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ABSTRACT

The chromium-rich half part of the binary Cr-Ni system was explored by
thermodynamic calculations and by the synthesis and the analysis of real
aloys. Five Cr-xNi aloys with x=50, 40, 30, 20 and 10wt.% were cast,
then exposed at 1200°C for 50 hours. Their as-cast and aged
microstructures were characterized by X-ray diffraction, electronic
microscopy and image analysis. Calcul ationswere carried out with Thermo-
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Calc. Globally they are good correspondence between the microstructure
results and the thermodynamic calculations in terms of mass fractions.
The experimental databrought additional information about the morphol ogy

of the phases.  © 2016 Trade Sciencelnc. - INDIA

INTRODUCTION

Chromium features among the most refractory
metallic elements. Although its melting point close
t0 1900°C™* 2 it isof course not so refractory as other
metasliketantalum (3000°C) or tungsten (3400°C)1,
Crispotentidly interesting as possiblebased ement for
alloysdevoted to applications at very high tempera-
ture. Chromium isadditionally an interesting element
for theres stanceto hot oxidation sinceit formsacCr,O,
oxidewhich containsonly few defects (anionic or cat-
ionicinterstitidsor vacancies). Thisalowsit acting as
an efficient protective barrier isolating metal or alloy
from the oxidizing atmospheres*. Consequently this
element ispresentinrather high quantities(typically 10
to 30wt.%) in superalloys since several decades. Ini-
tially thiswasthe case of the nickel-based and cobalt-

based alloys®® but now essentially in thelast ones”
becausethisismoreduminumwhichispresent instead
Crintheactud high performance nickel-based super-
aloyd®. Furthermore its rather low density (7.1 ¢/
cm??), much lower than the Taand W ones (16.6 and
19.3 g/cm?® respectively®) and even alittlelower than
the cobalt and nickel ones (both 8.9 g/cm™3), isinter-
esting for the numerous applicationsin which centrifu-
gd stressesexistinsarvice.

Nickel isdsooneof themost used dementsinvery
refractory alloys, but with astructura role. Evenifin
thepast it wasall oyed with 20 or 30wt.% of chromium
inthefirst heat resistant aloysinthemiddleof thelast
century>®, nickel isnow themost often alloyed witha
longligt of dementsamongwhichduminumwhichforms
7’ (Ni,Al) precipitates very efficient to resist creep!™. It
can bea soreinforced by carbides but the oneswhich
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areamong the most mechanicaly efficient— TaC —are
much less stabl e at high temperaturein nickel-based
alloys¥ than in the cobalt-based oned'? or theiron-
based oneg**12,

Until today the association of these two el ements
in superaloys was essentially focused on the need
of hot corrosion resistance but never on the poten-
tial gaininrefractoriness. Thus, if the chromium con-
tent in nickel-based alloyswas maintained at around
30wt.% maximum (always sufficient for efficiently
combatting hot corrosion), much higher Cr contents
wererarely envisaged, athough 50 wt.%Cr and more
may lead to enhanced creep resistance thanksto in-
creases in fusion start temperature, by keeping of
course good resistance to hot corrosion. Thus, new
types of high temperature materials combining very
high contents in chromium and the presence of a
nickel-based phase (mechanical resistance and duc-
tility at all temperaturesthankstoitsaustenitic FCC
crystalline network), may emerge. This makes the
Cr-richest part of the chromium-nickel system of in-
creased interest.

In thiswork five binary alloys, potentially de-
voted to use at high temperature in their present
states or alloyed with minor elements, were se-
lected: their names and wished chemical compo-
sitions are given in TABLE 1. They were sub-
jected to preliminary thermodynamic cal culations
to know the natures and volume fractions which
can be expected at high temperature, for example
at 1200°C temperature already unattainable by the
best actual superalloysfor long-time service. They
werethereafter synthesized foundry and their mi-
crostructures characterized. Additional thermody-
namic calculationswere thereafter carried out for
each alloy for decreasing temperature to know the
successive stable states as well as to better un-
derstand the devel opment of the observed micro-
structures.

