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DIRECTIONALLY SOLIDIFIED PSEUDO-BINARY EUTECTICS OF Ni-Cr-{Hf,7r)

Y. G, Fin* and R. L. Ashbrook

NASA-Lewis Hesearch Center, Cleveland, Ohio

AESTRACT

A pseudo-binary eutectie, in which the intermetallic NiqHf's reinforces the
Ni-Cr sclid solution phase, wes previously predicted in the Hi-Cr-Hf system by
a computer anelysis. This report is concerned with the experimentul determina-
tion of pseuds binery eutectic compositions and the directional seiidification
of the M-Cr-Hf,Zr, and Ni-Cr-Zr eutectic alloys., To determine unknown eutec-
ties, chemical enalyses were made of material bled f{rom neer eutectic ingots
during incipient melting. Hominel compesitions in weight percent of
Ni-18.6Cr-2h.0Hf, Ni-19.6Cr-12.82r-2.08Hf, and Ni-19.20r-1k.8%r formed aligned
pseudo=-binary eutectic structures. The melting points were about 1270° €.

The reinforcing intermetallic phases were identified as noncubic (Ni,Cr)THf2

and (Ni,Cr)T(Hf,Zr)Q, and face centered cubie (Ni,Cr)SZr. The volume fraction
of the reinforcing phases were sbout 0.5,

INTRODUCTION

The search for new materials Tor high operating temperatures in gas tur-
bine engines has led to the development of directionally golidified eutectic
(DSE) alloys, which are also known as In-Situ Composites.l The D3E alloys be-
ing evaluated for eventual use as turbine materials range from ductile-ductile
systenms, where both matrix end reinforcgment are ductile, to brittle~brittle
systems, where both phases are brittle.® For achieving high tempersture
strength exceeding that of eonventional superalloys, the reinforcing phases in
DSE alloys generally desired are either high temperature intermetallic com-
pounds or refractory compounds, Lamellnr intermetellic KigCh reinfdrced Hi-
bese alloys3 and mopocarbide (TaC) reinforced Wi~ or Co-base elloys™ heve both
received intensive attention as advancsd ges turbine blade materiels.

The first-stege turbine buckets in ges turbine sngines are subjected to
the most severe combinaticn of stress and tergerature in o hostile environment.
Binery systems cannct achieve the high strength combined with high tempersture
oxidation resistance needed for the gas turbine service. Fractical alloys
will bve multi-component systems.

In complex unknown systems, the genersl shepe of the liquidus surface and
the eutectic isotherms can be found by exploratery thermsl analysis of selsct—~
ed compcsitions.S’ The eutectic composition can be found by extrapolation of
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thermal analysis data. Zone-melting has also been suggested as an efficient
method of finding the eutectic composition once a near-eutectlc composition is
established.T Modern analysis equipment such as electron microprobe or energy
disperslve X-rmny analysis are able to determine locel eutectic compositions in
alloys which may extend over e range of concentrations. Computer calculations
of phase diegrams have also bgen developed to provide information on phese
stability and transforieation.

The feasibility of Yinding & high temperature eutectiec inn the Ni-Cr-Hf -
eystem has been predicted by 2 computer nnalysis.9 The calculsted alluy sysw-
tem i5 o pseudo~binary eutectic in which the intermetallic NiqHfo reinforces
the Ni-Cr solid solution phese., The estimated melting point of the pseudo-
binary eutectlic was about 1315° C, and the predicted composition in welght
percent of the eutectle alloy was Ni-30.3Cr-8.0Hf.

The objective of this work was to determine experimentally the composi-
tion of the eutectic in the Ni-Cr-Hf system predicted by computer caleulaticn
and to characterize its microstructure and solidification behavior. A further
objective was to explore Zr analogues of the Ni-Cr-Hf alloy in which Zr was
pertially or totally substituted for Hf to reduce the nlloy denaity.

During the course of this work, an experimental technique was developed
for obtaining meterial for chemicel analysis of the eutectic composition by
collecting the low melting alloy bled from an off-eutectic ingot during incip-
lent melting.

