NICKEL-GADOLINIUM PHASE
DIAGRAM

_ By M. 1. Copeland, M. Krug, C. E. Armantrout,
| and H. Kato

x » x x x x x x x » x reportofinvestigations 6566

UNITED STATES DEPARTMENT OF THE INTERIOR
Stewart L. Udall, Secretary

BUREAU OF MINES
Marling J. Ankeny, Director

24

DISTRIBUTHON OF THIS DOCUMENT S UNLIMITED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



This publication has been cataloged as follows:

Copeland, Mark I

Nickel-gadolinium phase diagram, by M. I. Copeland [and
others. Washington] U.'S. Dept. of the Interior, Bureau of
Mines [1964]

24 p. illus., tables. (U. S. Bureau of Mines. Report of investis
gations 6566)

Includes bibliography.

1. Nickel alloys. 2. Gadolinium alloys. 3. Phase rule and equi-
librium. I. Title. (Series) C : R

TN23.U7 no. 6566 622.06173

U. S. Dept. of the Int. Library




CONTENTS

|
|
! Page
‘ ADSETACE e e e v eneavansosoessososanssesnssasassossussssesesssensnssssssasscsss 1
! INtrOdUCELOMN. ceoneensroennserossessosaossssssnseesasasecasooscsssnsssssnsnnes 1
\ Experimental procedures and resUltsS....eeecieeereccsonscecososssssnssssss 3
Materials and melting procedUre..vieieeereesssesosoorooassenssssssssans 3
] Annealing treatment and hardness 0f alloys......eceioeocesosscsrasans 4
: Phase diggramS. . ceseesosssocoosocsososaassssosssssssssonssnsanancancs 5
! ) Melting-point determinations........... et eserrstane et sae s nnnn 6
| Heat treatments and metallograpPhy..eesecreeesonsnsescansosscssascnnas 7
, Phases Observed. s cieesseersesoreosoeasassoossasssssnscsctsssnassassss 9
i X-ray diffraction dat@...eeeeoessoesoorsnceoscanocsssosanssasosannans 9

DiscUSSIion Of TESULES . eseveeessoeeeoesasaaseossssossssosassssssssssasasse L7
Conclusions......... e s ecssseases e s s s et et sec ot a0t a0 st e e a0 ceesees 22
! RO T OTIC St o s e s o esoesonessssnssonossososannssssossessssssnsssnssassnsases 23

E ILLUSTRATIONS

Fig
1. Nickel-gadolinium phase diagram....veevieeeeseacsssrersosansssssnssss
2. Nickel-gadolinium phase diagram, metallography, and thermal data...
;
5
6
7
8
9

O oW

. Structure of the intermetallic compound Ni, (Gd,...cvvevnerennnannn.
Dendritic structure observed in an Ni-10 wt pct Gd alloy.......eo.. 1
. Cored structure in Ni-26.4 wt pct Gd specimen developed after heat
treatment at 1,310°% Ciuvrrereeroenneenerooronesnsennsessssssananns 18
. Structure of an Nl 37.5 wt pct Gd alloy held at 10° C above the
peritectic isotherm occurring at 1,270° C.vvvvevensveonrnonnnseess 19
. Cored structure in an Ni-45 wt pet Gd alloy after heat treatment at
10° C above the peritectic isotherm occurring at 1,180° C........ 19
Cored structure observed after holding at 10° C above the peritec-
tic isotherm at 1,070° C, where Ni Gd melted incongruently....... 20
. Eutectic structure observed in an Ni-70 wt pct Gd specimen held at
10° C above the 890° C 1sSOtherMesesessseessoorsccosassscsrasssess 20
10. Duplex structure consisting of Ni Gd and Ni_Gd, observed in an
annealed Ni-39 wt pct Gd SPECIMEN.svieeeeescsseocasconsssscosnses 21
: 11. NiGd and NiGd, phases observed in an Ni-80 wt pct Gd alloy.....e... 21

TABLES

Selected properties of nickel and gadolinium....c.eceeveeeerecoanss 3
Impurity analyses of nickel and gadolinium....c.coeveeenencereanenes 3
Analysis and hardness of alloysS..ieeeereeeveeoncsaesseasonccocasansse 4
Liquidus and s0lidus dat@.eeoisvesvssosessssasssaossssassssanonsans 8
Ni, ;Gd, X-ray diffraction dat@.e.ceeeeeeessssoesssssssassaseossnseee 11

2

. Ni_ Gd X-ray diffraction data@..eeecosevessssossasassssssossssscennse 12
Ni Gd, X-ray diffraction data...c.ceeuiieeereneinniornnansnnnnninaees 13
Ni Gd X-ray diffraction data....eceevicanreennnnnnonensneneaneanns 14
Ni Gd X-ray diffraction dat@....eeveerreconinnrecninriineensncennns 15
. NiGd X-ray diffraction dat@.esscecescseseesssseassssesssensossassss 1O
. NiGda X-ray diffraction dat@.eeceeceeesasssassssosossasssesenscanss 17