EXPERIMENTAL

Preiminary thermodynamic calculations

To anticipatein theknowledge of thepossibledif-
ficultieswhich may beencountered to mdt thealoysas
wdll astheir stablemicrostructuresat high temperature
afirst set of caculationswerecarried out usng Thermo-
Cdd*¥. Ontheonehand, thefusi ontemperatureranges
of thecompositions of interest weredeterminedto as-
sessthefeasibility of the synthesisby foundry. Onthe
other hand the stablemetal lurgicd state corresponding
to 1200°C was calculated for all compositions, to
specify the natures of the present phases, their mass
fractionsand their contentsin Ni and Cr.

Synthesis of the alloys

Thefivealloyswere el aborated by high frequency
induction foundry (CELESfurnace, France) fromsmal
partsof pureelements: Cr and Ni, both >99.9wt.%in
purity (suppliers: Delachaux for Cr and Eramet for Ni).
In each casethe partswere placed in acopper crucible
internally cooled by fresh water circulation. A slicatube
was placed surrounding the crucible and acopper in-
duction coil (also cooled by interna water circulation)
was placed around the silicatubeisolaing thecrucible
and themetdlic partsfrom outside. Pumping until reach-
ing about 0.03 millibarswasredalized threetimes, each
timefollowed by introduction of pureargonuntil reeching
about 800millibars. After find pumping, an atmosphere
of 600 millibarsof argon existed inthefusion chamber.
The power wasincreasingly applied until reachingthe
temperaturelevel demonstrated by the preliminary ther-
modynamic cal culations asrequired for thefusion of
nickel and chromium aswell asfor the steady molten
state of theobtained liquid aloy. The power wasmain-
tained at thismaximum during fiveminutes. Thisdura-
tionwasidentified by preliminary testsas compul sory
to be sureto do not have any not melted partsof Ni or
Cr for theaverage size of the used pure e ement parts
(millimetric). Thisisothermal stage wasfollowed by
cooling, therate of which was defined by the rate of
power decrease. Thisprocedureledtofiveingotsof a
compact shape and weighing about 40 grams each.

Microstructurechar acterization

TABLE 1 : Designation and chemical compositions of the studied alloys (in weight percent)

Names given to the alloys CN1

CN2 CN3 CN4 CN5

Compositions (1-x) Cr + xNi x=0.1

x=0.2 x=0.3 x=0.4 Xx=0.5
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Theingotswere cut using aDeltaBuelher saw. A
part from each of themwasembeddedinacoldresin
mixture (resin CY 230 and hardener HY 956 from
ESCIL, France). Themounted sampleswere thereaf-
ter ground with SiC papers, for gradevarying from 80
t04000. They were cleaned using ultrasonic vibrations
in ethanol. Final polishing wasrealized using anon-
woven textiledisk enriched in 0.4pm silica particles
(OPS, Struers), until obtainingamirror-like Sate.

Thedloyswerefirst anayzed by X-Ray Diffrac-
tion (XRD, Philips X Pert Pro diffractometer) then ob-
served by Scanning Electron Microscopy (SEM, JEOL
JSM-6010A) in Back scattered Electrons Shadow
image (BES). Thegenera chemica composition of the
aloyswasverified by Energy Dispersion Spectrometry
(EDS) usingthe EDS devi ce equipping the SEM. Spot
EDS measurementswere additionally carried out to
specify thechemicad compogtionsof thepresent phases.

To finish the microstructure characterization was
completed by the measurements of the surfacefrac-
tions of the phases using the image analysistool of
the Photoshop CS software (Adobe). When it was
possible to suppose that the volume fractions were
probably close to the measured surface fractions,
these fractionswere converted in massfractions ac-
cording to thefollowing equation:
fuloy]= Gy <A LD 1 S0y 1, LoD

inwhich fw [(p]], fv[e] and PP, arerespectively
theweight fraction, the volumefraction and the den-
sity of the phasecp]. The values taken for the densi-
ties were 7.1 g cm for the Body Centered Cubic
(BCC) chromium-rich phase and 8.9 g cm for the
Face Centered Cubic (FCC) nickel-rich phasewhen
they were present.

Additional thermodynamic calculations

To better understand how the observed micro-
structureswereobtained new thermodynamic calcula-
tionswere carried out again for thefive compositions.
Themicrostructura statesof each aloy werecomputed
every 50°C in the mushy state and every 100°C in the
solid statedown to 427°C. The appearance or disap-
pearance of the phasesand theevol utionsof their theo-
retic fractionsand compositionswerethus deduced.

