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I. INTRODUCTION

In the present day search for new metals, interest has
arisen in yttrium metal due to its high melting point and
moderately low density. I¢s low neutron capture cross-sec-
tion also makes it an interesting metal for use in nmuclear
reactors. The results of Haefling's (1) investigation of
the immiscibility of uranium with the rare earth metals and
yttrium suggested the use of yttrium as a container for ura-
nium and uranium base alloys. Subsequently, Pisher and
Pullhart (2) found an yttrium crucible would contain molten
uranium-chromium eutectic for 3000 hours without appreciable
attack. To protect the yttrium from atmospheric corrosion
in this work, it was ¢lad with a2 nickel-rich stainless
steel; however, a low melting phase formed where the yttrium
wag in contact with the steel. To investigate the cause of
this phenomenon, Haefling (3) made a survey study of yttrium
systems with chromium, manganese, iron and nickel and found
an 18 wt. % Ni (weight percent) alloy to melt at approxi-
mately 900%¢. No other reference to work on nickel-yttrium
alloys was found in the literature.

An application of Hume-Rothery's rules of alloying
based on size factor, electronegativity and valency pre-
dicted negligible terminal solubility and possible compound
formation due to the electronegativity differences of



yttrium and nickel.

Vogel (4) in a study of the eystems of cerium, lantha-
num and praseodymium with nickel found 6 compounds of the
same formula in each system, i.e., Rslt. RNi, Rll..‘,. nn,.
th‘. and Blt,. Since there ies a great similarity between
yttrium and the rare earths, compound formation was likely
to occur also in the yttrium-nickel system. Vogel (4) ob-
served that the ability to form compounds with the rare
earths diminishes in the order nickel, cobalt and iron while
no compounds are formed with manganese, chromium and tita-
niun. Available data on yttrium systems with these elements
indicate similar behavior, except that a slightly greater
tendency toward compound formation occurs. Simple eutectics
with limited solid solubility have been found in the
yttriun-titanium (5) and yttrium-chromium (3) systems, but
at lesst 1 compound, Yiin, (3) is present in the yttrium-
manganese system. In the case of yttrium-iron, at least 4
compounds are present (3), while only 2 are present in the
cerium-iron (6) and no compounds are present in the lantha-
num-iron (3) system. MNetallographic examination by the
author of 2 alloys in the central portion of the yttrium-
cobalt system showed at least 3 intermetallic compounds
present in this system.

The alloying behavior of plutonium might also be used
in predicting the nature of the yttrium-nickel system. As
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is the case with the rare earth-nickel systems 6 compounds
are also present in the plutonium-nickel system (7); Puli,
Pu!ia, Pn!l,, Pu!14. ?ulis and Pu2!117. The latter compound
is not present in the cerium-nickel system and the 00331
prototype is not present in the plutonium-nickel system.

In discussing the alloying behavior of plutenium,
Konobeeveky (8) noted that there is an inorease in the num-
ber of intermetallic compounds formed with plutonium with
inereasing atomic number of the transition element - an
observation very similar to that of Vogel's (4) concerning
the rare earth metals and the first transition series.
Ellinger (9), in a review of the intermetallic compounds of
plutonium, points out that the transition metals of group
VIII and the B subgroup elements tend to form the most
intermetallic compounds with plutonium.

On the basis of the trend in the alloying behavior of
yttrium with the first transition series as compared with
the trend noted by Vogel (4) for the alloying behavior of
the rare earths with these elements, the large number of
compounds in the Ce-~Ni system, and the alloying behavior of
plutonium with nickel, one might expect at least 6 compounds
to form in the nickel-yttrium system. The present study was
undertaken to confirm these predictions of low terminal
80lid solubility and compound formation and to establish the
general alloying behavior of yttrium with nickel.
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II. EXPERIMENTAL
A. Materials

The nickel employed in this investigation was "Baker
Analyzed" reagent nickel shot of 99.9% purity. The major
impurities in the nickel were: 30 ppm Pb, 80 ppm Co and
400 ppm Fe. Trace amounts of Cr, Cu, Mg, Si and Ca were
also present. The impurities in the yttrium used can be
divided into 2 types - metallic and non-metallic., The major
metallic impurities were 180 ppm S5i, 100 ppm Fe, 50 ppm Cu,
30 ppm Mg, 10 ppm Ca and 5000 ppm Ta or a total metalliec
impurity of approximately 0.54 wt. %. Tantalum was intro-
duced into the yttrium metal during the reduction process in
tantalum crucibles. The major non-metallic impurities were
1700 ppm 02. 200 ppm C, and 430 ppm '2 or a total non-metal-
lic impurity of approximately 0.23 wt. %.

To ealculate the amount of yttrium metal present in the
samples, it was assumed that the oxygen, nitrogen, and car-
bon were present as !205. YN, and !30. It is believed that
these compounds present in the yttrium did not enter the
alloying reaction since the heats of formation of yttrium
carbide, nitride and oxide are considerably higher than the
nickel carbide, nitride and oxide. In addition, dendrites
of these impurities were still present in the alloys.
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B. Preparation of Alloys

All the alloys examined were initially formed by co-
melting the 2 metals in an arc melting furnace. The buttons
were inverted at least 3 times and remelted each time to en-
sure homogeneity. Negligible weight loss ocecurred during
the arc melting process, maintaining the intended composi-
tion of the alloy during preparation. Chemical analysis of
the alloys in all cases was within 0.5 at. # (atomiec per-
cent) of the intended composition.

C. Examination of Alloys

1. Zhermal methods
The principle method used was time-temperature thermal

enalyeis employing Chromel-Alumel thermocouples in the low
melting portion of the diagram from 25 to 66 at. % nickel,
and Pt—Pt-13%Rh thermocouples in the remaining portions.
The furnace used for thermal analysis was a split-tube
graphite resistance furnace shown schematically in Fig. 1.
This furnace was operated in either a vacuum or an inert gas
atmosphere and could easily reach 1600°C under these condi-
tions. A 10 KVA stepdown transformer supplied approximately
2% EVA of power at 10 volts to achieve the highest tempera-
ture.

