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ABSTRACT

KEYWORDS

Six 30wt.%Cr-containing alloysreinforced by chromium carbides, two ones
based on cobalt, two ones based on nickel and two other ones based on
iron, were elaborated by foundry way and studied in thermal expansion
between 100°C and 1200°C, for two microstructure orientations favoured by
special cutting. The heating parts, isothermal parts and cooling parts were
quantitatively analysed. The main global differences of thermal expansion
were obtained between the alloys based on Co or Ni (high expansion) and
the ferritic Fe-based alloys (low expansion). A higher amount of carbon or
carbides generally led to slower dilatations and to enhance attenuation of
expansion due to crystallographic changes of matrix. This also leads to a
compressive deformation of matrix at the highest temperatures, due to the
differential expansion between the two phases from room temperature and
these high temperatures. Negative permanent deformations were thus
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obtained for the aloys.

INTRODUCTION

Increasing thetemperatureusudly inducesadimen-
sional expansion for themetallic aloys, with conse-
guently the possible appearance of internal stresses
when they are not free to deform or when the whole
considered pieceisnot homogenousin temperature.
Thisisparticularly truefor refractory alloyswhentheir
averagetemperature variesbetween room temperature
and morethan 1000°C!. To reduce such stresses, one
usualy looksfor lowering thetherma expans on coeffi-
cient. Among the possible parametersableto influence
thethermal expansiontherearethechemica compos-
tion of thealoy and theloca microstructureorientation
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of thecast dloys.

The purposeof thisstudy isto analysethe possible
effects of these parameters on thethermal expansion
behaviour of selected metallic aloyswhich are espe-
cialy refractory and which can be considered asthe
bases of most of the superalloysused at high tempera-
turesin corrosive atmospheres.

EXPERIMENTAL

Two cobalt-based alloys, two nickel-based dloys
and two iron-based alloys, all containing 30 wt.%Cr
and either 0.2 wt.%C or 0.4 wt.%C, were el aborated
by High Frequency induction foundry from pure ele-
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ments (eachingot being of about 100g). Their chemica
compositionswere verified by EDS* measurements
withtheapparatusequippingaSEM** (*: Energy Dis-
persion Spectrometry, **: Scanning Electron Micro-
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Figurel: Microstructureof the Co-30Cr-0.4C alloy (Scan-
ning electron microscope, Back scatter ed electrons mode)
and X-Ray diffraction spectrumrevealing the{hcp+fcc}-ma-
trixandtheCr ,C, carbides
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Figure2: Microstructure of theNi-30Cr-0.4C alloy (Scan-
ning electron microscope, Back scatter ed electrons mode)
and X-Ray diffraction spectrum revealingthefcc-matrix and
theCr C, carbides
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Figure3: Microstructureof the Fe-30Cr-0.4C alloy (Scan-
ning electron microscope, Back scatter ed electrons mode)
and X-Ray diffraction spectrumrevealingthebcc-matrix and
theCr_.C_carbides

scope), whilefigure 1 (cobalt aloys), figure 2 (nicke

alloys) andfigure 3 (iron alloys) illustrate the micro-

structures of the obtained alloys (SEM Philips XL 30,

Back Scattered Electronsmode, accel erating voltage

of 20kV) with control by X-Ray Diffraction (XPERT

Pro, 1.54 A). There are composed:

- of amatrix based on themain element of thealoy
(Co: hepor fee, Ni: fec and Fe: bee) and contain-
ing themost part of chromium, aswell asapart of
carbon, insolid solution;

- chromium carbidesin theinterdendritic spaces,
Cr.C, (Ni-based aloys) or Cr,.C, (Fe-based al-
loysand Co-based dloys) with logically afraction
inthe0.4C-containing dloy higher thaninthe0.2C-
containingone.
Thepardldepiped samples, thedimensionsof which

were about 4mm x 4mm x 2.5mm* (*: thicknessalong

which dilatation was measured), were cut either for
characterizing thermal expansionintheaveragedirec-
tion of dendrites(i.e. paralel tothethermal gradient
exigting during solidification?, “Orientation 1), or per-
pendicularly to dendrites (i.e. in thedirection perpen-
dicular to thisthermal gradient, “Orientation 2”), as
describedinfigure4. Thetherma expansion waschar-
acterized using a Setaram TMA 92-16.18 thermo-
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dilatometer:

- during the heating from room temperature up to
1200°C (heating rate: 10 °C/ min),

- duringthe 600 seconds-isotherma dwell a 1200°C

- and during the cooling down to room temperature

(coalingrate: -20°C / min).

