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THERMODYNAMIC STABILITY OF CERTAIN INTERMETALLIC
BINARY COMPOUNDS MADE FROI4 TRANSITION ELEMENTS
Paul R. Wengert
Inorganic;Matérialé:Research Division, Lawrence.Radiation Laboratory
and Department of Chemistry, University of California

Berkeley, California

ABSTRACT

The-Zr compounds of Re, Ru, Os,‘Rh, Ir, P4, Pt, Ag, and Au are studied.
fLimitscand estimates of the Gibbs free energy of formation of these com-
pounds are determined.by observing high temperature reactions of C and ZrC

with the above elements and with their Zr compounds. ZrRhB,'ZrIr P

b)
50 and ZrPt5 exist in equilibrium with C and ZrC and have &F° < -11.5
kcal/g atom of compound calculated at 298° K. C and ZrC exist in equili-

ZrPd

' brlum with the Ru (o 75 at.% Zr), Os (< o o6 atop Zr), Ag (liquid, < 0.05
at.p,Zr), and Au (11qu1d, 9.5 * 3.5 at.% Ar) phases at 1500°C. The éF
(ZrRu ) is calculated from the equilibrium data to be —13 6 £0.9 kcal/g-
atom at 1500°C and AFf (ZrAuh).is calculated to be -7.93 % 0;55 kCal/g—
atom at lOOO°C. The actlvity cocfficiénts-of Zr (Wir) in'tne limit of O%
Zr are calculated from ththhfee‘phase'equllibfia.? No ternary conpounds
were observed for the above cystemé. In tha case of the C-Zr-Re system,

'a molar ratio of Zr te Re of 19.0 to 81.0 was.found in the hcp Re phase in
‘1 the ‘presence ofC and ZrC indicating ‘that this‘pnase extended i-nto_the
:ternary system;'thereforc, no.thermodynamic'infofmation could be deter—
mlnded by this method for the Zr-Re binary system. The lattice pafameters
,of the expanded hcp Re phaqe are determlned a = 2, 7810 0.000ﬁZ

»S = b h5go # 0.000SA. Mlscel]aneouq propoerties of the blnary alloyq are
gj;feri. .. | | |

Reactions of carbides, borides and nitrides with transition €lements

]
.
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repotrted by other authors are reviewed. - Limits on AF; of the following
compounds are calculated at 298°K : ZrRh ZrIrB,vaRhB; 0

3’
59 Ulry, URhg, UpTrCp, UpRHCo,

HfIr;, Thlr
THRh,, .ThAuB,_'VN'thB, NbIry, NuRey, , TaPt

‘and UAu, .~
an u5

An appendix on the Engel and Brewer.conceptsvof crystal structure and

‘bonding is included.

-,



I. INTRODUCTION

Some intertransition element compounds have been predicted to be

: | - : : o e
very stable compared to more common metallic compounds.g’u Leo Brewerl 2

supporting the earlier work of Neils Engel has shown that these compouhds

‘have d_electron'bonds as well as 8 electron and p electron bonds. Just

as there is a ariving force to form an octet of bonded electrons when only
§ and p electrons are available, as in BN, there is also a drivihg force
to use the additional five 4 electron.bondé when they are available. With

d electron bonds as well as s and p electron . bonds, some of the inter-~

. transition element  compounds would be expeéted to be very stable. The

following experimental work confirms this stability. The 4d and 5d tran-

sition series were chogen forrthié gtudy because.the d electrons of Period
Six elements han-larger'bonding.energies.fhan those of ﬁhe corresponding
Period Four element.} The high stability coupled with the high melting
points found in,gome of the compounds would 1eﬁdithem.desirable_for high
temperature applications. | |

In the field of thermodyanmics, the stability of a compound is syno-

. nomous with the Gibbs free energy of formation (AFf) of the campound and

with the activity coefficients (Vi) of the various elements making the

compound. This information is cbtained for the Zr binary compounds of

Ru, Os, Rh, Ir, Pd, Pt, Ag and Au from the ternary phase diagrams of C,

Zr, and one of the.aforementioned'elements.r Graphite .is chosen as a

References 1-9 represent articles written to date on the Engel
Correlation and the corresponding predictions made by Leo Brewer.
Appéndix A also dlscusses these concepts.
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third constituent becanse”the Gibbs free energy of the formation of ZrC,
YAF; (zrc), has been.determinedlo,and because_the binary_systemseof grap-
hite with the other elements'has been determined. The C~Zr-Re ternary .
phase dlagram is also dlscussed.
The d electron bondlng in trans1tlon element compounds can be

illustrated by the example of‘s_and P electron_bondlng in ammonia boron -
_trifluoride: . |