—=== Pyl Peper
RESULTSAND DISCUSSION

Preiminary thermodynamic calculations

First thebinary Cr-Ni diagram was computed to
have arapid look to the Cr-Ni system (Figure 1).
Thediagram isavery classical one, with aeutectic
plateau and a middle area where two phases exist
together.

Asshowninthefirst lineof resultsin TABLE 2
the cal cul ated theoretic maximum liquidus tempera-
tureamong thefive aloysislogically the oneof the
chromium-richest aloy CN1, while the CN4’s and
CNb5’s ones are respectively 350°C and 450°C un-
der. This very high temperature (~1800°C) risks to
lead to difficult melting during the elaboration of
the chromium-richest aloys. Solidification ought
starting with the crystallization of achromium-based
BCC phase for the four chromium-richest aloys
(CN1 to CN4) while this is nickd austenite (FCC
phase) which ought appears first in the case of the
CN5 aloy (TABLE 3, first resultsline).

The calculated theoretic solidus temperatures,
presented in the second resultsline of TABLE 2, are
aso very high, with the highest value for the CN1
aloy again (~1650°C), comparable to the one of the
famousintermetallic compound NiAl (whichisun-
fortunately too brittleat room temperatureand para-
doxically too weak in high temperature creep). The
solidus temperature decreases down to the eutectic
one (x~1345°C) for the two nickel-richest alloys
(CN4 and CN5). At the end of solidification (sec-
ond resultsline in TABLE 3), the three chromium-
richest all oys ought to be single-phased (BCC chro-
mium-based phasewith al Ni in solid solution, i.e.
10 to 30wt.%Ni from CN1 to CN3) while the two
chromium-poorest aloys ought to be double-phased
BCC+FCC, with principally BCC Cr saturated by
39wt.%Ni) in CN4 and principaly FCC Ni saturated
by 47wt.%Cr).

The third line of TABLE 3 shows the theoretic
stable metallurgical states of the five alloys at
1200°C: still single-phased for CN1 and CN2, and
doubl e-phased BCC Cr(Ni) and FCC Ni(Cr) for the
following aloys: mainly BCC Cr (saturated by al-
most 30wt.%Ni) for CN3, haf part of thesame BCC

———,  Palerioly Science
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Figure 1 : The Cr-Ni diagram computed with Thermo-Calc!*¥

TABLE 2 : Calculated temperatures of liquidus and solidus (Ther mo-Calc!*®)

alloys CN1 CN2 CN3 CN4 CN5
Tiquidus (K) 2071 1958 1839 1716 1621
T soiius (K) 1922 1754 1667 1618 1618

TABLE 3: Microstructure states at Tliq, Tsol and 1473.15K (1200°C), according to Thermo-Calc!*¥ (mass.% phase;

wt.% Cr or Ni in phase)

Alloys CN1 CN2 CN3 CN4 CN5

A Tiaaes BCC BCC BCC BCC FCC
(appearing solid) Cr-3.90Ni Cr-8.43Ni Cr-14.20Ni Cr-23.66Ni Ni-46.15Cr
93.4% BCC 78.4% FCC
i1 100% BCC 100% BCC 100% BCC Cr'?’i'os'\“ N|-4(i.980r

solidus _ H _ H _ H
Cr-10Ni Cr-20Ni Cr-30Ni 6.6% ECC 21.6% BCC
Ni-46.98Cr Cr-39.08Ni
97.8% BCC 56.1% BCC 85.6% FCC
O L00% BOC L00% BOC Cr-29.48Ni Cr-29.48Ni Ni-46.54Cr
At 1200°C Cr-10Ni Cr-20Ni * * *

2.18% FCC 43.9% FCC 14.4% BCC
Ni-46.54Cr Ni-46.54Cr Cr-29.48Ni

Cr solid solutionand half part of theFCC Ni (saturated
by 47wt.%Cr) for CN4, and mainly FCC Ni solid so-
lutionfor CN5.

Microstructuresof theobtained alloys

Despitethevery high meting pointsof someof these
aloys, al elaborationswere successful. No unmelted
particlesweredetected on the surfaces of the sectioned
parts of theingots. The obtained chemical composi-

tions, showninTABLE 4, arevery closeto thewished
ones.