==
HFOWXNOWVM N WNE
. DS




NICKEL-GADOLINIUM PHASE DIAGRAM
by

M. I. Copeland, ' M. Krug, 2 C. E. Armantrout,® and H. Kato3

ABSTRACT

The investigation of the nickel-gadolinium phase diagram was undertaken
to determine the alloying behavior of these two metals. The data from melting-
point determinations, thermal analyses, metallographic examinations, and X-ray
diffraction analyses revealed a phase diagram with three eutectic points and
seven intermetallic compounds. Very limited solubility of the phases in each
other was observed. The five phases, Ni, Gd,, Ni Gd,, Ni Gd, Ni Gd, and NiGd,,
melted incongruently at about 1,300°, 1,2§O°, 1,180°, 1,0%0°, and 775° C,
respectively. Ni_Gd and NiGd melted congruently at approximately 1,550° and
980° C, respectively. Four of the compounds were determined to crystallize in
the hexagonal system: Ni, Gd,, Ni Gd, Ni_ Gd,, and Ni Gd. Ni Gd was deter-
mined to be cubic and NiGd, orthorhombic. The crystai system of NiGd8 was not
determined. The eutectic points occurred at 13, 67, and 85 wt pct gadolinium,

and the isotherms at 1,290°, 890°, and 700° C, respectively.

INTRODUCTION

Because of their high thermal neutron capture cross section, the possible
utilization of a number of rare-earth elements as control rod materials in
power-producing atomic reactors has been considered by the Atomic Energy Com-
mission. However, the rare-earth metals of interest are very reactive, and
they must be protected from corrosive environments or be made corrosive
resistant.

The search for new corrosion-resistant alloys for application in the
atomic energy field prompted the investigation of the stainless steel-
gadolinium phase diagram by the Bureau of Mines. Gadolinium was one of the

1Physical metallurgist (research).
®Physicist (general).
3Supervising physical metallurgist.
All authors are with the Albany Metallurgy Research Center, Bureau of Mines,
Albany, Oreg.
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rare-earth elements of special interest because of its high thermal neutron
capture cross section, about 46,000 barns (13).%4 Previous work conducted by
the Bureau indicated that gadolinium could be easily alloyed with AISI type
304 stainless steel, extra low carbon. This type of stainless steel has a
nominal composition of 18 wt pct chromium, 8 wt pct nickel, and 74 wt pct irom.

Shortly after the investigation of the stainless steel-gadolinium phase
diagram was initiated, it became obvious that the identification of the multi-
tude of phases observed was impossible with the data available." As many as
four unknown phases in one alloy composition were observed. It soon became
apparent that the identification of the phases in this multicomponent alloy
would have to be based in part on data from the investigation of the binary
alloys, Fe-Gd, Cr-Gd, and Ni-Gd. The investigation of the Fe-Gd alloy system
was completed and reported by the Bureau of Mines (4). The chromium-gadolinium
system was reported by the senior author at the Second Rare Earth Conference
(3) as a part of the Bureau's research effort. The Ni-Gd phase diagram inves-
tigation is presented in this report. The phase diagrams of the other possible
binary alloys, Fe-Cr, Cr-Ni, and Fe-Ni, have been thoroughly investigated and
reported in the literature (11).

A search of the literature revealed the existence of several compounds in
the nickel-gadolinium alloy system. Endter and Klemm (8) reported the com-
pound Ni_Gd which is isotypic with Cu_Ca. Wernick and Geller (20) prepared
rare earth-nickel compounds with MgCu_-type structure, one of which was Ni_Gd.
Moriarty and Baenziger (15) reported that Ni_Gd, Ni,Gd, NiGd,, and possibly
Ni,Gd,, Ni Gd, and Ni_Gd exist in that alloy system. There were no references
to metallographlc studies of nickel-gadolinium alloys.

Table 1 lists selected physical properties of nickel and gadolinium, a
few of which were useful in constructing and evaluating nickel-gadolinium
phase diagrams. The physical properties of nickel are well established, but
only recently were the properties of gadolinium accurately determined and
reported in the literature (12).

A review of the theories of alloying indicated little possibility of
significant terminal solid solubility in the nickel-gadolinium phase diagram.
The Hume-Rothery (14) rule predicts only limited solubility when the atomic
sizes differ by more than 15 percent. The disparity of atomic radii of
nickel, 1.245 A, and gadolinium, 1.802 A, is greater than 15 percent. Accord-
ing to Gschneidner (10), electronegativity also is important in determining
solid solubility. 1In general, a difference of electronegativities greater
than 0.4 between two alloying elements is the limiting value at which any
terminal solid solubility can be expected. The difference between the electro-
negativities of nickel, 1.80, and gadolinium, 1.20, is greater than 0.4. ’

4Underlined numbers in parentheses refer to items in the list of references at
the end of this report.




TABLE 1. - Selected properties of nickel and gadolinium

Property Nickel (18) Gadolinium (12)

Atomic number.c.veveeeessnssenes | 28iiiiiecseienenass | B4,
Atomic weight..ecveeveenosenanas | 58.7000eeeeeeeaea. | 157,26,
Density at 20° Cevvvevwonnoglem® [ 8,902,000 0vnvenn.. | 7,92,

Melting point....veeeeeevsss.” C|1,453...... eereeses | 1,312 £ 15,
BOLiling POiNtaes.eeeeecesesees® € |2,7300cu eneeneen.s | 2,830,
Atomic radius....eviineeeeneae A L2450, eevess | 1.802.

Electronegativity (19)......00.. | 1.80...0cvaianaa | 1.20.