. K H :F:

Je0r M,
HeNSBF:

H R

The c1rcles refer to valence electrons contrlbuted by N, the x's refer

to electrons contributed by By and’ the dots refer to those contrlbuted by
VH and F. The B-F and -the N-H bonds are formed by one electron from each
atom; there is no formal charge transfer. 'The B-N bond is different'.the‘
electron palr remalnlng on N after all of the H's are bonded is shared
.w1th the B vacant orbital. There is a formal charge transfer of l from
the N &tom to the B atom. The fornal charge transfer is such that B
and N each attain'the C valence electron configurati:n of (s'pS), that is,
' they both attain the stable configuration of the.half—filled valerc e elec-
tron orbital. | |

The d electronTbonding of ZrIr, is similar. In'the'elenental solids

3
the Engel Correlatlon in its S1n@1est form suggests the follow1ng elec-~

. 61 -,
tronic’ conflguratlon: Zr (hcp, a°st D ) and Ir (fcc, d's p ) 7r (nep)

has-four bonding electrons per atom. . The Ir'(fcc) structure:has seven

- bonding electrons per atom: one s bonding electron,_tWo p bonding electrons, -

~and four d bonding electrons because two of the d electrons are paired in-

ternally. There are a total of 25 bonding electrons in one Zr and three Ir atoms.
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"+ 1, The valence electron conflguratlons would be Zr 5 (d's

ibonding electrons in the fqrmation of ZrIr

—-F -

When the ZrIr, fec structure is formed,;thefEngel Correlation predicts three s

)

and p bonding electrons per atom giving Zr a (dlslpz) electronic con~
figufation without considering electron transfer. The Zr can bond its

one d electron and three 8 and p electrons to Ir atoms in a manner similar

| to- the B~-F and N-H.bonds. If the d electron internal pairs of the Ir
;atdnm were shared with the Zr low-lying vacant d orbitals, then the number
bonding d electrons would increase'by six. The three bonds formed by the

- 8ix bonding electrons would be similar to the B-N bond of HéNBF Zr

would assume a formal charge of -3 and Ir would agsume a- formal charge of

bt 2) and Ir 1

(d s p ), The total bonding electrons in Zrir, is 31. From the reaction:

3

Zr(hep) + If(fcc) —>ZrIr5(fcc),'one can see that there is a gain of six

3 or a change'of‘l.5 bonding

electrone/atom., It is this chenge in bonding that suggests a large

negative value of AF (ZrIr ) reflectlng 1ts hlgh stablllty._

In the formatlon of ZrIr5, the addltlonal bondlng ig attained be-

cause electron palrs are shared with vacant d orbitals. An increase in

the number of bonding electrons when a transition element compound is

formed from its elements can only come about if one element has vacant

d orbitals and the other element has internal electron pairs to share.

Groups 6 and 7 (i.e. W and Re) already possess the stable valence electron

configuration of halfafilled energy levels. When eiements to the left of

Grou@ 6 are alloyed with elements to the right of.Group Ts an_increase in

© stability reflecting the increase in the number of:d bonding electrons -

on compound formation is expected.: When elements to the le ft of Group
o are ailoyed among themselves, there is no electron pair sharing, and

no increase in the number of bonding electrons is expected. The same
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argument is true when elements to the righﬁ of’Group 7'ﬁre interalloyed.

The result is that theée alloyé would‘nbﬁ exhibit lérge negativebGibbs
freg.energies of'formation, as is expéctéd'for Zrir3, Other cdmpounds‘ -
that a_fe expected to exhibit high stability are alloys of Y,. la, Zr,
Hf,'Nb and Ta with Ru, Os, Rh, Ir, P4, énd ﬁt, Ag; and Au.

For a given element Sn thé left of'the transition series, Zr as an

kxample, the number of'bonding electrons formed in alloying the_elenenfs
increéases as the‘atomic number of the other element incieases from Os
 to the right of the Periodic Table. .The internal pressure of the ele~
- -ments decreaseé-after Os reachirng that of Zr at Pt. The‘stability of the
internally péired d electrohs'also:increasés with étoﬁic.number after Os.-‘
_Coﬁsidering these'variables, a peak in the stability of Zf compoundsiis p
.expécted near Ir and Pt. ‘The same érgument‘ can be applied to the Zr
alloys.of Ru tﬁfough Ag. It is this expectéd'tfend in stability that is

experimentally investigated.