Several different crucibles were used depending on the
composition of the alleoys. Tantalum crueibles worked well
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Pig. 1. Schematic diagram of the furnace used for thermal
analysis.
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from 0 to 50 at. % Ni, but a reaction between the crucible
and melt was noted with greater than 50 at. % Ni. Mg0 cru-
eibles were used from 50 to 66 at. % Ni, but when the maxi-
mum temperature required in thermal analysis exceeded
1150°0. a reaction occurred between the crucible and melt
depositing a white powder between the melt and erucible.
X-ray analysis of this white powder showed it to be !203
resulting from the reaction of yttrium with MgO. Since the
!20, did not dissolve in the alloy, the use of !203 as a
suiteble orucible material was indicated. The ceramic fab-
rication department of the Ames Laboratory fabricated !20,
erucibles which proved to be very satisfactory for thermal
analyses of alloys from 67 to 100 at. % Ni.

The "bottom" thermocouple arrangement shown in Fig. 1
was used only when tantalum crucibles were used, due to the
difficulty of fabricating bottom thermocouple wells in ce-
ramic crucibles. When the thermocouple was placed in the
furnace from the top, "vitreous refractory mullite" tubes
obtained from the McDanel Refractory FProcelain Company con-
taining 53 wt. % Al,0; and 47 wt, % 810, were used as ther-
mocouple wells. The inside dimensions of all erucibles used
wvere 3/4" X 2" high. After initial formation in the arc-
melting furnace, the alloys containing from 25 to 95 at, %
Ni were brittle, enabling them to be crushed in a diamond
mortar and placed in the crueible. Alloys containing O to



25 and 95 to 100 at. ¥ Ni were less brittle and were cast
into the crucibles by induction heating before thermal anal-
ysis. The thermocouple was positioned so as to be 1/3 the
height of the melt from the bottom of the crucible.

A constant heating and cooling rate of 5 degrees per
minute was obtained by a motor drive on a variable trans-
former connected in series with the step-down transformer.
As will be discussed later, faster heating and cooling rates
obtained by manual operation of the variable transformer
were used in the region from 70 to 83 at. % Ni to establish
the peritectic horizontals in this region. The heating and
cooling curves were plotted automatically on a 2-pen Bristol
recording potentiometer.

The Pirani and Alterthum (10) method, commonly known as
the melting point bar method, was used on 3 alloys between
91 and 97 at. % Ni to establish the melting point of the
!2!117-31 eutectic. The results were later verified by
thermal analysis.

Annealing and quenching studies were made of various
alloya to establish the composition of peritectie compounds,
the composition range, if any, of the various compounds in
the system, and the solubility limits of the metals in each
other. To anneal below 800°C, the samples were sealed in
Vycor under a partial atmosphere of helium, while samples to
be annealed between 800 and 1100°C were semled in silica.
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To anneal at temperatures between 1100 and 1250°C, the sem-
ples were sealed in type 3504 stainless steel bombs with
yttria liners under a partial atmosphere of helium. Quench-
ing of the samples was carried out by dropping the capsules
into water and breaking the capsule immediately after con-
tacting water. Since the stainleses steel bombs did not per-
mit fracture, quenching rates were naturally slower. How-
ever, from a temperature of 1250°0, the bombs were below a
red heat in 5 seconds and at room temperature in 15 seconds.

2. Hetallographic methods

Standard polishing technigues were used in the prepara-
tion of samples for metallographic examination. An etchant
containing 3/4% HNO, by volume in absolute aleohol (3/4%
nital) was found to be satisfactory for alloys from O to
60 at., % Ni with etching times ranging from 1 to 15 seconds,
while a 5% solution of Blo5 by volume in sbsolute alcohol
(5% nital) was used for alloys from 60 to 84 at., % Ni. For
alloys containing from 84 to 99 at. % Ni, a solution con-
taining 1 part concentrated nitric acid, 1 part concentrated
acetic acid and 1 part water was used and Carapella's re-
agent which contains 5 g. of ferric chloride, 2 ml. of con-
centrated hydrochloric acid and 99 ml. of absolute alecohol
was used for alloys between 99 and 100 at. % Ni.
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3. Xoray methods

Single erystal methode were used to characterize the 3
intermetallic compounds YNi, !!15 and !21117. The single
erystals were obtained from shrinkage cavities of alloys
containing 53, 70 and 91.5 at. % Ni in which the phases
studied were the primary phase. The lattice constants of
these compounds were determined from rotation patterns and
gero level Weissenberg photographs.

Powder patterns taken with & 57.5 mm. radius Debye-
Scherer camera using CuKg radiation were used to identify
the various phases present in multi-phased alloys; %o deter-
mine the lattice constants of !liz and !Iisg and to verify
the structure of YNi, and !lt,. Powder specimens of the
nassive samples were prepared by filing or orushing the al-
loy, plaeing the powder in pyrex capillaries and annealing
for 3 hours at 400°C to remove the effects of cold working.
To identify the phases in multi-phased alloys, the alloys
were first polished and etched, then samples for X-ray anal-
yeis of each phase were cut out under a binocular microscope
using a biological scalpel.

The lattice constants of Y§i, and !lt, were determined
by a Cohen's (11) least squares treatment on an IBM 650 com-
puter. In order to establish the composition range of !liz.
alloys from each side of YNi, were annealed at 950°,
quenched and the lattice constant of !liz in each alloy was
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determined. Since the unit cell was smaller on the nickel-
rich side of !liz. the composition range of the !Ilz was
calculated by assuming the volume contraction was due %o the
substitution of nickel for yttrium in the lattice.

4

The density of each phase for which lattice constants
were obtained was determined by conventional pyenometric
methods ueing 001“ ag the immersion fluid. A 10.629 ce.

pycnometer and 4 co. of sample were used.