Crystal structure€...eeeess.+.... | Face-centered cubic | Hexagonal close-packed.!
8 tieenns cecveasasesasseensesA]3.5200 0. | 3,636,
CoerovnrronsonnessancssonncesA|ciiiienieeinieeans [ 5,783,

Thermal neutron capture cross
section (13).........barns/atom {4.6 £ 0.2.......... | 46,000 £ 2,000.

TUp to L,264° C.

EXPERIMENTAL PROCEDURES AND RESULTS

Materials and Melting Procedure

Gadolinium and nickel of 99+ percent purity were used in this investiga-
tion. Analyses for impurity content of both metals are presented in table 2.
The presence of elements other than those listed was not detected.

TABLE 2. - Impurity analyses of nickel and gadolinium

Impurity element Nickel, ppm| Gadolinium,
ppm
Chromium...veoons cheesesanns ) 10- 100
COPPEY st tarenensnsssrossasna >10 10- 100
Hydrogen....esveeeees ceseene 3 86
IrON:sessesssaasossasssassas 100-1,000 100-1,000
Magnesium..sveveeioneeonsnns >10 10- 100
Manganese..seesesessasonsssss @) 10- 100
Nickel.ioesvuiroosoononannoans G) 100-1,000
i ) Nitrogen...ceeeeenesoecessens 10 280
! OXYEEN.evavsnenssnracsnsnsos 115 1,875
f S11iCONeeuursrnoressnnssones 10- 100 10- 100
: TitaniuMe..evoeeeconcoassoens 100-1,000 #)
’ TUDZSEOIL e o e v e o oo oo oesnsesss 100-1,000 )

1Not detected.
2No analysis.

The alloy charges were melted in a nonconsumable tungsten electrode arc
furnace on a water-cooled copper hearth. The furnace atmosphere was con-
trolled by evacuating, backfilling with helium, and gettering with gadolinium.
Proportioned charges of 40 to 50 grams were melted four times or more with
inverting between each melt to promote homogeneity in the alloys. The nominal
composition of a number of alloys and the X-ray fluorescent analyses after




melting are tabulated in table 3. Chemical analyses mentioned in this report
are in percent by weight unless otherwise specified.

" TABLE 3. - Analysis and hardness of alloys .

Composition, wt pct
gadolinium Knoop hardness Annealing heat treatment
Nominal Fluorescent As-cast Annealed
analyses
1.0 @) @) 113 1,000° ¢, 3 days, furnace cooled.
5.0 4.9 143 153 Do.
10.0 &) 281 157 Do.
15.0 14.5 390 356 Do.
20.0 21.7 504 498 Do.
24.0 @) 632 608 Do.
27. 26.7 726 577 Do.
30.0 30.7 @) 624 Do.
35.0 35.0 747 650 Do.
40.0 40.8 377 475 Do.
43.3 43.5 577 535 Do.
45.0 45.0 529 498 1,000° C, 2 days, furnace cooled.
50.0 50.0 434 542 Do.
55.0 55.0 529 522 Do.
57.2 57.3 @) 549 600° C, 2 weeks, furnace cooled.
60.0 ‘ &) 454 470 Do.
65.0 62.5 430 *) Do.
70.0 @) 237 374 Do.
72.8 73.3 @) 258 Do.
75.0 @) 228 237 Do.
80.0 78.7 308 @) Do.
85.0 85.0 251 262 - Do.
89.0 88.3 ) &) Do.
90.0 90.0 237 535 Do.
95.0 @) 157 134 Do.
99.0 ) 119 64 Do.
1Not run. ‘

Homogeneous and coherent ingot buttons were difficult to obtain on all
alloys whose composition contained large amounts of intermetallic compounds.
Most of the buttons were made homogeneous by repeated melting of the alloys.
However, a slight difference in composition between the top and bottom was
observed in a few buttons. A small degree of inhomogeneity could be expected
because of the rapidity at which the copper hearth cools the buttons. Coherent
buttons were difficult to obtain on the majority of the alloys with high com-
pound composition. Shattering of the buttons was frequently noted on striking
an arc to them on melting, and at times on cooling.

Annealing Treatment and Hardness of Alloys

After removing a sample from each ingot button for metallographic exami-
nation and before proceeding further with the investigation, the as-cast




nickel-gadolinium alloys were annealed.

Most of the nickel-gadolinium alloys

were very hard and brittle, and therefore they were not amenable to any hot-
or cold-working procedure for homogenization or shaping procedures.
ples were annealed by heating in a tube furnace in a vacuum of 2.5 x 1075 torr
A molybdenum boat was used to hold the

and allowing the furnace to cool.

specimen and prevent reaction between the samples and the ceramic.

The sam-

The anneal-

ing heat treatments and the hardness of a few alloys before and after annealing
are tabulated in table 3.

Phase Diagrams

The phase diagram was determined from data obtained by conducting melting-
point, thermal analysis, heat treatment, metallographic examination, and X-ray
Metallographic data were used as the final crite-

diffraction analysis tests.

rion.

presented in figure 1.

melting-point data are presented in the phase diagram.

On the basis of the data obtained, the phase diagram as constructed is
In figure 2, the majority of the metallographic and
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FIGURE 1. - Nickel-Gadolinium Phase Diagram.
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FIGURE 2. - Nickel-Gadolinium Phase Diagram, Metallography, and Thermal Data.