EXPERIMENTAL PROCEDURE

Ingot Preparation

The purity, shape, end supplier of the alloying elements used in this
work are shown in Teble I. All the elements were more than 99.8 percent pure
except Hf which contained 2.35 percent Zr., The ingots were made s follows.
The decired allecy composition wes melted in a zirconias crucible in & 50 kW
10 kHz, vacuum induction furnace. An initial charge of lii was melted under a
partial argon atmosphere, followed by additions of Cr, Hf, and Zr. After hold-
ing about 5 minutes at "1650° ¢ for homogenizetion, the melt was poured at nhout
1590° € into a copper mold to produce bar ingots for subsequent remelting.

Eutectic Composition Determination

A simple experimental technique was developed for obteining eutectic mate-
rial for chemical analysis from initiel melts of off-eutectic elloys. A cest
bar ingot (1 em diem, 12 cm length) was put into a ¢losed end tube crucible
(i.d., 1.3 em; o.d., 1.8 cmj length, 30 cm). The crucible with the bar posi-
tioned verticaelly was placed inside a Bridgmen furnace, which was constructed
for directional solidificetion (fig. 1)}, Under a flowing argon atmosphere,
the sample was slowly heeted for melting in the furnace during about a 2-hour
peried. As the temperature approached the melting point, alloy of eutectic
composition bled from the surfecée. The bled—out eutectic amccumulated in the
space between the sample and the tube erucible. The eutectic which had bled
out solidified because of a water spray which cooled at the bottom of the cru-
cible. The bled-out eutectic was stripped off the bar, aznd cleaned in & solu-
tion of three perts HCl and one part Ha0a prior to chemicel enelysis.

Directional Solidification

Cast ingots in & tuke crueible (i.4., 1.3 em; o.,d., 1.8 em; length, 30 cm)
were remelted in a wodified Bridgman furnace as in figure 1, &nd directionally
solidified to produce an aligned structure. In the directionel sclidification
apparatus of figure 1, the heat was supplied to the melt by rediation from the
graphite susceptor positioned inside an induction coil: The power was supplied

by & 7.5 kW radio frequency generator operating at 400 kHz. Heat was removed
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by a water spray or by radiation te a water-cooled ring. The degree of super-.
heat in the melt in this work was mbout 250° €. For a glven power usetting, a
flat interface was obtained Just below the induetion coll by adjusting the
thickness of the insuletor between the susceptor end water spray ring (fig. 1),
Alumina tubes were used as crucibles for the Ni-Cr-Hf alloys. They vere
cooled with the water spray. Zirconia tubes were used for the Zr-containing
slloys, To avoid thermal chock, & water-cooled copper torold was used instead
of the water-spraying ring vwhen using the thermal shock prone zirconle cruci-
bles.

Méasurement of the temperature gradient at the sclid-liguld interface was
made by five shielded Pt-PtRd thermocouples with the hot junction located at
2 cm intervals vertically in the melt. The crueible with the melt containing
the thermocouples was lowered through s water spray ring at a constant rate of
5 em/hr. The temperature variations ot each point during the freezilag process
‘were recorded as & function of time (or distance). Thermul gradients at the
imelting paint of 1270° C were then frund from slepes of the temperature-
‘distence curves. The temperature gredients were in the range of 250° to 300°
C/em. With this thermal grodient, tie directional selidification wes conducted
by lowering the crucible out of the induction coil at a constant rate in the
range of 1 to 6 cm/hr, A flowing argon atmosphere was used in order to retard
evaporation and prevent oxidation. -’

Metallogrephy

The structure and alinement of the directionally solidified alloys were
examined by eptical misroscopy. Transverse and longitudinal sectlons vere
mounted in bakelite, follewed by grinding through €00 grade abrasive paper.
Intermedinte and final polishing were accomplished using 0.6 and 0.3 micron
alumine. The poliched cample wog etehed with 33HC1—33HH03-33H20-1HI solution
The volume frection of the reinforeing phass was determined from a sceanning
electron micrograph of the lightly etched transverse secticn by using quantite-
tive scenning television microscopy.