II. GENERAL EXPERIMENTAL PROCEDURE

»To determine the desired ternary phase diagrams, boﬁh.solid state
and liquid state reactions were. run. The.reaetants_for the solid state
reactions varied: ZrC_was hot pressed with‘Ru,VOs, Rh, Ir, P4, Pt, Ag,
or Au; C and ZrC were heated with each of the above elements; and Zr
alioys of Re, Ru, Os, Ag, and Au were heaﬁediwith-c. Liquid Ag; Au and
. their Zr alloys, ZrAg and ZrAu3 and - ZrAuu, ‘were reacted with solid C and

" ZrC. The de51red result was to pin down the three phase region 1nvolv1ng

C and ZrC; the third phase varled4from one -alloy -system to another.

'A. Starting Materials

The starfiﬁg materials for the solid state reactions were powders

of 200-4%00 mesh. Other materials were used for mking the Zr_R e,), binary .

>
i»alloy and for the liquid reactlons:' Re zone-reflned rod of one-eighth
.huinch diameter, Ag sponge of 6 to 14 mesh, and Au sheet 0.005 of an inch

‘ thick. The elemental powders were 99. 9 wt. % or hlgher purity with the
{‘erceptlons of Rh (>1 wt. % Ir), Pd- (~ ~ 1 wt.% Pt), and Zr. The major im-

; purities of the Zr powder reported by the manufacturer weres 0.05 wt. % Fe,
0.1 wt.% O3 OOBwt%H 0,02 wt.% N; <002wt%Sn <OOlw‘t%Tl, w,'
.and Zn; and 0.005 wt.% Hf., The ZrC powder was reported byrthe manufacturer
to be.98 wt.% pure, but iudependent spectroanalysis showed C.S wt.% H

as the only_impurity. The Ag sponge contained 0.00l.wf,% Cu and < 0.001

. wt.% Ca. 'Aualysis.of the Au sheet showed the ﬁajor impurities‘to_beb0.0Q'
v:wt.% Ti, 0.02 wt.% Pd, and 0.015 wt.% Ag. iThe graphite reactant powder

was reported by the manufacturer to be five nihes pure{_ The graphite

" material used in maklng the hot prese dyes was manufactured by’Great

- Lakes Carbon Company, Sanborn, New York under the trade name of "Graphitite "

G"; by independent spectroanalysis it was found to contain the following:
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0.001 wt.% Cu; < 0.001 wt.% _Cafand Mg; 0.003 wt.% Al; 0.003 wt.% H,
0.006 wt.% 03 and o.oovi wt.% N | |

The powders used for the';olid state reactions and for the alloy
" synthesis were mixed by rolling. - Milton:R. Pickus desigﬁed a four vial
,holder that rotated the vials about their longitudinal and.their short
“axes simultaneously.  The‘powders é#perienced a compound:motion of free
fall and shear. As a resulf pbwders of different mesh mixed well. A

istandard.ball.mill drive rotated the holder. Sampies_were rolled 48

hours before heating.

B. Fﬁrnaces-Uséd

Four types of furnaces wére used for the equilibrations. A mulﬁi-
stétioh hot press was employed in all solid state regcfiéns. ’As the
name implies, a sample can be heéted and pressed éimultaneously. The
hot'press chamber is fabri¢atéd‘from stainiess steel and-is'water cooled.
A Ta filameni made from a 1 inch'by’b.005 inch strip and formed into a
Avnéarly compIeté cylinder serves as the heating element. A multilayer Ta
: radiétion Shiéld surrounds the filament;” The eﬁtire heating.unit is
y mdunted oﬁ‘a'shaft passing throuéh a Wilsoh.seal so that it can be moved
' vertically from outside the chamber. - The,sampleAdies are fabricated from
"Graphitite G." One die consists of tw0»haif inch diamétér plungers and
a sleeve of one inch outside diameter and one-half inch inside diametér.
The feaétant powders aré~plaéed ih the. die and are hot pressed to a“one- )
‘half inch diameter, one-eighth inch thick dise. A maximumvof eight dies
are placed on a laZy'susan which can bg'rotated'so-that different dies will
dlign with a hydraﬁlic ram used to apply the desired pressure and with
the heatingvassembly,: Wilson seals are usea for the shaft carrying the

lazy susan and for the shﬁft'transmitting the pressure from the hydraﬁlic



" in pressure can be expressed asi AF

ram. .The furnace can be used with any'oxygeh free atmosphere (600 Torr
of Ar was chosen) or vacuum.* After one pressing is:compléted, the

pressure is released; the heating assembly is raised; the lazy susan

1is rotated to the next positioh; the heating assembly is lowered to

surround the second die; and the second hot bressing commences.ll The

‘multi-station hot press was designed by'and:built under the sﬁpefvision

of Milton-R; Pickus for use in the Inorganic Materials Research Division
of thé'Lawrence Radiatioh'Labdrétoryl