The magnetic transition temperature of nickel and
nickel-rich alloys was determined by observing the tempera-
ture at which the magnetic force of attraction between the
sample and an Alnico magnet changed suddenly on heating and
cooling. Though the method was rather crude, good precision
was obtained. The temperatures noted on heating were 356°C
(Pure Ni), 358°C (96.3 at. % Ni), and 356°C (93.2 at. % Hi)
while the temperature noted on cooling was 350°C in all 3
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III. PRESENTATION AND INTERPRETATION OF RESULTS

The phase diasgram shown in Fig. 2 was constructed from
results of thermal, metallographic and X-ray studies on the
#i~Y system.

mrm-u-manzamm,wtmm
metallographic studies were confirmed by a structure analy-
sie, while the formulas assigned Y51, nu, and !211" were
verified by mensured density and unit cell volume considers~
tions. The formulas r,u. x,n,. rzn., and YNi, were as-
signed from thermal and metallographic studies, and their
existence was verified by X-ray studies. EHvidence for the
composition range indicated for YNi, and !‘lt, by dashed
lines in Fig. 2 was observed experimentally as will be dis-
cussed later, but since a complete study of composition
versus temperature was not made, only an estimate of the
slope of the solvus ie presented.

Ae Thermal Results

The results of thermal analysis are plotted graphically
in Fig. 2. A tabulation is made in Table 1 of the composi-
tion and melting point of the intermetallic compounds and
the eutectics, and the melting point of the pure metals.

Changes in slope for the liguidus on time-temperature
curves were easily observed with heating and c¢ooling rates
of 5 degrecs per minute over the entire composition range.
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Table 1. Melting points of metals and alloys.

Nominal
Type of
Formula at.®PNi wt.BNi ..i:::;

Temperature of

—

Y
Y, 25400
YN, 40,00
YN4 50400
i, 66.67
!It, 75.00
YN, 77,78
YHi, 80,00
T, 83.33
e 89.47

Ny 100
Euteotic

!,li-r,ltz 34,80
!l1~!'li.2 5750

!2l117-11 93.30

18.03
30.56
39.76
56.90
66.44
69.79
T72.53
76.75

84.87

100

26.05
47.18

90.18

Congruent

Incongruent
Incongruent
Congruent

Incongruent
Incongruent
Incongruent
Incongruent

Congruent

Incongruent

Congruent

150945
90214
82044

107043

110643

123745

129845

134048

143045

1330410

145543

80514

95043
128545

2768418
165647
150847
195845
202345
225919
236849
2444414
260649
2426418

265145

148147
174245
234549
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Isothermal arrests were observed for the various solidus
temperatures from O to 70 at. % Ni and from 83 to 100 at. #
Ni with the same heating and eooling rate., However, in the
region from 70 to 83 at. % Ni, due to the large number of
overlapping peritectic horisontals, only slight changes in
slope were observed for the various horizontals when rates
of 5 degrees per minute were used. It was found that rates
of approximately 40 degrees per minute gave short, repro-
dueidle isothermal arrests for each horizontal. The repro-
ducibility of these arrests on heating and ceoling (+ 5°)
was taken as evidence for the accuracy of this method.

Due to the large number of compounds from 66 to B84 at.
% Ni, alloys were prepared at approximately 1 atomiec percent
intervals in this region. The pointe at which the peritec-
tic horizontals of !liz, !'13' !2117, and !lia intersect the
liquidus were established by extrapolating the solidus to
the liquidus. Since thermal analyses were run on alloys at
emall composition intervals, the amount of extrapolation
necessary wae small, The data for the peritectic decompo-
sition temperature of Y2l117 (86-91.0 at. # Hi) were not as
reproducible as data for the other parte of the system, but
this is believed to be due to the large curvature in the
solidus of !lis between 83.4 and approximately 85.0 at. %
Ni. Points on the !lis solidus as shown in Fig. 2 were
noted as changes in slope on the time-temperature curves.
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The agreement between the points obtained by thermal
analysis and the method of Pirani and Alterthum (10)(shown
as filled circles in Pig. 2) for the Y, i, = Ni eutectic
horizontal was very good. Extrapolation of the thermal data
indicated the I21117 peritectic horizontal ozttngn to 91.0
at. % Ni which was confirmed by metallographic methods.

B. Metallographic Results

The solubility of mickel in yttrium at 900°C was found
to be approximately 0.2 at. ¥ Ni by the disappearing phase
method. A 13 at. % Ni alloy (see FPig. 3) shows alpha yt-
trium surrounded by the incongruent melting compound !slt.
Since this alloy is in the as arc-cast condition and no
eutectic is visible within the I,li grains, the peritectic
horizontal of !511 apparently does not extend appreciably
beyond the compound composition. This is also indicated by
Fig. 4 in vhich a 25.4 at. % Ni alloy in the as arc-cast
condition shows !311 ne the primary phase. Extrapolation of
thermal analysis data indicated the !,li periteetic horizon-
tal extends to 25.6 at. % Ni as shown in Fig. 2. The formu~
la !’li for this compound was indicated by thermal data and
verified by Fig. 4 which shows a 25.4 at. % Ni alloy to be
nearly 1 phase with a slight amount of eutectic surrounding
the primary erystals. The composition of the Y _Ni -~ Y_Ni

3 )y e
eutectic was shown to be 34.8 at. % Ni from an alloy of this
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composition which was pure eutectic (see Fig. 5).

The peritectic nature of Y,ltz is shown in Fig. 6 which
is a photomicrograph of a 39.9 at. % Ni alloy in the as arc-
cast condition. Primary YNi is surrounded by I,lia which in
turn is surrounded by the !,!1 - !3112 euteotic. The formu-
la !,llz was assigned this compound since the 39.9 at. % Ni
alloy shown in Fig. 6 was nearly 1 phase after a homogenis-
ing anneal at 795°C for 120 hours (see Fig. 7). A 36.3 at.
# Ni alloy in the as arc-cast condition still contained YNi
as the primary phase (see Fig. 8) thus the !,liz peritectic
horizontal extends to at least this composition. Extrapola-
tion of thermal data indicated the horizontal extends to
35.7 at. % Ni.

The formula YNi was indicated by metallographic exami-
nation of a 49.8 at. ¥ Ni alloy which contained primary YNi
with a slight amount of !5l12 in the grain boundaries (see
Fig. 9). This formula was confirmed by X-ray analysis as
will be discussed later.