Melting-Point Determinations

Solidus and liquidus determinations were made using an optical pyrometer
method and by thermal analyses. The optical pyrometer method was conducted
according to the thermal gradient technique suggested by Deardorff and
Hayes (7). A small cylindrical hole was drilled in the alloy sample, the
specimen placed on a nickel pedestal, and heated at a relatively constant
rate. The bottom of the hole was observed with a disappearing filament opti-
cal pyrometer, and the solidus was determined when a small droplet was
observed in the bottom of the hole. The liquidus was determined as the tem-
perature at which the hole was completely filled with liquid. All the optical
melting-point determinations were conducted in a vacuum of 1073 torr or less.
The specimens were heated in an induction furnace which used a tantalum sus-
ceptor as a heat source. The data were useful in determining the melting

points of the two compounds that melted congruently (NiSGd and NiGd) and
obtaining generalized information on the eutectic isotherms and peritectic
The data were not believed

reaction isotherms for the remaining compounds.




to be adequate for accurately placing the isotherm at which the compounds
(Ni, Gd , Ni Gd,, Ni Gd, Ni Gd, and NiGd ) melted peritectically, nor when
the alloy composition was not close to t%e eutectic point.

Thermal analyses were conducted by both differential and time-temperature
techniques. Using differential thermal analysis, one insulated Chromel-
Alumel® thermocouple was inserted in a hole drilled in the specimen under
investigation and another in a hole drilled in a neutral body, molybdenum.

A three-wire system was used. One lead wire from each thermocouple to the
outside of the furnace was alumel. The common lead wire between the thermo-
couples was chromel from which a wire of the same material to the outside of
the furnace was made. The entire assembly was placed in a tube, evacuated to
2.0 x 10-5 torr, and heated by a resistance furnace at about 5° C per minute.
The emf (millivoltage) across the Chromel-Alumel thermocouple in the specimen
was used to determine the temperature and the emf across the Alumel wires to
detect any temperature arrests. The changes in apparent heating or cooling
rate were used to determine solidus and liquidus temperatures during differ-
ential thermal analysis. In the time-temperature method, the specimens were
wrapped in a piece of tantalum foil, a tungsten-tungsten 26-percent rhenium
thermocouple was spotwelded to the outside of the foil, and the whole assembly
was then thermally cycled, using as uniform a heating and cooling rate in an
induction furnace as possible. The endothermic reaction that occurs when
metals go from the solid to the liquid state causes a decrease in the apparent
rate of heating, and therefore may be taken as the solidus temperature. A
vacuum of 10-2 torr or less was employed in the induction furnace.

Results from the solidus and liquidus determinations are listed in
table 4, and a number of these are illustrated graphically in figure 2. These
data indicated the presence of eight isotherms at 1,290°, 1,300°, 1,270°,
1,180°, 1,070°, 890°, 700°, and 775° C. Maxima in the liquidus were noted
at 1,550° and 980° C, where the compounds Ni_Gd and NiGd melted congruently,
respectively. Minima in the liquidus were observed at 1,290°, 890°, and
700° C where eutectic reactions occurred. Peritectic reactions occurred at
the remaining isotherms. '

Heat Treatments and Metallography

An extensive amount of metallographic work was conducted for the follow-
ing reasons on this system: first, to check the homogeneity and to determine
structures in as-cast alloys; second, to determine the effect of annealing on
obtaining homogenized structures and to determine the phases present; and
third, to determine the effectiveness of each heat treatment by observing
phases present.

BReferences to trade or brand names are made only for identification and
mention of them does not imply endorsement by the Bureau of Mines.




TABLE 4. - Liquidus and solidus data

Composition, Optical method Thermal analysis,
wt pct Gd Liquidus, ° C | Solidus, ° C solidus, ° C
0 1,455 1,455 @)
5 1,460 1,380 1,290
10 1,330 1,290 1,290
15 1,375 1,255 1,300
20 1,370 1,250 1,290
25 1,410 1,260 @)
30 1,415 1,265 1,290
35 1,540 1,380 1,283, 1,500
37.5 @) @) 1,260
40 1,550 1,310 1,274
43.3 ®) M) 1,263, 1,174
45 1,475 1,155 1,245, 1,163
47.1 @) ®) 1,263, 1,172
50 1,155 1,090 1,080, 1,195
55 1,155 1,090 1,080, 1,190
60 1,075 1,035 900, 1,080
65 1,045 1,045 890
70 960 *) 890
75 955 ®) 894
80 *) ) 675
85 &) &) 697
90 3) ) 775
95 ) c) 768

1No determination.
2Not detected.

Specimens to be heat treated and cooled rapidly prior to examination by
metallographic techniques were wrapped in molybdenum or tantalum foil and
sealed in quartz ampules which were evacuated and partially backfilled with
helium. The specimens were wrapped in the foil to prevent any reaction
between the ampules and the specimen. The specimens were heat treated at
650° to 1,340° C from % to 148 hours. The ampules containing the specimen
were transferred from the furnace to water and fractured as rapidly as
possible.