;sting the hot press for solid State réaéfions has a definite advantage.
The kinetics‘of such reactioné depends upén the aféa of contéct bétWéen

the various reactants. By_stérting with powder and pressing them together

.'while heating, the reactioﬂ'kiﬁetics are improved. 'As'long a8 both

reactants and products are'solids, the reaction equilibrium will not be

" affected by the use of pressure. The equilibrium depends upon the Gibbs

.frée energy’of'the reaction, AFrx. The changé.in_A.FrX due to the increase

' o v 500 .
rx, 500 atm. AFT& 1 atme Y1 Ayfx daPp.

The difference in volume between products and reactants (AV}X) is small

because they are both solids and the associated difference in AFrx's is

not expected to exceed * 200 calories, a small change compared to the

kilocalorie values of the free energies of formation of the products and

- reactants. - As a result, the reactions that take place under pressufe are

also expected to occur at one atmosphere. The kinetics of the reaction

' are improved, however, and less time is necessary before the reaction

products are observed.

A vacuum furnace with a Ta sheet or a W mesh filament was used for

'thevbinary'alloy homogenization and for the melting point determinations.
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Difficulty was eucountered in running the hot press'for»long periods of
‘ time and the Qacuum_furnace'was also used to supplement the hot press
' runs.. After'ihitial;hot pressiug.the samples were"compact and the. | . ®
oowder particles werefin good oohtactIWith'each other.‘ Both vacuum»and
‘600 Torr of He were used. The furnace and orueible'Were_baked out‘before :
runs and the sample weight iosses were‘earefully watched. |
An arc furnace with a water cooled copper cru01ble was. used to

initially melt the binary alloys. Thlrty gram samples of cold pressed |
powder, or'rod‘in the case of Re, were melted into buttons, fllpped; and
- remelted five times. A Zr button was. used as a. getter to purlfy the |

7OO Torr Ar atmosphere.

An'lnductlon furnace_was used for the liquid reactions ofvtheAg and

-AuvternaryAsystems. The fields generated stir metal liquid and improve

reaction kinetics. The crucible made of'Graphitite G'was'blaced,inside
, a vertical quarts tube. After pumpingcnrthe'chamber for 2 to'3 hours, He
_‘Wés oassed from the top to the bottom of the tube and bubbled through a
:trap filled with d1ffus1on pump 011 to keep the gas flow one way. A water

cooled ¢opper c01l surroundlng the outs1de of the quartz tube served as a

heatlng source.

Temperature readings_uere taken with an oﬁtical pyrometer., The

‘readings reported are the;average of the filameut fading temperatures

" from high and loW‘temperature approaches. The average correction for . .-
f;the quartz furnace windows was found tovbev+15fC.in'the”i500°C temperae
; ture range. The error assigned to the readiﬁgs is the spread in the
temperature.readings over'the duration of the heating. Other sources
: of.erroruare‘ilofc associated with eye accuracy and'i3°¢.for the uncer-.

A tainty of the calibrations.of the window and of the pyrometer. Readings



Y

-0

were taken off oftthe top 'of the crucibles perpendicular to the radiating
filament so that black body radiation was more closely approached. When
a crucible 1id was not employed, temperature readings were taken from a

corner inside: the crueible. -

'C. Methods of Analysis

v X—ray diffractioﬁ, métallography, and>electron microprobe analysis
were used tb determiné the'reéction products; The prod@ct phases weré
identified»with a Pickert Model No. 3488K diffractometer. Lattice para-v'
meters were usually détermined to three significant figures. Such an

accuracy was conéidered'sufficiént to make sure that all of the observed

-peaksvwere accounted for., Gresater accuracy was not considered necessary
because the variation of the lattice parameter of the various phases

. has not been determined as a function bf the other components of the ternary

systems;present. . The fiXedvhofizohtél:sample holder-made it very easy

to x-ray‘thevpowder sémpleé, 'Cdmparisbﬁ of the'products' x~ray pattern

to that of the reactants made the identification of peaks easiéf. All of

the phaseskobserved had been Teported previously as indicated in Table VI.
Metallography was straightforward; no etching was necessary. tFor all

of the samples with the exception of those containing Ag and Au, polishing

with one micron diamond paste and kerosene on a canvas wheel was enough

to polish the sample and leave a visible difference between the‘phases.