Tdentificaticn of Intermetallic Phasges

An extraction of the intermetallic phasge in the eligned eutectie was con-
ducted electrolytically by dissolution of the matrix, The aligned eutectic
pample was connected to thé anode, and platinum mesh was used as the cathode.
An electrolyte of 1 percent ammonium sulphate and 1 percent citrie acid in
wuter was used in dissolving the Ni-Cr solid seclution metrix phase ot s current
density of sbout 0.02 amp/cm?.1l After about 10 hours of electrolysis, the
matrix had been etched away to a depth of sbout 3 mm. The specimen was then
washed by allowing it to soak in distilled water to remove all electrolyte
within the sample, No shape change in the specimen was noticed after the dis-
solution of the matrix becouse the intermetallic phase remsined on the surface
of the specimen. The residue of the intermetallic phases were removed by
sealpel, snd sublécted to chemicel analysis by an arc emlssion spectrographic
analysis technique.12 The Debye-Sherrer powder method was used to study the
crystal structure of the extracted intermetallic residue. Hi-filtered Cu-

. radiaticn was used operating at 4C kV and Lo me, The X~ray diffraction pat-
terns were compered with those of ASTM E-U13 to identify the erystal structure.

RESULTS AND DISCUSSION

Tdentification of the Putertic Composition

The microstructure of an ingot of Ni-30.3Cr-8.9Hf, the compositicn ealeu-
lated? 4o be the NiTHfg—NlCr solid solution eutectle alloy, is shown in fig-
ure 2, The light phese is the Wi-Cr solid solution and the eutectic is

R



e RV .- . - - X
kreaent interdendritically., It ies evident that thie composition is considera-
ably off-eutectic,

b A simple technique developed in this work was used to determine the eutes-
tic composition experimentally. This technique obtains eutectic material frem
an off-eutectic alloy by the use of ineipient melting which is characteristic
of off-eutectic alloys. A sample was slowly heated for melting in the direc-
tional selidification appuratus shown in figure 1., As yreviously mentioned,
vhen the melting point was renched, eutectic bled from the gurface of the sam-
ple, and sccurulnted in the space between the semple and crucible, Figure 3(a)
Bhows a longitudinal section of the bled-out sample. The "A" region is the
bled-out eutectic meteriml. The "B region 1s the ag~cast bar which was not
remelted, and "C" regien is the completely melted region. The middle region
"™" is where the eutectlc composition was remelted but the proeutectic phase
of Ni-Cr solid solution was not remelted. The bled-out eutectle portions were
stripped from the sample for chemical enalysic., The mlercestruecture of the
bled-out material of the "A" region was fully eutectic us shown in figure 3(b).
The chemical ccmposition of the bled-out eutectic materisl are in Table II.

Cn the btasis of this analysis, & neminal composition of Ni-18.60r-24.0Hf wug
selected to produce the pseudo-binary eutectic. The structure of thias alloy
when cast into a copper mold was found to be fully euteetic, confirming the
eutectic neture of the composition determined by the bleed-out technigue.

Characterization of the Ni-Cr-Hf Futectie

Directional sclidification of the Ni-18,6Cr-2U,0HL was conducted to pro-
duce sligned structures. Figure L{a) shows the microstructure of trancverse
section of a directionally sclidified sumple., The derk phage is the inter-
metnllic, and the light phase is the Nilr selid solution. The volume frac¢tion
of the reinforcing intermetailic phase 1s approximetely 0.5. The alignment of
the lameller plates parallel to the growth direction can be seen in the longl-
tudinal section of figure W(b).

Finer lemellar structures were produced with the increasing growth rate.
The interlaemellar specings decreased from about 1 p at 1 cm/hr to about 0.5 u
at 6 em/hr. The interlamellar spacing could be an experimental variable to
optimize the strength of the aligned eutectic. Inereassing golidificstlon rate,
which decreases the igterl&mellar spacing, was reperted to improve tensile,t
creep,l? and fatiguel® properties of lamellar eutectics.

Good alignment of the lamellar platelets in the Ni-18,ECr-2h.0HI eutectic
ves poseible belew s growth rate of about b em/hr with a thermal gradient of
about 250° C/em. For the growth rate of & em/hr, & transition from lamellae 6
rods or verhaps the formetion of some primary Ni-Cr solid solution cccurred in
the euteetic. The lamellar to Tiber transition was reported to be caused in
other eutectieslT by eitber a high growth rate (R} or & low thermal gradient
(G), which lower the ratig of G/B. The critical G/R is usually s constant
for a given nlloy system.® It is estimated to be 65° C hr em™2 for the
Ri-Cr-Hf eutectic by assuming G +to be sbout 250° ¢/em and R atout 4 em/hr.

The melting peint of these eutectlc 2lloys was in the vieinity of 1270° C,
The density of this alloy was about 9,1 g/em3.

