“perpendicular-

to-dendrites —
sample

(1e. dendrites
perpendicular to
direction of
measured
thermal
expansion, then
parallel to the
main face)

P R 100pm
Figure3: Typical microstructures(SEM/BSE) of themain
faces of the two types of sample for thermal expansion

measur ements(her e the cobalt-based alloy aged during 100
hoursat 1200°C)

e

= Mi-based 100h
— - Para (heat.) /
1,5 { — Para (coal.}
— - Perp (heat.)
14— Perp (cool.}

defomation (%)
]
tn

/_/ temperature {1
/ 600 1100
L

-0.5
-1
2 -
Mi-zased 25h
—— Para {heat.)
1,5 4 — Para {cool.)
—— Perp {heat.)
| —— Pem {cool.)

=

deformation (%)
[==]
in

n / temperaturs ()
1 G600 1100
0,5
-1
2
Mi-based Sh
—— Para (heat.)
1,5 4| —— Para icool.)
— Perp (heat. )
P — Perp (cool.)

defomation (%)
=]
in

temperaturs (1T

Z

300 00

=

700 S 1100 1300

-

0,5

-1
Figure4: Dilatometry curves(heating part + cooling part) of
the Ni-30Cr-1.0C alloy for the three aging durations at
1200°C and the two orientations
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Figure5: Dilatometry curves(heating + cooling parts*) of
the Co-8Ni-30Cr-0.5C-7.5Ta alloy for the three aging

durations and the two orientations (*: except for 25h because
of a problem occurred at cooling)
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TABLE 1: Averagevaluesof thethermal expansion coefficient
inthemost linear part of theheating dilatometry curvesfor
thetwoalloysand thethreeagingtreatments

Ni-based alloy
(temper atur e range) parallel per pend.
17.1 18.2
aged 100n (300-1100°C)  (300-1000°C)
18.7 19.4
aged 25h (300-1100°C)  (250-900°C)
ed 5h 18.1 19.1
« (300-1100°C)  (300-1100°C)
Co-based alloy
(temper ature range) parallel per pend.
19.6 20.2
aged 100n (200-1200°C) ~ (300-1000°C)
19.1 18.7
aged 25h (300-1100°C) ~ (300-1200°C)
aged 5h 19.1 18.1

(300-1000°C) ~ (300-1000°C)

Thecurveswereexploited and theobta ned thermal
coefficients determined on the most linear part of the
heating dilatometry curvesaredisplayedinTABLE 1
for thetwo dloys(thetemperaturerange of measurement
isgiven under each coefficient). Thethermd expansion
coefficient of the Ni-based alloy seemsbeing lower for
thepardld orientation than for theperdendicular onein
all cases, andit increases between 5h and 25h of aging,
then decreases between 25h and 100h of aging, for the
two orientations.

In contrast, for the Co-based all oy, the coefficient
of thermd expansion, whichisamost thesamefor the
two orientations, seems increasing when the aging
durationincresses.

TABLE 2 and TABLE 3 show theresultsof amore
detailed anaysis of the curves, since the thermal
expang on coefficientsdid not represent thetota therma
expansion behaviour of these aloys. Severa new
characteristics of these oneswerethen considered:

(1) thefind dilatationredly obtained whentemperature
reached 1200°C, called “dilat. end heat.”

(2) thetotd relativedeformationwhen reaching 1200°C
dueto contraction, called “def. end heating”; this
was assessed by the differenceof, ontheonehand
thetheoretic dilatation whichwould beobtainedin
absence of any contraction (extrapolation to
1200°C of the not deformed part of the curve),
and of the other hand the““dilat. end heat.”

(3) thecontraction occurred during the 600 seconds
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TABLE 2 : Data measured on the dilatation curves of the
nickel-based alloy

Ni-based alloy 100h
orientation pardle perpend.
Ydilat. end heat. 1.79% 1.49%
2 . >1200°C > 1082°C

def. end heating <0 ~-0.11%
*def. end dwell ~ 0% - 0.03%
4 .

sum of the two upper lines ~ 0% - 0.14%
*remaining def.

at 300°C -0.13% - 0.45%

Ni-based alloy 25h
orientation paralel perpend.
Ydilat. end hest. 1.72% 1.82%
2 . >1149°C > 1200°C

def. end heating ~-0.23% <0
3def. end dwell - 0.04% +0.02
4 .

sum of the two upper lines - 0.27% +0.02%
5 . .