Thecurveswerecut in order to removethe parts
bellow 100°C affected by perturbations due to a thermal
equilibrium not yet achieved. Only the parts above
100°C were thus considered for characterization.

Onentation 2

Onentation 1

i

-
N
!

Figure4: Schemedescribing how thetwo samplesper alloy
werecut inaningot for char acterizingtheeventual anisotropy
of thermal expansion

RESULTSAND DISCUSSION

General agpect of thedilatometry curves

Theobtained dilatometry curvesarepresentedin
figure5for thetwo cobat dloys, infigure6 for thetwo
nickd dloysandinfigure7for thetwoirondloys, with
inthe same graph the dilatometry curvesfor thetwo
orientationstogether.

One canfirst remark that the dilatometry curves
(their heating part or cooling part) are generally
continuous. Nevertheless there are two cases (Co-
30Cr-0.2C dloy for thetwo orientations) for which
therearesmal jumpsinthe curvesnear 960°C (heating
parts) and 840°C/1000°C (cooling parts, depending
ontheorientation). Therearerelated to thehcp — fcc
(heating) and fcc — hep (cooling) alotropic change of
matrix which occursat theselevel sof temperature, like
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for abinary Co-30Cr aloy. However, such jumps
are not visible on the dilatometry curves of the Co-
30Cr-0.4C dloy, despitethat the same crystallographic
transformation must theoretically act tooin thissecond
aloy™, for atemperatureslightly lower than for Co-
30Cr-0.2C. This inhibition, by the interdendritic

3

Co30Cr0.2C

1 heat,
2 1 cool.
=y - 2 heat,
2 1
= + 2 cool.
B
o
0 |
500 1000 1500
1 / Temperature )

Orientation 1 (

3
0e3c>ér\40 \

(heating and coollng Orientation 2 (heating and cooling)

Vheat,

1 cool.

9

S - 2 heat,

(=]

b 1 X

o * 2 cool.

=

o

0 7
,,./50'0 1000 1500

Temperature (C)

1
Figure5: Thermal expansion of thetwo cobalt alloysfor the
twoorientations
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Figure6: Thermal expansion of thetwo nickd alloysfor the
twoorientations
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Figure7: Thermal expansion of thetwoiron alloysfor the
twoorientations

carbides, of theexpans ondueto thehcp <> fcc matrix
changes, which can be encountered with aCo-30Cr-
0.8Cdloy®¥, obvioudy existsalsofor 0.4wt.%C. Such
phenomenon doesnot occur neither inthenicke dloys,
themeatrix of which remansfcc onthewholetemperature
range’>®, nor intheiron aloysthe matrix of whichis
alwaysbcd>7.

A second observation which can be done is a
decdl eration which actsin most cases beforereaching
themaximal temperature, except only the Co-30Cr-
0.2C alloy for the two orientationsand the Fe-30Cr-
0.4C dloy for the orientation 2 for which thereisa
curious phenomenon of rgpidincreaseinthickness. This
deceleration of expansion, which can be sometimes
followed by a contraction at the very end of heating
(e.g. Co-30Cr-0.4C orientation 2 or Fe-30Cr-0.4C
orientation 1), is often followed by an isothermal
progressive contraction duringthe dwell at 1200°C.

Thirdly, it appears that the heating part and the
cooling part are amost never exactly superposed
(except Ni-30Cr-0.4C for thetwo orientations). The
heating part and the cooling part are also closeto one
another in the case of Ni-30Cr-0.2C (orientation 2)
and Co-30Cr0.4C (orientation 1), whilethey areclearly
distinctinal the other cases. Furthermore, except two
curious cases (Co-30Cr-0.2C two orientations and Fe-

30Cr-0.4C orientation 2 only), the cooling part tends
to be situated under the heating part, more or less.