The microstructures of the obtained alloys as
observed at x250 with the SEM in BES mode are
displayedin Figure 2. Despitethedifferent grey lev-
els which are visible on the corresponding SEM/
BESmicrographsthealoysCN1and CN2 aresingle-
phased: thesingle solid phaseisthe BCC chromium-
based one, as confirmed by X-ray diffraction (XRD).

An Judian Jouwrual
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TABLE 4 : Microstructure states at Tliq, Tsol and 1473.15K (1200°C), according to Thermo-Calc!*¥ (mass.% phase;

wt.% Cr or Ni in phase)

Names given to the alloys CN1

CN2 CN3 CN4 CN5

Wished compositions Cr - Ni 89.8-10.2

80.0-20.0

69.9-30.1 60.0-40.0 50.0-50.0

CN1

high Ni \\ CNQ:

segregation in \
periphery

“Bce erNi <7
+ECC Ni(Cr)*" "~

Figure 2 : Microstructures of the five alloys (SEM micrographs taken in BES mode)

Indeed thereisnot marked separation between the dark
areas and the pale ones. By looking at higher magnifi-
cation thetransition from dark to paleisprogressive
(diffuse). Asreveded by spot EDSanalysisinthe CN1
alloy, thisresultsinanincreaseinlocal nickel content
fromthegrain center (about 5wt%Ni) to the periphery
(about 20 wt.%Ni). In the case of the CN2 alloy, the
nickel content increasesfrom about 10wt.% (grain cen-
ter) up to 37wt.% closeto thegrain boundaries.

Thenickel-richer alloysCN3and CN4 alloysare,
incontrast, really double-phased as also confirmed by
XRD. Theaveragecomposition of thedark phase(BCC
chromium-based) isabout Cr(bal.)-22.4wt.%Ni for the
CN3aloy and Cr(bal.)-34.9wt.%Ni for the CN4 al-
loy, whilethe average composition of the pale phase
(FCC nickel-based) isabout Ni(bal.)-66.2wt.%Cr for
the CN3 aloy and Ni(bal.)-50.2wt.%Cr for the CN4
dloy.

The last aloy, CN5, is aso double-phased but
with a very different morphologies of the phases.
The pale phase, FCC nickel-based containing
47.7wt.%Cr isdendritic whilethe dark phase, BCC
chromium-based containing 30.5wt.%Ni, is mixed

with the FCC matrix asalamellar compound in the
interdendritic spaces. The surface fractions of the
present phases, issued from image analysis using
Photoshop CS, aregivenin TABLE5.

Calculationsfor thedescription of themicrostruc-
tures’ development

Despite that all the five alloys were expected
being double-phased at room temperature, as sug-
gested by Figure 1, two of them were single-phased.
In addition, significant segregation phenomenawere
reveal ed by the BES micrographs and confirmed by
EDS measurements. Additional calculations were
carried out for thefivealloysat different levelsof tem-
peraturesregularly spaced from theliquidustempera:
tureand 427°C, temperature under which no further
solid state transformati on maybe expected for reasons
of toodow diffusion.

Thiswas donefor thefive alloys but the case of
only three of them will be presented here: CN1 rep-
resenting in Figure 3 the case of achromium-based
alloy obtained as single-phased in its as cast-condi-
tion (CN1 and CN2), CN4 representing in Figure 4

c— Paterialy Science

An Judian Jowrual



72

Experimental and thermodynamic study of chromium-base alloys containing nickel

MSAIJ, 14(3) 2016

FPull Peper =

TABLE 5 : Average surface fractions of the phases present in the alloys (%)

Names given to the alloys CN1 CN2 CN3 CN4 CN5
BCC Cr-based phase 100 100 95 72 8
FCC Ni-based phase / / 5 28 92
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Figure 3 : Thermo-Calc calculations describing the solidification and solid state cooling of one of the alloys ob-
served as-cast as being single-phased (here: the Cr-richest CN1 alloy)

the caseof achromium-based aloy obtained asdouble-
phased (CN3 and CN4), and the case of thesingleNi-
based alloy of thisstudy, CN5, in Figure5.