remaining def. i

at 300°C 0.15% + 0.09%

Ni-based alloy 5h
orientation paralel perpend.
Ydilat. end hest. 1.79% 1.71%
2 . >1163°C  >1146°C

def. end heating ~-019% ~-0.14%
*def. end dwell -0.05%  -0.03%
4 .

sum of the two upper lines - 0.24% - 0.17%
5 . .

remaining def. +010%  -0.11%

at 300°C

spent at 1200°C, called “def. end dwell”

(4) sum of the two values of (2) and (3), which
representsthetotal contraction occurred between
the appearance of the phenomenon (near theend
of heating) and thedwell’s end

(5) theresidual deformation at 300°C, i.e. difference
between dilatation at 300°C in the cooling part and
dilatation a 300°C in the heating part of the
dilatometric curve(thistemperaturewaschosen high
enoughto avoid dilatometric problems specificto
very low temperatures, and low enoughtotakeinto
account all deformationsoccurred at medium and
high temperatures).

Thedilaaiona theend of heeting (1) isvery varidble
for theNi-based dloy (TABLE 2) andthelowest vaues
clearly correspond of the existence of contraction at
theend of heating. Thisoneled to deformationsat the

end of heating (2) whichtend tobehigher for theshortest
aging durationsthan for thelongest ones. Contraction
seemed go on during the ten minutes spent at 1200°C
before cooling, heretoo morefor thepardld orientation
than for the perpendicular one. These contractions at
the end of heating, during the dwell at 1200°C, and
maybe a so at the beginning of cooling, led to cooling
partsof thedilatometry curveswhich aresignificantly
bellow the heating parts. Thisisnot dwaysfound again
when the sum of thetwo upper lines (4) iscompared to
the remaining deformation at 300°C (5) since other
phenomenacan act during cooling (e.g. cooling part of
the curvefor theparallel orientation for the Ni-based
aloy aged during 5h). But, one can consider that there
isgeneraly agood qualitative correspondence.
Thedilatationsat theend of heating (1) aregenerdly
higher for the Co-based aloy (TABLE 3) than for the
Ni-based one. There are no deformation at theend of
heating (2), excepted for the parallel orientation after
aging during 5 hoursonly, and the deformation during
the 10 minutes—-dwell at 1200°C (3) is lower than for
thenickd aloy, indl cases. Thesum of deformations
(4), aswdll asthe deformation remaining at 300°C (5)
aregenerdly closer to zero thanfor thenickel aloy.

Har dnessmeasur ements

After dl dilatometric experiments, thepardld-type
and perpendicul ar-type samples were embedded in
resinand polished until themirror-likesurface tatewas
obtained. They wereetched by the Groesbeck solution
(4gKMnO, and 4g NaOH in 100mL of distilled water)
inorder toreved thegenerd microstructuresfor abetter
easiness of the hardness tests. Three Vickers
indentations (load: 30kg) were performed in each
sampl e, and the obtained average valuesand standard
deviation values (taken asuncertainty) aregraphicaly
giveninFigure6. Inthelatter it clearly appearsthat,
despite a carbon content lower than in the Ni-based
aloy, theCo-based dloy issgnificantly harder thanthe
latter (almost 100 Vickers units more for al sets of
{ orientation, aging duration} conditions). Theaverage
hardness decreaseswhen the aging duration increases,
especially between 5 hours and 25 hours. The
perpendicul ar-type sample seemsto be harder than the
pardld-typeoneinthecaseof the Co-based dloy, while
it would bethe contrary for the Ni-based al oy.
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cobalt-based alloy
Co-based alloy 100h
orientation parallel perpend.
'dilat. end heating 1.92% 1.78%
5 . > 1200°C > 1200°C
def. end heating <0 <0
%def. end dwell ~ 0% - 0.03%
4 .
sum of the two upper lines ~ 0% - 0.03%
5 . .
remanind def. +004%  +0.11%
Co-based alloy
orientation parallel perpend.
Ydilat. end heating 1.77% 1.83%
2 . >1200°C > 1200°C
def. end heating ~0 ~0
%def. end dwell -0.01%  +0.14%
4 .
sum of the two upper lines - 0.01% +0.14%
5 B .
o 3007 def. -014%  +0.52%
Co-based alloy
orientation paralle perpend.
Ydilat. end heating 1.60% 1.76%
2 : >1089°C > 1200°C
def. end heating ~ - 0.20% <0
%def. end dwell - 0.06% 0
4 .
sum of the two upper lines - 0.26% 0
5 . .
remaining def, -025%  -0.17%