The composition 57.5 at. % Ni was indicated for the
L - 1112 eutectic since an alloy of this composition was
pure eutectic (see Fig. 10). Fig. 11 shows THi, in equilib-
rium with eutectic in a 60 at. ¥ Ni alloy. The !Iiz peri-
tectic horizontal apparently does not extend beyond 65.5 at.
% Ni, since an alloy of this composition in the as arc-cast
condition shows YNi, as the primary phase (see Pig. 12).



Pig.

Fig.

Fig.

De

4

5.

13 at. % §Hi, As arc~cast. Alpha yttrium
in a matrix of r,n. Black spots are im-
urity dendrites?{ Etched 1 second in
/4% nital. X200.

25.4 at. ’ i, As arc-cast.

Y3ii surrounded by a small amount of
eutectic. Black spots are hpurix den~
;533"° Etched 1 second in 3/4% nital.

“08 at. ’ Ni. As arc-cast. Pure !,.1 -
:zlt eutectic. ZHtched 2 seconds in” 3/4%
taf. X1

39.9 at. % Ni. As arc-cast. YNi sur-
rounded by YsNip in turn surrounded :{
;ggsotlo. Etched 5 seconds in 3/4% nital.
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Fig. &.

Fig. J.

Fig. 6.

5.

Fig.



Pig. 7+ 39.9 at. % Hi. Annealed at 795°%C for
120 hours. Ysliip with a slight amount
;geglz. Etehed 5 seconds in 3/4% nital.

’1‘0 8. 36.3 at. ’ Hi. As aro-cast. Slith.t
amount of YNi surrounded by ¥YzNip in
turn surrounded by eutectic, Etched 5
seconds in 3/4% nital. X200.

Pig. 9. 49.8 at. % Ni. As arc-cast., YNi with
glight amount of Y3Hiz in the grain
boundaries. Black spots are 1nyn11;y
dendrites. Dtched 6 seconds in 3/

nital. X200.
Pig. 10. 57.5 at, % Hi. As arc-cast. FPure
i - YNip eutectic. Etched 1 second
in 5% nital. X1000.
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The peritectic nature of the compounds !liz. !Ii,,
!2111, and !li“ was indicated by the series of arrests ob-
tained by thermal analysie of slloys between 66 and 83 at.
% Ni. Metallographic examination of alloys in this region
in the as are-cast condition showed them to be multiphased
alloys (see Pig. 13). However, when alloys of the composi-
tion of the compounds were annealed at temperatures Jjust
below their peritectic decomposition temperatures, 1 phased
alloys resulted. X-ray powder patterns of these 1 phased
alloys were used in the identification of the phases present
in multiphased alloys.

Fig. 14 shows 1 phase present in a 66.7 at. % Ni alloy
after a homogenizing anneal at 945°C for 100 hours indicat-
ing the formula !lla. An X-ray structure analyeis of this
phase confirmed the formula !liz. The multiphased alloy
(75 at. % Ni) shown in Pig. 13 wae nearly 1 phase as shown
in Pig. 15 after homogeniszing at 1100°¢C for 150 hours indi-
eating the formula !li,. The formula !li, for this compound
was confirmed by X-ray diffraction studies as will be dis-
cussed later. A 77.6 at. ¥ Ni alloy after annealing at
1150°¢ for 240 hours was nearly 1 phase (see Fig. 16) indi-
cating the formula !2317.

The phase Yli4 is characterized metallographically by
the presence of microerascks in its microstructure (eee
Fig. 17). Also, the lines on X-ray powder patterns of YNi,
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12.

13.

14,

60.0 at. ’ Ni. Cooled ‘1”1’. !’liz
gl.tu eutectic., Etched 1 second in
% nital. X200.

65.5 at. % Ni., As arc-cast. YNip
ghu eutectic, Etched 1 second in
% nital. X200,

75.0 at. % Ni. As arc-cast. Ve

ht amount of YNi, surrounded
Y2Hins surrounded by YNis in turn sur-
mnxod by YNip (darkes z:;n).
Etched 5 seconds in 5% nital. X200.

66,7 at. % Ni., Annealed at 945°C for
100 hours and quenched. YNip, Etched
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are quite diffuse in the front reflection region and fade
out completely in the back reflection region. These char-
scteristics suggested a phase transformation in this com-
pound; however, thermal analysis of an alloy containing
80.1 at, % Ni which was first homogenized at 1250°C showed
no thermal arrests between room temperature and 1330°C. The
microcracks could also be explained by a large contraction
of the unit cell in 1 direction on cooling; the resulting
distortion of the lattice would also explain the diffuse
X-ray diffresction pattern., Figse. 18 and 19 show 2-phased
alloys from each side of rli‘ with nominal composition of
78,9 =2nd 81,2 at. % Ni respectively. The 2 phases present
in each alloy were identified by X-ray analysis. The sam-
ples for X-ray analysis were dug out under a binocular
microscope by use of a biological scalpel.

The compound !lis is shown in FPig. 20 (83.4 at. % Ni)
to be 1 phase in the as arc-cast condition indicating the
congruent nature of this compound. Thermal results also
show !lis to melt congruently.

The solubility of Ni in !!15 was proposed from thermal,
metallographic and X-ray evidence. Pointe on the solidus
were obtained by thermal analysis. An 84.5 at. % Ni alloy
which had been amnnealed at 1150°C for 240 hours and quenched
was 1 phased (see Fig. 21), The X-ray evidence for this
composition range will be discussed later.



Fig.

Pig.

Pig.

15.

16.

17.

i8.

75.0 at. % Ni. Annealed at 1100
for 150 hours and cooled rapidly.
YNi3 with slight amount of YNi,
present. Etched 15 seconds in 5%
nital. X200.

77.6 at. % Ni. Annealed at 1150%
for 240 hours. Y¥YpNi7 with small
amount of YNis present, Etohed 20
seconds in 5% nital. X200.

80.1 at. % Ni. Annealed at 1250%
for 1 hour. YNi4 which is ified

microcracks (see text). teched
25 seconds in 5% nital. X200.