Quantitativeanalysisof thecurves

To further observethedilatometry measurements,
onecan exploit the curvesin order to obtain thetotal
deformationsat heating and at cooling between 100°C
and 1200°C, as well as the isothermal deformation
(TABLE 1). Onecan seethat thedeformation at hegting
seemsgenerdlly higher than the contraction at cooling
for thecobdt dloys, whilethereisnored differencefor
thenickd dloy (deformationsat heating and at cooling
amost equd). For theiron dloys, differencesexist but
without systematic hierarchy between heating and
TABLE 1: Deformationsduringthetemper ature-increasing

part of thecurves, theisothermal dwell and thetemperature-
decreasingpart

. . Ae % _
Orientation 1 1001200 () Ae =120
Ag 100 1000 (%) (%)
Alloy A %
€ ()
Orientation 2 100 - 1200 ( ) Ae J:lzoo
A€ 1500 1000 (%0) (%)
. . 2.597
Orientation 1 -0.104
-2.063
Co-30Cr-0.2C
. . 2.827
Orientation 2 -0.068
-1.641
. . 2.118
Orientation 1 -0.040
-1.948
Co-30Cr-0.4C
. . 1.517
Orientation 2 -0.178
-1.865
. . 1.542
Orientation 1 -0.283
. -2.136
Ni-30Cr-0.2C
. . 2.233
Orientation 2 -0.080
-2.214
. . 1.861
Orientation 1 -0.144
. -1.859
Ni-30Cr-0.4C
. . 1.845
Orientation 2 -0.095
-1.914
. . 1.515
Orientation 1 -0.071
-1.701
Fe-30Cr-0.2C
. . 1.293
Orientation 2 -0.100
-1.780
. . 1.563
Orientation 1 -0.213
-1.482
Fe-30Cr-0.4C
. . 2.161
Orientation 2* +0.192
-0.997

(*: unusual curve for the cooling part)
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cooling. That isalso true concerning the orientations.
The Co-30Cr-0.2C dloy displaysatherma expansion
more pronounced than the Co-30Cr-0.4C onewhile
no such difference seemsto exist for the nickel aloys
andtheironalloys. Onthecontrary thereare significant
differencesabout thethermd expans onsor contractions
over the 100-1200°C range between the three alloys
families: they arehigher for the cobadt dloysthanfor the
nickel aloysand higher for thetwo later onesthanfor
theirondloys.

The preceding differences about deformation
between 100 and 1200°C can be found again with the
average coefficientsof therma expanson over the250-
750°C ranges (TABLE 2) for which the curves are
localy dmost linear. Thetherma expanson coefficients
TABLE 2: Average values of the corresponding thermal

expansion coefficientsand of theisother mal deformation
rates

av. o 250 750

. . (x10°°C™ aver age As/At
Orientation 1 o —— at 1200°C (% / s)
10°%°C)
Allo (x
y av. o 250 750
. . 107°°C aver age Ae/At
Orientation 2 —(107°C™)
O & = & 705 20 AL 1200°C (% / 5)
(x10%C?)
19.68
Orientation 1 18.04 -0.173%x10%%/s
Co-30Cr-0.2C '
. . 18.62
Orientation 2 1590 -0113x10%% /s
18.50
Orientation 1 14.98 -0.067x10%%/s
Co-30Cr-0.4C '
. . 15.76
Orientation 2 1478 -0.297 x 10°% /s
. . 15.78
Orientation 1 17.98 -0472%x10%% /s
Ni-30Cr-0.2C '
Orientation 2 igg; -0.133x10%%/s
. . 17.64
Orientation 1 14.40 -0.240x 10°% /s
Ni-30Cr-0.4C '
17.72
Orientation 2 1452 -0.158 x 10%% /s
12.56
Orientation 1 1264 -0.118x10°% /s
Fe-30Cr-0.2C '
. . 13.28
Orientation 2 1276 -0.167%x10%%/s
. . 14.38
Orientation 1 0.62 -0.355x10%%/s
Fe-30Cr-0.4C :
13.56
Orientation 2* 38 +0.320x 10% %/ <

(*: unusual curve for the cooling part)
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aredightly higher for thecobalt dloysthanfor thenicke
aloys, but thelater onesaresignificantly higher thanfor
the iron aloys. One can aso say that the thermal
expans on coefficientstend to be higher for theheating
than for the cooling for all the alloys. However the
orientation hasan importanceessentialy for thecobalt
dloysfor whichtheorientation 11edto higher coefficients
than for the orientation 2. Concerning the average
deformation ratesduring the 1200°C-isothermal stage
the same comments as for the total deformation at
1200°C can be logically done.