The heat-treated specimens were mounted in Bakelite and polished. Water
was used as a coolant and lubricant in all but the last two polishing steps
where diamond abrasive and kerosine were used. Three types of etchants were
employed: 10 percent by weight chromic acid in water, 10 percent by weight
oxalic acid in water, and nital etchants (1 to 5 percent by volume of HNO, in
ethyl alcohol). The chromic and oxalic acid solutions were usad to etch the
specimens by electrolytic methods, using about 3 volts dc. Chromic acid solu-
tions were used on alloys containing 1- to 26-percent gadolinium, and oxalic
acid on alloys containing about 43 to 47 percent gadolinium. Nital was used
on all the other alloys by swabbing the solution on the polished specimen and
rinsing with absolute alcohol.




FIGURE 3. - Structure of the inter-
metallic Compound Ni15Gdy |
(X 500); Nital Etch.

Phases Observed

Seven compounds were observed in the nickel-gadolinium aglloy system. Five
of these, Ni;;Gdz, Ni,Gdy, NizGd, NizGd, and NiGd,, melted incongruently as
peritectic reactions at 1,300°, 1,270°, 1,180°, 1,070°, and 775° C, respec-
tively. The two compounds, Ni Gd and NiGd, melted congruently at about 1,550°
and 980° C, respectively. With the exception of NigGd, all of the phases were
observed to be intermetallic compounds of constant stoichiometric composition.
A slight solid solubility of Ni, _Gd;, in Ni_Gd was noted.

Metallographic data observed after heat treatment are plotted in figure 2.
Considerably more metallographic data were obtained in the course of the
investigation, but for clarity these were left off the diagram. One of the
phases, Ni, .Gd;, observed in an alloy containing 26.4-wt pct gadolinium, is
clearly illustrated in the photomicrograph illustrated in figure 3. This
single-phase alloy was heated to 1,280° C for 1 hour and furnace-cooled.

X-Ray Diffraction Data

Extensive X-ray diffraction studies were made in this investigation to
confirm the results observed during metallographic studies and to identify the
phases present. The crystal structure of intermetallic compounds was also
determined. Samples of alloys of 24 different compositions were studied.

Most of these alloys were first studied using the same specimen and surface
that was examined metallographically. The specimens were mounted in the
rotating sample holder of a diffractometer. A molybdenum target X-ray tube
was used with a zirconium filter and a krypton-filled Geiger tube. Those
samples which were brittle enough to pulverize were reanalyzed as powders
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in the diffractometer to produce more nearly random orientation of crystal-
lites. In those cases where even greater resolution seemed necessary, the
samples were reanalyzed in a 114.6 mm-diameter powder camera with manganese-
filtered iron radiation.

The seven intermediate phases, Ni, (Gd,, Ni Gd, Ni Gd,, Ni_ Gd, Ni Gd,
NiGd, and NiGd,, that were identified y metallography, were aiso 1dent1f1ed
by X-ray diffraction. These seven compounds are discussed individually as
follows: .

.1, Ni, .Gd, was determined to crystallize in the hexagonal system,
a = 8.336 A, c, = 8.054 A. The X-ray pattern is tabulated in table 5. The
observed atomic ratios and the lattice parameters of this compound were unlike
those reported by Novy, Kleber, and Vickery (17) for the compound occurring in
this composition range. They reported Ni, [Gd,, hexagonal, a, = 8.18 A, and
c, = 8.98 A. The atomic ratio of the compound also differed from that reported
by Beaudry and Daane (2) in this composition range for nickel-yttrium alloys.
They reported Ni, /Y,, hexagonal, a = 8.34 A, c = 8.08 A. These lattice
parameters agreed very closely to those observed in this investigation, but
metallographic studies did not confirm the same composition.

2., Ni_Gd was found to have a hexagonal unit cell with a = 4,902 A and
c = 3.964 A. This is substantlally in agreement with the findings of Endter
and Klemm (8) who reported a_ = 4.91 A and ¢ = 3.99 A, and Nassau, Cherry,
and Wallace (16) who reported a, = 4.90 A and ¢, = 3.96 A. The latter authors
state that Ni_Gd has the Cu.Ca- type (also known' as Zn 5Ca) structure along with
18 other compounds of the formula type A B, where A represents the element
alloyed to the rare earth B. The systematlc extinctions observed for Ni_Gd
in this investigation can be attributed to space group P6/mmm, which is the
space group of CuRCa The X-ray pattern observed for Ni_Gd in this investiga-
tion is listed in table 6.

3. Ni_ Gd, was observed to have a hexagonal unit cell with a = 4.960 A
and c, = 2. 222 A. The systematic extinctions appear to be consistent with the
space group P63/mmc, which has been reported by Cromer and Larson (5) to be
the probable space group of the analogous compound Ce,Ni, . The similarity of
these two unit cells makes it seem very probable that Ni,,Gd2 is isostructural
with Ni_Ce_. This structure consists of double layers of the NiSCe structure :
(Cug-Ca-type) alternating with double layers of the NijCe structure (MgCu,-
type). The X-ray data observed in the Bureau analysis of this compound are
tabulated in table 7.

4, Ni_Gd was determined to crystallize in the hexagonal system with
a, =4.982 Aand ¢ = 16.31 A. Cromer and Olsen (6) reported that Ni_Ce is
hexagonal with similar parameters and the space group P6_/mmc. Since the
systematic extinctions observed for NiSGd agree with those of that space
group, it seems probable that Ni ,Gd is isostructural with Ni Ce. The X-ray
data noted are listed in table 8.