78.9 at. % Ni. Annealed at 1150°C
for 240 hours. YNi, (eracked phase)
plus Y2Ni7. Etched 25 seconds in
5% nital. X200.
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The peritectic nature of !2l111 was shown by peritectic
rimming in an as arc-cast 89.9 at. ¥ Ni alloy (see Pig. 22).
This alloy when annealed at 1250°C for 1 hour was almost
pure compound with some nickel present (see Fig. 23) indi-
cating the formula !2l117. An 89.4 at. % Ni alloy was 1
phase as shown in Fig. 24 confirming the formula Izl117.

The !2'11? peritectic horizontal apparently does not extend
appreciably beyond 91.0 at. % Hi, eince in a 91.3 at. % Ni
alloy in the as arc-oast condition, 123111 is the primary
phase with no peritectic rimming (see Pig. 25). Extrapola-
tion of thermal data indicated the horizontal extends to
91.0 at. % Ni. Pig. 26 shows pure eutectic at a composition
of 93.3 at. % Ni.

The solubility of yttrium in nickel was shown to be
low, since a 0.33 at. % Y alloy annealed at 1250°C and
quenched had an appreciable amount of a second phase present
(see Fig. 27) while in a 0.14 at. ¥ Y alloy annealed at
1250°C and quenched, only a slight amount of the second
phase is still present (see Fig. 28).

C¢ Xeray Results

The results of X-ray analysis of the intermetallic com-
pounds present in the nickel-yttrium system are outlined in
Table 2. The X-ray resulte for each compound are discussed
in the following paragraphs.
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Fig.

Fig.

Fig.

19.

20.

21.

22.

81,2 at. % Ni. Annesled at 1150%
for 240 hours. YHNis plus YHi,
{(eracked phase), Htched 25 seconds
in 5% nital. X200,

83.4 at. % Ni. As are-cast. YHi
with a few impurity dendrites. Etched
1 minute in 5% nital. X200.

84,5 at., % Ni. Annealed at 1150% for
240 hours and cooled rapidly. One
phased 1!136 Stched 1 minute in 5%
nital, X200.

89.9 at. % N1, As arc-cast., YHis
surrounded by YpNij7 surrounded by
eutectic (black due to over etching).
BEtehed 6 seconds in nitric-acetic-
water etchant. X200.
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Fig.

Fig.

23.

26.

89.9 at. % Ni, Annealed at 1250%

for 1 hour. 231111 plus small amount
of nickel. Etched 4 seconds in nitric-
acetic-water etchant. X200.

89.4 at, % Ni. Annealed at 1250%C for
1 hour, Fure YpNijy7. ZEtched 7 seconds
in nitric-acetic-water etchant. X200,

91.3 at, % Ni. As arc-cast. YoNijq
plus eutectic. Htched 6 seconds in
nitric-acetic~water etchant. X200.

93.3 at. % Ni. As arc-cast. YoNij7-Ni
eutectic, Etched 3 seconds in nitric-
acetic-water etochant, X500.
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24.

ig.

F

23

Fig

Pig. 26.

Fig. 25.



Fig. 27. 0.33 at, % Y, Annealed at 1250°C for
1 hour and cooled rapidly. Ni plus
Yoliiy7 (eutectic). HEtched 5 seconds
in cultpolla'- reagent. X100.

Pig. 28. 0.14 at. % Y. Annealed at 1250°C for
1 hour and cooled rapidly. KNi plus
slight amount of YpNij7 (eutectic).
Etched 5 seconds in Carapella's re-
mnt « X100,



Table 2. X-ray diffraction results.
Lattice Density
Molecules
stal  Space paramefers pe X-ray  Measured
Compound class group (in A) unit cell (g./ce.) (gs/cc.)
!,u ?
r,nz ?
n’. ortho- 7 a= 4.193.02 6.10 6.00
rhombic b= 5.51+.02
e = 7.121.02
mz f.c.c. OZ"“’- .o = 1.1813.001 T.40 T.33
(015 W)
Yii, rhombo~ (allowable) a = 8.60+.02 7.55 7.53
hedral R3m & = 33%8"
R3m
R32
tzn., ?
b 4

Yli.‘

114



Table 2 (continued).

Lattice Density
Molecules
Crystal  Space J— per X-ray  Measured

Compound class group (in A) unit cell (ge/cc.) (ge/ce.)
THy, hexag-  Dg,- 8,=48834+.001 1 7.75 7.84

05/ mmn c .‘3 B 9‘7‘0%1
Izli.l? hexag- (allowable) a = 8. 344.02 2 8.01 8.23

onal 06/mme e = 8,08+.02
Céme

CB2¢

9¢
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1. Y.Ni
ot ot

Due to the complexity of the powder pattern of this
compound, difficulty was encountered in picking a unique
unit eell.

2, Y. N1
———2
X-ray powder patterns of this compound also were very

complex.,

3. ¥Hi
Single crystals of this compound were obtained from

shrinkage cavities in a 53.0 at. % Ni alloy. It was found
to be orthorhombic with mmm Laue symmetry and the following
lattice constants: a = 4.102. b = 5.513. and ¢ = 7.122.

On the basis of 4 molecules per unit cell a density of

6.10 g./ce. was caloulated, which is in good agreement with
the measured value of 6.00 g./cc.

o EE&Z

Powder patterns of an alloy containing 66.7 at. % Ni
annealed at 950°C for 100 hours showed YHi, to be f.c.c.
with a, = 7.181 + .0012. YNi, appeared to be isostructural
with the parameterless Hgﬂuz structure, and thie was con-
firmed by comparing calculated and observed intensities for
YSi,., The structure has the space group O; - Pd3m with

8 Y at: 0003 1/4,1/4,1/4; + f.0.
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16 Wi at: 5/8,5/8,5/8; 7/8,1/8,5/8; 1/8,5/8,1/8;
5/8,7/8,7/8; + f£.c.
This structure is the 015 type - Laves phase. Table 3 gives
the observed and calculated sin® @ and intensity values for
!!12. The distances of closest approach obtained from the
above lattice constant are: Y = Y = 3,109 A, Ni - Ni =
2,538 £, and N4 - Y = 2,977 £.