Asshown by thefirst graph of Figure 3 (Ieft side)
the BCC chromium-based phase is effectively the
first solid phase to appear in the case of CN1 (and
of CN2). During solidification, the nickel contentin
thisBCC Cr-based phaseincreasesfrom about 3.9 to
10 wt.%Ni (from about 8.4 to 20 wt.%Ni for CN2)
whilethe nickel content intheliquid also increases
but from 10t0 23.1 wt.%Ni (from 20t0 63.1 wt.%Ni
for CN2).

Thereafter the BCC chromium-based solid re-
mains the only phase existing during the solid state
cooling down to about 1150°C (for CN2 too), with
aNi content evidently staying at 10 wt.% (20wt.%
for CN2). Thereafter the FCC nickel-based phase
should appear and grow until reaching 13 to 14

mass.% (28 to 29mass.% for CN2). TheNi contentin
the BCC chromium-based phase decreased then from
10 to 0.04 wt.% (20 to 0.04wt.%Cr for CN2) at
427°C while the chromium content in the FCC nickel-
based phase decreasesfrom 42.8 down to 24.4 wt.%
(45.5t0 24.4wt.% for CN2) at 427°C.

Thefirst graph of Figure 4 (left side) showsthat
thisisthe BCC chromium-based phaseagainwhichis
thefirst solidto precipitatefrom themet, for CN4 (and
CN3). During solidification thenickel contentinthis
BCC phaseincreases heretoo, from 23.6 to 39wt.%Ni
(3.9 to 30wt.% Ni for CN3). At the same time the
nicke contentintheliquidincreasesfrom40t049wt.%
in CN4 (decreasesfrom 3010 23.1wt.%in CN3). In
contrast with thetwo first alloys CN1 and CN2) so-
lidification finisheswith the preci pitati on of two phases,
aBCC chromium-based one (leading to finally 93.4
mass.%, and a FCC nickel-based one (6.6 mass.%).

Woteriolsy Seience  mmm—
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Figure 4 : Thermo-Calc calculations describing the solidification and solid state cooling of one of the chromium-
based alloys observed as-cast as being double-phased (here: the Cr-richest CN4 alloy)
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Figure 5 : Thermo-Calc calculations describing the solidification and solid state cooling of the double-phased

CN5 alloy

In contrast the CN3 aloy ought tofinish solidifyingwith
only the BCC chromium-based phase, the FCC nickd -
based one gppearing after asolid state cooling downto
1227°C. After solidification the Ni content in the BCC

chromium-based phase decreases continuoudly (but
faster then slower) from 39 to 0.04wt.% (30 to
0.04wt.%Ni for CN3 only after the appearance of
the FCC nickel-based phase).
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Thecaseof theCN5 alloy istotdly different from
thepreviousones (Figure5). Indeed solidification ought
to start with the crystallizati on of the FCC nickel-based
phase (containing initially 46.2 wt.%Cr) and finishes,
asfor the CN4 alloy, by aeutectic part incontaining a
39wit.%Ni-containing BCC chromium-rich phase. At
theend of solidification (1345°C) the alloy ought con-
tain 78.4 mass.% of 47wt.%Cr-containing FCC nicke-
based phase and 21.6 mass.% of 39.1wt.%Ni-con-
taining BCC chromium-basad phase. During coolingthe
massfraction and Cr content of the FCC nickel-based
phasevary: dight increasethen dight decreasefor its
meassfraction and regular decreasefrom 47 to 24.4wt.%
at 427°C for its Cr content. At the same time the mass
fraction of theBCC chromium-based phase decreases
thenincreasesanditsNi content decreasesuntil 0.04
wt.% at 427°C.