TABLE 5. - Ni, Gd, X-ray diffraction datal
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d (observed), d (calculated), Relative (observed) hk1l
angstroms angstroms intensity planes
3.504 3.515 1 102
3.286 2.393 6 201
2.987 2.895 30 112
2.687 - 2.687 5 202
- 2.684 - 003
2.586 2.585 7 211
2.510 2.516 3 103
2.407 2.406 32 300
2.257 2.259 4 212
- 2.257 - 113
2.155 2.154 28 203
2.086 2.084 50 220
2.065 2.065 100 302
2.014 2.013 39 004
1.914 1.914 15 213
1.852 1.851 19 222
1.811 1.813 2 114
1.760 1.761 6 401
1.620 1.620 8 214
1.546 1.544 9 304
1.469 1.467 11 412
1.450 1.448 18 224
1.410 1.410 8 323
1.389 1.389 8 330
1.313 1.313 10 322
1.278 1.279 .8 324
- 1.278 - 116
1.216 1.216 5 423
1,203 1.203 10 600
1.172 1.172 13 306
1.154 1.155 3 325
1.129 1.129 1 424
1.111 1.111 2 522
1.0939 1.096 1 207
- 1.091 - 611
1.075 1.075 1 505
1.042 1.042 12 440
1.033 1.033 8 441
1.022 1.022 9 434
.- 1.021 - 416
1.010 1.010 2 515

1Crystal system: hexagonal.
= 8.336 A, c_ = 8.054 A.

Lattice constants:

a
[}
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TABLE 6. - Ni Gd X-ray diffraction datal

d (observed), | d (calculated), Relative (observed) hkl
angstroms . angstroms ' intensity planes
3.969 3.963 ' 8 001
2,895 2.899 ‘ ' 45 , 101
. 2.451 2.454 ' 20 110
22,125 2.125 30 200
2.086 2.086 100 111
1.981 ©1.982 40 002
1.874 1.873 10 201
1.543 1.542 13 112 .
1.490 1.489 13 211
1.450 1.450 30 202
1.417 1.417 6 300
1.334 -~ 1.334 27 301
1.261 1.262 6 103
1.227 - 1.227 11 220
1.163 ~ 1.163 24 113
1.153 1.153 10 . 302
1.130 1.130 : 7 - 313
1.063 1.063 3 : 400
1.043 1.043 18 ; ‘ 222
1.020 1.020 6 ' 213
.991 .991 5 004

1Crystal system: hexagonal.
Space group: P6/mmm. )
Lattice constants: a_ = 4.902 A, ¢ = 3.964 A.

5. Ni,Gd was determined to be a.cubic MgCu,, Laves-type phase, with a
Fd3m space gr0up and a = 7.223 A. The X-ray diffraction data are presented
in.table 9. Novy, Kleber, and Vickery (17) reported a parameter measurement
of a = 7. 27 A. Many other compounds of the stoichiometric ratio of A B,
where A represents the elements alloyed to rare earth B, are reported in the
literature to have the MgCu,-type structure.

6. NiGd: When a sample of NiGd was broken up to prepare a powder sam-
ple, one of the pieces was found to be a single crystal. This crystal was
studied on a Buerger Precession camera and was found to be orthorhombic with
a = 3.765 A, b0 10.30 A, and ¢ = = 4.24 A, The X-ray data observed are in
table 10. The systematic extinctions were those of space groups Cmcm, Cmec2,
and Cycm. This unit cell closely resembles that reported by Finney and
Rosenzweig (9) for the analogous compound NiCe which is orthorhomic
a = 3.88 A, b = 10.46 A, and c_ = 4.37 A, space group Cmcm. They show that
NiCe has the ThI (also known as CrB) type of structure. It seems likely that
NiGd has this structure, but further work will be necessary to prove this
definitely. The sample studied in this investigation definitely does not
have the FeB structure reported for NiGd by Baenziger and Moriarty (1).
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TABLE 7. - Ni_Gd, X-ray diffraction datal

1Crystal system: hexagonal.

Space group: P63/mmc. .
Lattice constants: a = 4.960 A, ¢ = 2.422 A,

d (observed), d (calculated), Relative (observed) hkl
angstroms angstroms intensity planes
4,280 4.295 3 100
4,025 4.036 5 006
3.027 3.028 4 008
2.740 - 15 -
2.697 2.695 20 107
2.478 2.470 40 110
2.143 2.147 40 200
* - 2.140 - 201
2.108 2.115 100 202
- 2.113 - 116
- 2.109 - 1, 0, 10
2.012 2.018 25 0012
| 1.963 1.963 15 205
- 1.959 - 1, 0, 11
| 1.918 1.918 3 118
| 1.787 - 3 -
! 1.732 1.730 10 0014
1.565 1.565 2 1, 1, 12
1.542 1.539 2 215
1.514 1.514 2 0016
1.473 1.471 10 2, 0, 12
- 1.470 - 212
1.432 1.432 15 300
1.419 1.419 10 1, 1, 14
| 1.348 1.346 18 0018
| 1.295 1.294 ‘ 4 308
1.240 ~1.240 18 220
| 1.210 1.211 3 0020
| 1.183 1.184 5 2, 1, 14
- 1.183 - 226
1.129 1.127 5 317
1.117 1.114 3 1, 0, 21
l 1.105 1.104 5 2, 2, 10
1.090 1.089 5 319
‘ < 1.073 1.074 5 400
| 1.057 1.057 5 404
1 1.009 1.009 10 0024
‘
{
|
|
|
|
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TABLE 8. - Ni_ Gd X-ray diffraction datal