Zr-Modification

. Substitution of Zr for Hf in the Ni-Cr-Hf system was made in erder to re-
duce density and to determine the effect of the substitubtion on structure.
Partisl or total substitution of Zr for Hf was pocsible while maintaining the
pseudo-binary euteéctic structure. Because of the much lower atomic weight of
Zr, 01.22, compared to 178.50 for Hf, the density of the Zr conteining alleys
was much reduced even though the stomic percent of HI plus Zr was held constant
et 9 a/o. A neminal composition of Hi-19.6Cr-2.9Hf-11.%2r resulted in a
pseudo-binary eutectic alloy with a density of about B.b g/emd, Figure 5
shows the microstructure of the transverse gection of the directionally solidi-
fied Ni-19,6Cr-2.0HI-19.9%r eutectic alloy. The alloy for which H{ was totelly
replaced by Zr had a density of 8.2 g/emd, The microstructure of the direc—
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tigngllx*polidified Ni—Cr-Zr esuteatic elloy s shown in rigure 6 i
The thermal gradient experienced in the directional solidification of
Ni-Cr-Hf,Zr and Ni-Cr-Zr eutectics wag wbout £0° €/ecm, The lower thermal gra-
dient than that used in the Ni-Cr-Hf eutectle, sbout 250° C/em, allewed B max-
imm growth speed of sbout 1.5 em/hr for the production of aligned structure.
The criticel G/R would be 55° C hr em™® by assuming G to be about 80° ¢/hr

end R 1.5 cm/hr.

Tdentification of Reinforeing FPhaces

The ldentification of the ‘reinforcing intermetallic phases Iln the
Ni~Cr~Hf, Ni-Cr-Hf,Zr, Ni-Cr-Zr eutectics was conducted by dissolving the ma-
trix Ni-C¥ solid sciuntion phase. The compositions of the intermetallic resi-
dues are pumrarized in Table III. The composition of the residue in Fi-Cr-Hf
can be expressed by (Ni,Cr}-Hfp, end that of the residue in Ni-Cr-Hf,Zr as
(Wi, Cr) (Hf,2zr)p. In the Ni-Cr-Zr eutectic, however, the compoaition of the
reaidue mey be expressed as (INL,Cr)gZr.

The powder X-ray diffraction péattern of the residue in the Ni-Cr-Zr
showed a FCC structure of AuBeg type,l3 corresponding te that of NigZr, The
¥-ray diffraction patterns showed the residues in Ni-Cr-Hf and Ni-Cr-Hf,Zr
sutectics to be complex notncubic types.

Comparison With Cther Lameller Eutectios

Table IV lists scme of the physical properties and growth parameters of
the three a’lcys studied in this investigation and of twe well known lamellar
eutectic alleys, NigAl-NizCb(y'-6)19 and the 6 percent Cr version of
Ni/Ni3Al-Ni3Cb(Y/Y'-G)3. The melting points of a1l the elloys are similar as
are their densitles except for the Ni-Cr-Hf alley which 1s considerably more
dense, ‘The Hf and Zr bearing alloys have larger volume fracticns of reinfore-
ing phare wnierh might contribute to high temperature strength but probebly et
the expense of low temperature ductility. Their criticel G/H and hence ease
of processing lle between those of the y/y'=8 and +v'-6.

P CONCLUDING REMARKS

The eutectic between (Ni,Cr) 7HTp and Ni-Cr solid solution was determined
experimentelly using a cnmputer-calculnted phese dlagram of the Ni-Cr-Hf gys=-
tem a5 a starting point., The miersstructure end seclidification behavior were
determined for this system end for two anslogous eutectic elloys in which ir
was partielly or completely substituted for Hf, The eutectic alloys Investi-
geted 81l had melting points of about 1270° € whieh is elose to those of y'-§
and y/y'-6. 'They were lemellar eutectics with sbout 0.5 volume fraction of
reinforeing phase, which is somewhat grester then that of the Ni-Cb{§) rein-
forced elloys. While the large volume fraction of reinfereing phase should
favor strength, it might also be expected to have a deleterious effeet on duc-
tillty.

The elloys containing high concentrations of Zr had the advantage of lower
densities than the allocy without Zr additions. Their densities overlapped the
densities ¢f ¥'=-8 and y/y'-é. The alloys conteining no Hf were reinforced
by a cubic intermetellic (Ni,Cr)sZr which mey enhance high temperature ductil-
ity by offering more slip systems than the complex nencuble structure of the
. Antermetallies in the Hf cortaining slloys.