General commentaries

Severd differenceshavebeenfoundfor thethermal
expang on and contraction behavioursof thesesix dloys.
The main oneis between on the one hand the cobalt
aloys(hcp/fce then feec matrix) and nickd aloys(fcc
matrix) thethermd expanson of whichissrong (average
coefficient of about 17-20 x 10 °C?), and ontheother
hand theiron aloysthe matrixesof whicharebcc over
thewholestudied temperaturerange (12-14 x 105°C
1). Such differencesareclassica between an austenitic
alloy and aferriticone, likein thewe l-known case of
pureiron (bcc and slow thermal expansion between
room temperatureand about 910°C then fcc and faster
thermal expansion up to temperature higher than
1200°C).

Thecarbon content hasa so an effect ontheaverage
coefficient of therma expansion, but only for thecobalt
aloysandthenickd dloysfor whichthematrixestend
todisplay thermd expansion significantly faster thanfor
the carbides (about 10 x 10® °C* for the Cr.C, as
well asfor the Cr,,C, carbides®). Onthecontrary, for
theironaloysthethermd expansion of whichisdower
and consequently closer tothe carbidesones, thevolume
fraction of carbides and the carbon content haveless
importance.

Concerning themicrostructure orientation, results
showed that this parameter can influencethethermal
expanson. Thiswasobserved heremorefor the cobalt
dloysthanfor thetwo other aloy families, with average
coefficientshigher for adilatation paralel to dendrites
thanfor the perpendicular orientation (between 250 and
750°C). The same order was previously reported™ for
M-30Cr-O.8C dloys. Evenfor thedloysstudied here
and which contain less carbon, the carbides seem

——, P otrioly Seience
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imposing their low dilatation and then reducing the
thermal expansion in the direction along which the
dendritesare not continuous but juxtaposed.
Themorevisbleeffect of carbidesappeared at the
end of heating, when temperature has become high
enough to sufficiently weaken the metalic matrix for
permitting itscompress vedeformation by the carbides
rdeesngthar tensle-stressed state dueto thedifference
of thermal expansion between thesetwo phases®. This
wasdready observed for M-30Cr-0.8C dloys(M=Ni,
Coor Fe), and dsofor ternary aloysricher in carbon.
Another effect of carbidesistheattenuation (Co-
30Cr-0.2C) or inhibition (Co-30Cr-0.4C) of thejump
due to the hcp — fec transformation of the matrix
occurring near 900°C, as earlier observed for a Co-
30Cr-0.8C dloy by comparison with abinary Co-30Cr
aloy®. This leads to think that there is a critical
chromium content, situated between 0.2C and 0.4C,
bellow which carbides are not able to smooth the
expansion jump dueto the hcp — fcc matrix change
(jump dueto thedisorder caused by the rearrangement
and not to a change of compactness which does not
exist betweenthesetwo crysta's), and abovewnhichthe
jumpisinhibited by the carbides network.

CONCLUSIONS

Thermal cycles applied to carbides-containing
alloys often lead to not reversible expansion /
contraction dimensional changes, with consequently
residua negativedeformation which can depend onthe
microstructure orientation and on the carbidefraction.
Thisprobably resultsin avolume contraction (and then
adensity dightly increased) with amatrix stressed in
compression. This phenomenon can berelated to the
difference of therma expang on coefficient betweenthe
metallic matrix and the carbide phase (ratio 2:1 for the
cobalt or nickel matrixes, and 3:2 for theiron ferritic
matrix). More than a clear dependence on the
microgtructureorientation onecan moresmply consider
than the thermal expansion isoften not isotropic, as
concluded previoudy for such ternary aloysricherin
carbon (up to 2wt.%)!.
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