Comparisonsbetween successive calculationsand
the as-cast alloys

For the CN1 aloy, which was seemingly single-
phased in its as-cast condition, the EDS measure-
ments showed that the Ni contents increased from
about 5in the grain centersto about 20 wt.% in pe-
riphery. Thesevaluesarerather closeto respectively
the Ni content in thefirst appearing BCC crystals at
solidification (4 wt.%Ni) and the final Ni contents
in the liquid just before its final disappearance at
the end of solidification (23 wt.%Ni), calculated
with Thermo-Calc. Thiswas observed againfor the
CN2 dloy: the 10wt.%Ni measured with EDS in
the grains centers and the 37wt.%Ni measured in
grain periphery are also rather closeto the 9wt.%Ni
of thefirst BCC crystalsto appear and the 63wt.%Ni
of thelast disappearingliquid, respectively. Inboth cases
the cooling wasthustoo fast to dlow constant chemica
homogenization of the growing BCC phase during so-
lidification, with asresultstheintense chemical segre-
gationswhich wereevidenced in the metall ographic
samplesof theas-cast CN1 and CN2 aloys. Onecan
underlinethat, despitethe great periphery nickel en-
richment the FCC ni ckel-based phase did not succeed
appearing. Dotted arrows are added to thetwo graphs
present on theright of Figure 3 (CN1) to materialize
the position of the EDS va uesof the Ni contentinthe
BCC Cr-based phase (grain center) and of the Cr con-

tent in what ought to be the FCC Ni-based phase but
which does not exists (periphery of BCC Cr-based
grainsonly). Thisfacilitatesthe comparisons between
measured contentsand cal cul ated contentsfor the same
locations.

For the CN4 alloy, as illustrated by the arrows
added in the two graphs presented on theright side
of Figure 4 there is a rather good correspondence
between the measured Ni content in the BCC chro-
mium-based phase and the calculated one for tem-
peratures close to the end of solidification
34.9wt.%Ni (EDS) H” 35.6wt.%Ni (Thermo-Calc
for 1227°C). This was also true for CN, with
22.4wt.%Ni (EDS) H” 30 to 16.8wt.%Ni (Thermo-
Calc for 1227 to 1127°C). For CN4 again, the
50.2wt.%Cr measured in the FCC is close to the
47wt.%Cr cd cul ated for the FCC nickel-based phase
for 1345°C (almost the solidus temperature). How-
ever, concerning the CN3 all oy the 66.2wt.%Cr mea-
sured inthe FCC nickel-based phaseare significantly
higher than the cal culated one (45.4wt.%Cr at 1127°C
furthermore decreasing to 24.4wt.%Cr at 427°C).
Since these two alloys were double-phased in their
as-cast statesthe surface fractions of the two phases
were measured by image analysis, which alowed
comparisons. The morphologies of these phases,
which were neither acicular nor oriented, let think
that the volume fractionswere probably closeto the
surface fractions. Thiswas what was supposed and
thevalues(TABLE 5) werethen converted into mass
fractions according to equation (1). This led to 67
mass.% of BCC chromium-based phase and 33
mass.% of FCC nickel-based phasefor CN4 (94 and
6 mass.% for CN3). These values led to the dotted
arrowsin thefirst graph of Figure4 (left side) which
allows seeing that the better correspondence was
found between 1277 and 1227°C for CN4 (just un-
der 1227°C for CN3). In contrast the mass fractions
calculated for lower temperatures are much farer
from the measured ones.

In the case of the CN5 alloy too it was possible
to compare the chemical compositions of the two
phases measured by EDS and their surfacefractions
converted into mass fractions to the corresponding
cal culated results. Concerning the massfractionsthe
onesissued from the surface fractions obtained from

An Judian Jouwrual



MSAIJ, 14(3) 2016

Elodie Conrath and Patrice Berthod 75

image analysisof SEM/BES micrographs, therewas
no exact correspondence but the measured (room
temperature) and calculated data rather well fitted
for calculations near 1127°C (Figure 5, arrows in
the first graph on the left): at this temperature the
calculated mass fractions are 88 and 12 mass.% of
FCC nickel-based phase and BCC chromium-based
phase, rather close to the experimental ones of 93
and 7 mass.% issued from conversion of theimage
analysisresults. Concerning the chemical composi-
tions of the phases, calculations at 1227°C led to
32.1wt.%Ni inthe BCC chromium-based phaseand
46.8wt.%Cr in the FCC nickel-based phase which
are closeto the 30.5wt.%Ni and 47.7 wt.%Cr in Ni
measured by EDS.