A composition range was proposed for this compound from
metallographic evidence. To confirm this composition range,
X-ray powder patterns were taken of 65.2 and 68,1 at. % Ni
alloys which had been annealed at 950°C for 100 hours and
quenched. Lattice constants and unit cell volumes obtained
vere a_ = 7.183 3 .002% V = 370,478 and a, = 7.164 3
0018 V = 367.584° or o contraction of 2,89%° from the
yttrium rich to the nickel rich side. A substitution of 1
atom of nickel (8.082’) for 1 atom of yttrium (25.5335) per
6 unit cells would asccount for this contraction. If this is
the case the composition range would be approximately 0.7
at. #. OSince the 65.2 and 66.7 at. # Wi alloys had the same
lattice constants, it was assumed the composition range ex-
tended to the nickel rich side of !Iiz as shown in Fig. 2.

The lattice constants of analogous compounds of lantha-
num, cerium and praseodymium with nickel are listed in
Table 4.
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Table 3. Observed and ealoulated -1n20 and intensity values

for Ylia.
Index 81n?°ob-. 31”?°onlo. Iobs. Iealo.
111 e - 03‘57 S oq'
200 o 04610 e e 0
220 .09385 09220 Vst 6,216
311 «12843 «12677 Vvst 15,310
222 «14033 «13830 VSt 4,269
400 .18684 « 18440 VW 144
331 +21925 «21897 e 2.6
420 ——— « 23050 ———— 0
422 «27893 «27659 M 2,245
511, 333 «31319 « 31117 Vst 4,400
e 37042 « 36879 8t 5,489
531 ———aen 40337 — 28
600 e 41489 ——— 0
620 45833 +46099 vvw 93
533 49406 49557 M 1,652
622 +50559 «50709 M 1,493
Lidids e «55319 e 28
711, 551 e «58776 e T4
640 e «59929 —— 0
642 64602 «64539 W 1,438
731, 553 67984 «67996 8¢ 2,760
800 « 73704 + 73759 v 1,049
733 R « 77216 ——— 71
820, 644 e « 78369 —— 0
822, 660 .82895 +82978 i 1,383
751, 555 +86305 (o) +86291 8t 2,737
86781 (dp) 86727 W
662 87425 (0l1) 87441 M 1,829
87884 Ma ) 87883 v
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Table 4. Lattice constants of some Laves phases.

)

Compound Lattice constant in A
Laii, 7.24%
Prii, 7.102*
CeNi, 7.189"
7.178°

f%he value of Laliz is somewhat uncertain. See
Vogel (4).

Bsee Pulling et al. (12).
®see Nowotny (13).

The composition range of Yliz noted in the present
study could explain the discrepancy in the lattice constants
of Celii, reported by Fulling gt al. (12) and by Newotny (13),
since no attempt was made by these authors to establish a
composition range for 0.!12. The uncertainty in the value
for Lnltz could also have resulted from a change in lattice
constants with composition.

There is s contraction of 0.49: in Y - Y distance in
!Ila as compared %o yttrium metal. The contraction of the
Ge - Ge (0.53%), La - La (0.58%) and Pr - Pr (0.53%) dis-
tances in the RNi, phase is explained by Laves (14) prima-
rily on the basis of strong polar forces, since electron
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transfer from lanthanum to nickel will not account for this
large contraction. However, Pauling (15) does explain the
La - La contraction in LaNi, on the basis of electron trans-
fer from nickel to lanthanum.

5. 111:

Single orystal studies on this compound showed it to
have m Laue symmetry. Observed reflections were -h + k +
1 = 3n, hhl where 1 = 3n, and hhl where h + 1 = 3n; there-
fore, the poseible spmoe groups are Hom, R3m and R32. The
non~primitive hexagonal unit cell dimensions determined from
rotation patterns are a = 5.00% and o = 24,308, Referred to
the primitive rhombohedral cell they become: a = 8.602 and
o= 33%8', The density caloulated on the basis of 9 mole-
cules per hexagonal cell was 7.55 g./cc. while the density
measured pycnometrically was 7.53 g./cc. confirming the stoi-
chiometry !lts.

ol - |
Powder patterns of this compound were guite complex and
attempts to index the patterns were unsuccessful.

« YHi
e B

The lines on powder patterns of this compound were dif-
fuse and attempts to index the patterns were unsuccessful.



8. YNi

Powder patterns of an alloy containing 83.4 at. % Ni
showed YHig to be hexagonal with a, = 4,883 1 0018 and
6, = 3:967 & 0018, YN, appeared to be isostructural with
the parameterless 0.0:5 structure, and this was confirmed
by comparing calculated and observed intensities of !li,.
This structure has the space group D%h - 06/mmm with

1Y at: (0,0,0)

2 Ni at: 3 (1/3,2/3,0)

3 ¥ at: (0,1/2,1/2)y (1/2,0,1/2)3 (1/2,1/2,1/2)

The calculated and observed sin’e and intensity velues
for !lis are given in Table 5 and the interatomic distances
are given in Table 6. (The observed sin°e and intensity
values were those of an 83.4 at. % Ni alloy.)

The variation in lattice constants with composition in
this compound appeared to be mostly in the "a" direction.
The lattice constants of !lis obtained from an 82,0 at. % Ni
alloy which had been annealed at 1150°C and quenched are
8 = 4:890 & 0058 and o = 3.962 1+ .005%; while those ob-
tained from an 84.5 at. % Ni alloy annesled at 1150°C ana
quenched were a, = 4,865 & 0058 and o = 3.967 & .005%.