at 300°C

General commentaries

Themicrostructure anisotropy resulting fromthe
solidification direction not far from theexternd surface
of the ingot was observed on the main faces of the
samples obtained by special cutting, thanks to the
contrasted micrographs allowed by the presence of a
grey matrix with adarker (chromium carbidesin the
nickel dloy) or onthecontrary whiter (tanta um carbides
in the cobalt alloy) second phase present in the
interdendritic paces. However, it wasobviousthat each
cross-section was a mix of dendrites parallel or
perpendicular, with only apredominance of dendrites
mainly oriented either parallel tothestudied dilatation
direction or perpendicular.

Neverthe ess, thereare s gnificant consequences of
thismicrostructure anisotropy on thethermal expansion
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Figure6: Hardnessof thetwo alloysfor thetwo orientations
and for thetwo aging treatments

behaviour. Thiswasfirst seenwiththedight differences
of thermal coefficients, but it wasmore obviouswith
thephenomenaoccurringa theend of heetingand during
thedwell at 1200°C before cooling, and probably also

at thebeginning of cooling whentemperaturewastill

high enough. Indeed, in such alloysrichin carbides,

thanksto thehigh carbon content inthenickel aloy and
to thestrong carbide-forming power of tantaluminthe
cobdt aloy, thedilatation difference between carbides
(10.6 x 10°K*for Cr,C,and 6.3 x 10° K* for TaCl")

leads to acompressive stress applied by carbideson
matrix when temperature has become high enough to
sufficiently weaken the creep-resistance of thelatter(™.

Thiscontraction seemsbeing favoured for samplesin
which dendrites are mainly paralel to the studied
direction, in the case of the Co-based aloy, whichis
probably due to a better continuity of the carbides
network inthisdirection. Thiswasaready seenina
previous work® concerning the effect of dendrite
orientation onthethermal expansion of aNi-free Co-
based aloy strengthened by ahigh dendity of chromium
carbides. Inthecase of theNi-based dloy, thedifference
of thermal expansion near theend of heatingwas|ess
systemati c between thetwo orientations, sncesimilar
contractionswere seen for thetwo orientations after a
5h-aging, while contraction affected either the
perpendicular orientation after a25h-aging (i.e. likea
not aged Ni-30Cr-0.8C alloy!®) or the parallel
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orientation after a100h-aging.

Anaginga 1200°C leads to significant modifications
of the carbide network: mainly a coarsening of the
chromium carbides in the nickel alloy and a
fragmentation of thetantalum carbidesinthecobdt aloy.
For the cobalt all oy, theinfluence of fractioned TaC
carbides on the matrix issignificantly decreased, with
consequently aslight increasein thermal expansion
coefficient for thetwo orientationsand the progressive
disappearance of the contraction at theend of heating
whentheaging durationincreases. For thenicke aloy,
the coarsening of carbidesalso modifiesthethermal
expansion behaviour butinaway whichisnot soclear,
probably because of the higher volume fraction of
carbidesdueto the carbon content whichistwicethe
Co-based dloy’s one. A so high volume fraction of
carbidesmay lead to aninterconnectionwhichisless
dependent on the dendrite orientation than for lower
carbon content, which alows a contraction in al
directionsat high temperature. After coarseningdueto
aging at high temperature, theinfluence of carbides
should remain, moreor less, with only littleinfluence of
dendrite orientation.

Thedecreasein hardness at room temperature can
be directly related to the carbides morphology. The
coarsening of chromium carbidesinthenickd aloy, as
wel| asthefragmentation of thetantalum carbidesinthe
cobdt dloy, leadto lower hardnessbecause of theloss
of continuity for the carbides network.

CONCLUSIONS

The dendrite orientation of metallic cast pieces
containing ahigh fraction of carbidesisto betakeninto
account when the thermal expansion behaviour is of
highimportance. Thisisespecidly truefor the permanent
deformation which can result from heating up to very
high temperatures because of viscous-plastic
deformation of matrix under compressive stresses
applied by carbides. The consequencesfor thethermal
expansion coefficient at not so hightemperaturesare
lessimportant. If keeping reversibility for the thermal
deformationisnecessary, thefragmentation of carbides
by high temperaturetreatment can helptoresolvethis
problem, and also allows a decrease in room
temperature hardness which can also depend on
dendrite orientation.
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