d (observed), d (calculated), Relative (observed) hkl
angstroms angstroms intensity planes
4.280 4,315 5 100
4,110 4.076 7 004
2.775 - 10 -
2.715 2.718 65 006
2.617 2.606 3 105
2.491 2.491 80 110
2.168 2.158 30 200
2.135 2.139 100 201
2.110 2.126 80 114
2.041 2.050 40 107
- 2.038 - 008
2.015 2.006 40 203
1.978 1.980 33 115
1.840 1.843 15 108
- 1.837 - 116
1.628 1.631 14 0, 0, 10
- - - 210
1.485 1.483 15 0011
- - 1.482 - 208
1.442 1.438 22 300
1.419 1.417 20 302
1.367 1.364 10 1, 1, 10
1.359 1.359 40 0012
1.350 1.354 20 304
1.319 1.314 6 305
1.246 1.246 13 220
1.240 1.242 10 221
1.133 1.132 5 226
1.098 1.098 5 227
1.080 1.079 10 400
1.064 1.064 5 317
1.056 1.054 12 1, 0, 15
.991 .990 5 320

1Crystal system: hexagonal.
Space group: P6_/mmc.
Lattice constants: a

= 4.982 A, c_ = 16.31 A.
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TABLE 9. - Ni Gd X-ray diffraction datal

d (observed), d (calculated), Relative (observed) khl
angstroms angstroms intensity planes
4,200 - 4.170 10 111
2.560 2.560 80 220
2.180 2,180 100 311
2.090 2.090 30 222
1.660 1.660 5 331
1.480 1.480 40 422
1.390 1.390 45 511
- - - 333
1.279 1.277 45 440
1.143 1.142 15 620
1.102 1.101 19 533
1.089 1.089 10 622
| L9655 .9652 13 642
| . 9406 . 9404 22 731
. .9020 .9029 3 800
| .8503 .8512 5 822
i - - - 660
.8337 .8340 ’ 11 751
- - - 555
. 7934 .7928 2 911
- - - 753
.7706 .7700 2 664
.7566 . 7572 5 931
.7373 .7372 9 844

1Crystal system: cubic.:
Space group: Fd3m,
Lattice constant: a = 7.223 A.

7. NiGda's unit cell is unknown, for repeated attempts to index the
pattern were unsuccessful. There is also some uncertainty about a few dif-
fraction lines in the pattern since some of them may be caused by the presence
of small amounts of other phases. However, there are enough lines which
cannot be attributed to any other compound so that there can be little doubt
that such a compound exists. The X-ray data observed are tabulated in
table 11.

b

]
i
I
|
i
|
I
|
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TABLE 10. - NiGd X-ray diffraction datal

d (observed), d (calculated), Relative (observed) hkl
angstroms angstroms intensity planes

3.317 - 5 -
3.251 3.273 25 021
3.115 - 5 -
3.092 - 5 ‘ -
2.704 2.706 75 111
2.635 - 5 -
2.561 2.575 100 040
2.193 2.201 40 041
2.176 o 2.172 45 311
2.114 2.120 50 002
1.875 1.869 5 200
1.655 1.660 15 151
1.626 1.623 30 221

- 1.625 - 132
1.592 1.591 15 061
1.517 1.512 5 240
1.469 - <5 -
1.421 1.425 5 241
1.368 1.369 15 170
1.307 1.311 10 113
1.267 1.264 <5 260
1.231 1.232 15 081

- 1.231 - 242
1.213 1.212 5 261
1.148 1.150 10 172
1.112 1.106 <5 153
1.098 1.101 25 223
1.089 - <5 -
1.055 1.060 5 004
1.027 1.030 5 0, 10, O

- 1.025 - 332

.999 1.001 <5 0, 10, 1

1Crystal system: orthorhombic.
Space group: probably Cmecm.
Lattice constants: a_ = 3.765 A, b = 10.30 A, ¢, =4.24 A.
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TABLE 11. - NiGd3 X-ray diffraction data

d (observed), Relative (observed) d (observed), Relative (observed)
angstroms intensity angstroms intensity
3.344 10 1.798 8
3.238 10 1.741 5
3.139 10 1.706 15
3.023 13 1.661 21
2.885 - 1.626 12
2.865 100 1.610 37
2.816 27 1.553 36
2.750 37 1.542 40
2.696 9 1.519 35
2.635 30 1.481 20
2.59 5 1.436 15
2.561 45 1.393 21
2.462 21 1.370 20
2.404 8 1.344 7
2.349 16 1.323 6
2.265 9 1.298 12
2.164 22 1.291 10
2.104 13 - -
1.978 9 - -
1.854 20 , - -

DISCUSSION OF RESULTS

The identification of all of the intermetallic compounds was difficult
when as-cast alloys were used for metallographic studies. Cored structures
masked the presence of several of the compounds, notably in the composition
range where Ni_ Gd,, Ni Gd, and Ni,Gd occurred. For this reason all the alloys
were made homogeneous %y annealing treatments before analyses by thermal,
metallographic, or X-ray diffraction techniques.