. Iy
Single cerystals of this compound were obtained from
shrinkage cavities in a 91.5 at. % Ni alloy. It is
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Table 5. Observed and calculated sinze and intensity values

for Ynis.
2 a2
Index Sin"8,, . 91n70,.10. Iove. sale.
100 —— .03323 . 133
001 i .03776 b 23
101 07241 ~07099 5t 591
110 .10079 .09970 St 534
200 13444 13210 St 674
111 13924 L13746 VVSt 2069
002 ~15280 +15106 5t 653
201 217210 .%gzgg St 500
210 st +23180 S 12
112 .25181 -25076 M 230
211 .27332 - 26956 W 143
B = B i~ 3
501 .33755 . 33685 5t 437
003 e ~53988 gt .8
103 37431 '%Z%é% VW 4
220 . 39894 +39879 M-St 348
310 iy ~43202 i 4
221 s 43655 N 3
113 44113 43958 M-St 296
3 R 142978 . 58
2033 4157 47198 ¥ 2 84
400 53366 53172 W 7
222 +55105 .g:g:g Vst 4;3
1] 57357 4109 v E
312 bt .58308 P— H
ggg 60618 .gg;ig v 1;
104 i 63739 oy i 3
303 64083 .63897 M 215
321 .67069 .66918 Vi 47
402 68374 .68278 M 128
410 .69825 .69788 Vv 67
£ W= & 3
gg;} 73674 :;gggg Vst 2134
313 17276 277190 v 54



2 2
Index Sin"0,y., Sin"0,.10. Iove. Isale.
322 — « 78248 m— 5
500 ————— «83081 R 1.5
214 ———— «83596 e 6
412 84950 84894 M 174
501 - 86857 ———— 34
403 .87028 «87160 W 92
300 90286 (1) 90129 . 108
130645 (a3 90634
420 «92984 (&4 +«92895 M 248
«93336 (ep «93363
331 +93336 (o1 « 93347 8t 423
«93765 (o .93818
005 e - «94725 e 1
323 +»96949 1) 96966 M 141
97466 (Yp)  ,97426
Table 6. Interatomic distances in Ylis.
Reference Heighboring Dis e
atom atoms (in A)
Y 6Ri 2,821
12N1 3.147
111 3X 2.821
6N1i 2,433
liz 4y 3.147

41 2,442
481 2.433
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hexagonal with 6/mmm Laue symmetry and the following lattice
constants: & = 8.34% and ¢ = 8,085, The only systematic
extinotions were hhl for odd 1 so the allowed space groups
are 06/mme, O6me and C62¢c. The same Laue symmetry and sys-
tematic extinotions were found by Florio et al. (16) in
!h21117. By spatial and symmetry arguments, they concluded
"a“17 belongs to the space group C6/mme. Since the

r (12) radius of yttrium is 1.1972 and thorium is 1.1952

(17), 12'111 probably also belongs to the C6/mme space
group.

D, Magnetic Transition Temperature Results

The magnetic transition temperature of primary nickel
was unaltered by the addition of yttrium. HNone of the in-
termetallic compounds in this system were magnetic at room
temperature.

E. Yttrium Allotropy

The existence of an «-8 transformation and the temper-
ature at which the transformation occurs have been primarily
established by indirect experimental evidence as discussed
below. BSince the transformation occurs so close to the
melting point of yttrium, direct experimental evidence for
the transformation is difficult even in the pure metal.

In the present study, difficulty due to the presence of a
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liquid phase in alloys containing more than 0,1 at. % Ni was
also encountered. BElectrical resistivity studies on alloys

containing 0,04 and 0.08 at. % Ni were unfruitful due to the
small resistivity change which accompanies the 6~& transfor-
mation. Since the solubility of nickel in oryttrium is very

low, it is unlikely that the of~# transformation was altered

appreciably by the addition of nickel.

Evidence for the transformation of yttrium to a b.c.o.
phase was obtained from alloy studies of yttrium with other
metals that have a high temperature b.c.c. form, and with
magnesium. In the yttrium-lanthanum system, Valletta (18)
found a continuous series of solid solutions at high temper-
ature, thus indicating the hexagonal to b.c.c. transforma-
tion of yttrium. He estimated the transformation tempera-
ture to be 1460 to 1490°C from extrapolated thermal data of
the beginning and end of a transformation from hexagonal
yttrium solid solution region to 2 high temperature b.c.c.
solid solution region. Eash and Carlson (19) obtained a
temperature of 1490°C for the o/~¢ transformation of yttrium
from similar extrapolation of thermal data in the Th-Y sys-
tem and electrical resistivity measurements on pure yttrium.

Gibson end Carlson (20) in a study of the Y-Mg system
were able to quench a 1 phase magnesium-90% Y alloy from
900°C. The 1 phase was b.c.0. with an approximate lattice
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constant of 3.902. The same alloy on slow cooling exhibited
an eutectoid structure.
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IV. DISCUSSION

The general features of the nickel-yttrium phase system
of low terminal solubility and a large number of compounds
were expected from a consideration of Hume-Rothery's rules
and phase diagrams of the rare earths with elementa of the
first transition series, respectively. Since yttrium ap-
peared to be forming more compounds than cerium with ele-
ments of the first transition series, a greater number of
compounds wes expected in the nickel-yttrium system than in
the cerium-nickel systemj; this, too, was found to be the
case.

In discussing the alloying behavior of yttrium with the
transition elements listed in Table 7, two observations are
pertinent, The first is that no compounds are formed with
titanium, vanadium and chromium, while compound formation
ooccurs with manganese, iron, cobalt and nickel and the sec-
ond is that an increasing number of compounds is formed be-
tween yttrium and manganese, iron, cobalt and nickel. This
alloying behavior is rather surprising when one considers
the great similarity between each of the elements of the
first transition series listed in Table 7 in size, electro-
negativity and valence.

To explain the first observation, the theory proposed
by Pauling (21) fite quite well. He used the terms hypo-
electronic, hyperelectronic and buffer atoms and defined
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Table 7. Pertinent data on some of the d-transition ele-

ments.
Humber of
Radius Electro- Pauling's® ?::233‘5:tu
Element (r12)® negativity® valence yttrium
Y 1.797 1.2 3 -
Ti 1.467 1.6 4 0
v 1.338 1.7 5 0
Cr 1.276 1.6 6 0
Mn 1.268 1.5 6 >1
Fe 1.260 1.7 6 4or5
Co 1.252 1.7 6 ?
Wi 1.244 1.8 6 9

®5ee Pauling (15).