A simple method was developed for experimentslly determining the eutectic
composition of new systems. Eutectic material bled from the surface of off-
eutectic ingots during inecipient melting was collected for chemical anaelysis,
Even for ingots conteining more than 60 percent proeutectic phase in Ni-Cr-Hf,
it was possible to obtain, in & single step, & composition that could be grown
as an in-situ composite. It is evident that the compositions obbained did net
represent invariant eutectics because they required a finite G/R to produce
plane front grewth., Perhaps, the true invariant eutectic compositions could
have been found by iterations of the method with bars successively close to
the eutectic. "
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TABLE IX. - RESULME OF BPECTROGHAFHIC

ATALYSES OF THE BLED-OUY MATERIALE

Shoguned to be § in writing the formula of (Hi.Cr)gZr.

TABLE IV, - PHYSICAL FROPERTIES ARD SOLIBYFICATION PARAMETERS OF LAMELLAR FUTECTIC ALLOYS

Materisl Purity {wio) Farm Supplier IN Nie30.3 CreB, OHE ALLOYS
Hi 92.9 Blectrelytie chips | IHNCO Eomple Compenition, wo
Cr 99.5 Eleetrclytie ehips | Unlon Curbide number
Hf 99,8 Epotige AMAX ni Cr ut 2r
(2,35 pereent Zr
tnciuded) HE-2-1 59,3 15.9 23.7 1.1
2r Resster grade Epenge A KE-2-2 60.5 15.6 22.8 1.0
HE=2-3 61.5 16,1 21,1 1.0
HE-2 59,6 16.9 ag.k 1.1
TABLE TII. - COMPOSITIONS OF THE INTERMETALLIC RESIDUES BY ARC EMISSION
BPECTROGRABNIC ANALYSIS
Alley Cempooition, wb.% {at.%) Formule
i1y Zr tr 1 at.ggn1+cr%
at, 4{HI+Zy
Wi-Cr-Et | L. {21.2}| @3 (6.2) 0.6 (3.2} | 5h.2 {77.5) | — (28] | (M, 2edlity
Bi-Cr-lit,ze | 5,70 {2.16) | 26,70 (19.80) [ 0.50 (1.2%)] 66.7 {76.87) | --- (2.5} |, crdpliir,2rlp
Ni-GraZr e | 25,7 (20,50 | 1.6 {3.3) | 72,7 (hg.2) w— ALY | (B Cr)gRr

Froperties Byptenn
Mi-tr-HE Hi-Cr-Ht 2 Hi=tpr-tr vipted (ret. 3) =6 {ruf. 19}
Hi/Mighl-1iq0b-60r [ Mighl-tiisth
de}ting point, 270 1270 1270 1270 1280
¢
Density, g/ees g.1 8.4 8.2 8.5 8.4
Vol.,% of 50 50 1] 37 kb
reintorcunent
Identity of (UL, Cr ) plity (i, 0rdq (8,20 ds | (L, Cr}slr Hiqlh NizCh
reinforeement ¥
Crystul structurz | Unknown-complex | Unknewn-complex Fee Orthorhombic Orthorhonbie
ol reinforcement nenéuble napouble
Interlaceliur ip et R =1 Le2uat E#2,52uat B=1 | 3pat He3 {mfr) |30 st Re 2
spacing {en/hr) {em/hr ) {ew/hr) {emihr)
BG/R, °C he ew™S €5 55 55 150 <15

40/ 1o @ eritieal ratie of thermal gradient (C) over rote of growth (R) far the cordition of
coupled eriented growsh.
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Figure 3, - Metallographical study of Ni-30.3 Cr-
8.9 Hi alloy,
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Figure 4. - Micrusiruciures of Ni-18,6 Cr-24.0
HI DS eutectic, R = 2 cm/hr,
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(b) MICROSTRUCTURE OF THE BLED-OUT REGION
("A") SHOWING FULL EUTECTIC STRUCTURE.
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Figure 3. - Concluded.
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Figure 4, - Concluded
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Figure 5. - Microstructure of DS eutectic of Ni-19.6 Cr-2.9
Cr-2.9H1-19.82r, R=1.3cm/hr,
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Figure 6. = Microstructure of directionally solidified
Ni-19.2 Cr-14.8 Zr eutectic alloy, R = 1.0 cm/hr,
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