Metallographic and thermal analysis data, indicating the presence of a
solidus boundary, correlated well, usually with a variation of less than
10° C. Metallographic data were used to substantiate the temperature and the
composition extent of all peritectic and eutectic isotherms as indicated by
thermal analyses. Whenever a confliction of thermal analyses and metallo-
graphic data was observed, the latter was used to determine the extent of the
isotherm. The structures resulting from heating several alloy compositions to
temperatures slightly exceeding their respective solidus isotherms are illus-
trated in figures 4 through 9., A sample containing 10 percent gadolinium
heated to 20° C above the eutectic isotherm occurring at 1,290° C is illus-
trated in figure 4. A eutectic structure and nickel are depicted in this
illustration. The structure of four heat-treated specimens, which helped
place the location of the peritectic isotherms where Ni, (Gd,, Ni,Gd,, Ni Gd,
and Ni, Gd melt incongruently, are illustrated in figures 5, 6, 7, and 8,
respectively. The eutectic structure resulting from heating a Ni-70 percent
Gd alloy 10° C above the eutectic isotherm occurring at 890° C is illustrated
in figure 9.




FIGURE 4. - Dendritic Structure
Observedin an Ni-
10 wt pct Gd Alloy
(X 500); Chromic
Acid Etch. .

FIGURE 5. - Cored Structure in
Ni-26.4 wt pct Gd
Specimen Devel-
~oped After Heat
Treatmentat1310°
C (X 500); Chromic
Acid Etch.

R




FIGURE 6. - Structure of an Ni-37.5
wt pct Gd Alloy Held
at 10°C Above the Per-
itectic Isotherm Occur-
ring at 1,270°C (X 500);
Nital Etch,

FIGURE 7. - Cored Structure in an
Ni-45 wt pct Gd Alloy
After Heat Treatment
at 10° C Above the
Peritectic |sotherm
Occurring at 1,180°C
(X 500); Nital Etch.




FIGURE 8. - Cored Structure Ob-
served After Holding
at 10° C Above the
Peritectic Isotherm
at 1,070° C, Where
NioGd Melted Incon-
gruently (X500); Nital
Etch.

FIGURE 9. - Eutectic Structure Ob-
served in an Ni-70 wt
pct Gd Specimen Held
at 10°C Above the
890°C | sotherm (X500);
Nital Etch.
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FIGURE 10.-Duplex Structure Con-
sisting of NigGd and
Ni;Gd, Observedin an
Annealed Ni-39 wt pct
Gd Specimen (X 500);
Nital Etch,

FIGURE 11. - NiGd and NiGdj
PhasesObserved
in an Ni-80 wt pct
Gd Alloy (X 500);
Nital Etch.
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The solid solubility of the phases in each other were determined metal-
lographically. No solid solubility of the phases in each other was observed
except for a small solubility of Ni, _Gd, in NijGd. All of the intermetallic
phases, except Ni Gd, were of constant stoichiometric composition.

The effect of nickel on the gadolinium transformation occurring at
1,264° C was not investigated. An extensive solid plus liquid phase region
was observed to occur at temperatures much below the transformation. This
factor plus the very limited solid solubility of NiGd, in gadolinium indicated
that very little change would be expected in the transformation of gadolinium
on alloying with nickel.

Two of the compounds, Ni Gd and Ni Gd,, reported by Novy, Kleber, and
Vickery (l7), were not observed in thls lnvestlgatlon. A structure containing
the phases Ni Gd and Ni, Gd, is illustrated in figure 10. This alloy, whose
composition was isotypic with the compound Ni4Gd containing 39-wt pct gadolin-
ium, was annealed at 1,100° C for 2 days. A specimen containing almost equal
parts of NiGd and NiGd_, observed in an alloy containing 80-wt pct gadolinium
after annealing at 690° C, is illustrated in figure 11. This alloy composi~-
tion would be isotypic with NiQGda.

CONCLUSIONS

The nickel-gadolinium phase diagram illustrated in figures 1 and 2 was
believed accurate within 10° C in temperature and 2 percent in composition.
The alloy system contains three eutectics and seven compounds. The eutectics
occur at 13, 67, and 85 percent gadolinium, and they melt at 1,290°, 890°, and
700° C, respectively. The compounds observed are Ni, Nig Gd N1 Gd,,

Ni Gd, Ni,Gd, NiGd, and NiGd ; the first four crystalilze in the hexagonal
system. N1 Gd is a Laves phase with a cubic structure. NiGd crystallizes in
the orthorhombic system, and the crystal system of N1Gd3 was not identified.
The five observed phases, Ni . Gd, , Ni Gd , Ni,Gd, Ni Gd, and NiGd,, melt

peritectically at 1,300°, 1, 270° 180° s %O and 775 c, respectlvely.
Nig Gd and NiGd melt congruently at l 550° and 980 C, respectlvely. Very
11tt1e solid solubility of the phases in each other was observed except for
a slight solubility of Ni,_ Gd, in Ni_Gd. The effect of nickel on the trans-
formation temperature of gadolinium was not investigated.
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