B3ee Gordy (22).

them as follows: “"Hypoelectronic atoms are atoms that can
inerease their wvalence by adding electrons; Hyperelectronic
atoms are atoms that can increase their valence by giving
up an electron; Buffer atoms are atoms that can give up or
accept an electron without change in valence." He divides
the elements into these 3 categories as shown in Table 8.
He then proposes that the strongest tendency toward



Table 8. Classification of atoms with respect to effect of change of electron
number on metallic valence.

Hypoelectronic atoms Atoms with stable valence Hyperelectronic atoms
I4 Be B ¢ E O F

Na Mg Al si ¥ s 0

Buffer atoms

K Ca Se T V Cr® Man Pe Or M Cu %n Ga Ge As Se Br
Rb Sr Y Zr b Ho®™ T¢e Ru Rh Pa Ag2 C4 In Sn Sb Te I
Ce Ba La Ce®

Ilu Hf Ta W® Re 0Os Ir Pt Au Hg TL Pb Bi Po At

%Phese 3 atoms can accept electrons but not give up electrons without
change in valence.

b!ho rare-earth metals may have some buffering power.

0s
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compound formation is between elements of different groups.
Therefore, we would not expect compound formation between
yttrium and titanium, venadium or chromium. (Chromium is
hypoelectronic with respect to yttrium sinece it can only
accept electrons without changing its valence.) Also, we
would expect compound formation between yttrium and manga-
neee, iron, cobalt and nickel.

Although any attempted explanation for the inerease in
the number of intermetallic compounds formed between yttrium
and manganese, iron, cobalt and nickel is mostly conjecture
without a complete structure analysis of all the compounds
present in these systeme, it appears that the progressively
greater number of 3d electrons present must be the determin-~
ing factor. Within a particular alloy system, such as
nickel-yttrium, it might be possible with a complete struc-
ture analysis of each compound to show the primary stabiliz-
ing factor for each compound to be geometric; but when one
considers the amall difference in the atomic radii of iron
and nickel, it is difficult to imagine size alone to be the
reason for the iron-yttrium system having 5 fewer compounds
than the nickel-yttrium system. The small electronegativity
difference between iron and nickel also does not appear to
explain the difference in the number of compounds present in
the iron-yttrium and nickel-yttrium systems. Pauling's
metallic valences listed in Table 7 show egual valence for
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iron and nickel; however, nccording to Massalski (23) the
valency of a transition metal may vary in different alloy
systeme and also vary with composition in a single system.
If we then assume a greater variableness in valency as the
number of %d electrons increcses, an increase in the number
of compounds would be expected in going from manganese to
nickel due to the increase in the number of bonds possible.

Another possible approach to the problem would be to
consider the various types of compounds formed in these ays-
tems. HMost structure types which have been studied exten~-
sively have been explained generally on the basis of elec~-
tron to atom ratios. Hume-Rothery's "electron compounds”
is the classical example of structure types stabilized by
a definite electron to atom ratio. Duwez (24) summarises
attempts by various authors to rationalize the sigma phase
in systems of the transition metals on the basis of electron
to atom ratio. Raynor (25) proposes that the stabiliging
factor for some compounds of aluminum with the transition
elements is a constant electron to atom ratio. On the other
hand, structure types such as lLaves phases appear to be sta-
bilized primarily by size effects with polar forces (14)
having an effect in some cases.

If we assume that a half filled 3d shell is a stable
configuration, that is, the electrons in a half filled shell
do not take part in compound formation, then compounds
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formed in the yttrium-manganese system should be those sta-
bilized primarily by sisze effects. Since the atomiec radii
of iron, cobalt and nickel are essentially the same as man-
ganese, the compounds stabilized by size should also appear
in the iron, cobalt and nickel systems with yttrium. Any
additional compounds formed in the iron-yttrium system
should then be compounds stabilized by an electron to atom
ratio. ©Since in cobalt, two 3d electrons over the stable
half filled shell are available, 2 greater number of com-
pounds stabilized by an electron to atom ratio should be
present and a atill greater number in the nickel-yttrium
systenm.

Some credence may be given the above discussion by the
fact that the Laves type phase (ABz) is present in the man-
ganese (3), iron (3), and nickel and possibly cobalt systems
with yttrium. As stated before, a complete structure analy-
sis of all the compounde present in these systems would be

most informative.
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V. SUMMARY

The nickel-yttrium phase system has been established
from results of thermal, metallographiec and X-ray studies.
General features which were found are low melting eutectics,
a large number of compounds, and low terminal solubility.

There are eutectics at 34.8, 57.5, and 93.3 at. % Ni
which melt at 805°¢, 950% and 1285°C respectively. There
are 9 intermetallic compounds, with YNi and !li, melting
congruently at 1070°C and 1430°C respectively, while the
remaining compounds, !5.1’ !5112. !112. !ll,. !2111. !li‘
and Y Ni,,, decompose peritectically at 902°, 820°, 1106%,
1237%, 1298%, 1340%, and 1330°C respectively.

The following erystallographic data for YNi, Ili,. and
!2l117 were obtained by single erystal methods: YHi ie
orthorhombic with a = 4,108, b = 5.51%, and ¢ = 7.12%;

YNi, is rhombohedral vith a = 8.60% and o= 33%s'; Y, Ni,,
is hexagonal with a = 8,34 and ¢ = 8.,08%. The compounds
!!12 and !lis appeared to be isostructural with the parame-
terless structures "50“2 and OaOus respectively which was
confirmed in both cases by comparing caleulated and observed
intensities. YNi, is f.c.c. with s, = 7.181£.001 end be-
longs to the o;r_rasn space group while 1115 is hexagonal
with a =4,8832,001% and e =3.967:.001% and belonge to the
Dg)—06/mmm space group. The formulas of Y,Ni, YyNi2, Y ii,
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and !ll“ were proposed from metallographic evidence and
their presence was confirmed by X-ray diffraction studies.

The magnetic transition temperature of primary nickel
was unaltered by the addition of yttrium. HNone of the
intermetallic compounds were magnetic at room temperature.

The solubility of nickel in yttrium was found to be
approximately 0.2 at. % at 900°C and the solubility of
yttrium in nickel was found to be approximately O.1 at. %
at 1250%,
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