General commentaries

Despite the very high temperatures of melting
suggested by the preliminary calculations the five
alloyswere successfully e aborated, without any not
melted parts of pure element, even the CN1 alloy
that one may think as being especially difficult to
obtain. Thiswas possiblethanksto the useof ahigh
frequency induction melting, while this should be
probably much more difficult with amore classical
resistive furnace. In contrast, it was not possible to
measure the temperatures of fusion and solidifica-
tion start and end by differential thermal analysis
since the melting temperature ranges were too high
for usual apparatus.

Thus, alloys, chemically homogeneousat thein-
got scale were obtained and their microstructures
characterized. XRD diffractograms clearly showed
that only two phase were present, the BCC chromium-
based one and the FCC nickel-based one. Thusthe
rather fast cooling did not lead seemingly to additional
metastabl e phase. With amaximum of two phasesthe
thermodynami c system wasrespected. The compari-
son, intermsof number of the phases, their chemica
compositions and their volume or mass fractions
chemical homogeneity, between the obtained micro-
structures and the successive cal culated equilibrium
for decreasing temperature, showed that thefive al-
loysdid not respect these equilibrium during their cool -
ing. Infact, the obtained microstructuresin the as-
cast dloysareglobaly theonesexistingjust after so-
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lidification, or only several tensdegreesunder. The
two chromium-richest alloysCN1 and CN2 finished
thelir solidification by becoming single-phased (BCC
chromium-based phase), astate that they kept during
the whole cooling down to room temperature. The
nickel positive segregation occurred during solidifica:
tion remained almost unchanged and, despitethevery
high concentration of nickel (50 wt.% or more) inthe
periphery of the BCC chromium-based grains, no
externa transformationinto FCC phase occurred dur-
ingthecooling. Thecoolingratedid not alowed nucle-
ation and growth of this second phasewhich wasfur-
thermore compul sory according to the stable equilib-
rium at lessthan 1100°C.

In contrast thetwo phasesobvioudy existed inthe
real CN3and CN4 dloys, the FCC nickel -based phase
necessaxily appeared by solid Satetransformationduring
coolinginthe CN3 alloy, and at theend of solidification
for the CN4 aloy. The CN5 alloy was also double-
phased but with now asolidification starting with the
FCC nickel-based phase, the BCC chromium-rich one
gppearing at theend of solidification, when theeutectic
part of solidification happened. However, inthesethree
last cases, the microstructures, in termsof both mass
fractions and chemical compositions of the present
phases, clearly correspond to the oneswhich existed
at very high temperature, soon after theend of solidifi-
cation. They do not correspond to the phase equilib-
rium at room temperature, and evenintermediatetem-
peratures.

CONCLUSIONS

Of course, the Cr-Ni binary phase diagram was
already well known. But real alloys with composi-
tionstaken in the chromium-rich half diagram have
almost never been elaborated and characterized,
notably for very high Cr contents. The present work
brought morphology information concerning the
present phases, what software as Thermo-Calc is
not able to bring. However, inversely the calcula-
tions carried out with Thermo-Calc allowed under-
standing then describing the devel opment of the ob-
served microstructuresevenif they are not homoge-
neous or stable (Ni segregation towards the bound-
aries of chromium-phase grains, fractions and com-
position more typical of high temperature than of
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room temperature). They a so demonstrated that the
observed microstructures of the as-cast alloys are
far fromtheequilibrium at afuture service hightem-
perature, and then that volumefractionsmay evolves
in use in addition to possible morphology evolu-
tion. If calculations gave useful indications to un-
derstand how the observed microstructures formed
during solidification as well as during the subse-
guent cooling, they showed that the theoretical mi-
crostructures are also strongly dependent on tem-
perature. But the elaboration’s results also showed
that such transformations may be also rather ow in
thissystem.

Inthe mechanica field theimbricated microstruc-
tures of the CN3 and CN4 alloys, and potentially of
the CN2 alloy if itsmicrostructure can develop with
two phasesfor slower cooling rates, guaranteeing a
reinforcement of the highly refractory but maybe a
little weak ferritic chromium phase by the stronger
Cr-saturated compact austenitic nickel may be
favourable. In this way the severa of these alloys
may represent very interesting bases for more com-
plex alloyswith additional strengthening particles.

To finish concluding one can think that elabora-
tion by casting of so refractory alloys, which was
here successful for these small ingots, will aso in-
duce difficulties for realizing bigger pieces, which
areto betaken into account.
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