In the case of samples containing Ag and Au using six mieron diamond

paste and kerosene on a canvas wheel intermittently with 0.05 micron

alumina and kerosene on a felt wheel produced distinguishable phases.
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A Materials Anainis Company Model 400 eléctron‘udcroprobe analyzer
was used to'determiné‘the concentration of Zr present in the.éléméntal
phases of Re, Ru, Os,'Ag, and Au. In thé.miCroprdbe{a tungsten filament
furnishes'eleétrons thch are focused dnd accéierétéd ﬁo the sampie. The
accelerating potentiéi éelected'for the pfesent work'ié 20 kilovolts, A : “
beam of 1 °to 2 microns diameter is claimed by the manufacturer. The. elec~
trons excite the charaéteristic X-rays 6f‘the element s present.ih the
sample. The characteristic xéréys.are picked.up'by'any one of thrée
spéctrométers, each one tuned fbr a»particﬁlai éleﬁénﬁ pfeseﬁt in thé 
sample. The signai intehsity‘from a'spéctromEter is fed through,a pﬁlsé
height ahai&zer and read out on a scaler. Thé'Working principle of thé
apparatus is similar to an x—fay diffractomefer; ﬁheISample"in the micro-
probe is équivalent to the target in fhe x-ray tube of the diffracfometer,

s and the target in.the diffractometer is éimilar to the ahalyzing;crystal
in the microprobe. | | |

The.ﬁx cﬁaractéristic x—ray of Zr.at'6.07OX was detéctea by a spec-
trometer using a PET (pentaerythritbl) single crystal [(hkZ) = (002);
Ed.= 8.7&22]:and a.X; sealed proportiohél spectrometef. ‘The.épeéimen
'_éurrént'used.was in the 350 milligmp range; The intensity.from a lOO%:.
pure Zr standard was on the order of'lo;OOO to'l5,00C-counts éef 10 seconds.
j»bata were takén-as a group of twenty readings countiﬁgfforvlo_éeconds each
 or as a group of_ten_readingsvcounting for 20 seconds each. The,ratio of‘
- the sample to gtandard counté is_proportional to ﬁhe wt.% Zr,' The con- )
lcéntration of C was not-determined; Thére is difficulty.dbtaining'a quan-
titéfive aﬁaiysis of C with the electron micﬁoprobé because its néss is_
small compared to the other congtituents aﬂdjbecause.the électrbn beamv |
de composes the hydrocarbons in the vacuum and C tends to depbsit oﬁ ther

sample with time. In all the systems studied, except the C-Zr-Re system,
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the CVCOncentration was assumed to be small. The count from the principle
element of the phase, i.e. Re, Ru, Os, Ag, or Au, was monitored by another

spectrometer to make sure that there was no intefference from the ZxC

"phase present. The weight percent of these elements obtained from the

© computer program was nof considered in the quant itative analysis of Zr,

however, because of the ¥ error attributed to microprobe readings. An
example will serve the ﬁoinf; consider a phaee measuring 98th.%:Ru. The
‘error associatedeith this.value is 54.9 Wf.%. Therefore, the actual wt.%
Ru is between 100 and ’95' giving a Zr concentration of O' to 7 W't.%.v On .
the'other_hend if the wt;% Zr.ig determined to be o.So wt.b, the associated

error is #0.04 wt.% ( £ of 0,80 wt.%). The wt.% Ru is 99.20 * 0.0k wt.%

"~ and both Zr and Ru weight peréents are determined more accurately. The

output from the microprobe is autematically fed to a computer key punch
and to a typewriter. ' -
The computer prbgram.uSed to analyze the data from the microprobe was

the EMX - EMX2 combined program written by J. Z. Frazer, R. W. Fitz-

‘ v v “12
gerald, and A. M. Reid of Scripps Institution of Oceanography. . The EMX

progfam corrects for dead-tﬁne losses; drift, aésuming a linear variation
wiﬁh time;s end background. The method of input ehosen for ﬁhebbaekgrouhd
can be selecfed‘using this program;_‘Background readings were taken ae sets
and piaced before each eppropriete standard set .and sample set. The EMX2
program cofrects for absorption byecombining the works of Philibert, Dun-

cumb and Shields; and Heinrich. The program corrects for K-K fluorescence

“but not for K-L or L-IL fluorescence because of the ﬁncertainty of such

[+
calculations, Since the Zr L, line of 6.,0TOA was used, fluorescence

" corrections are not applied to thig work. No atomic number corrections are

included becaﬁse of the currentrdiffieulties with such corrections. The

basic program was adopted.for use of the Lawrence Radiation Laboratory’é

CDC 6600 computer.
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The -‘error generally attribqted to.micrqporbe_analysis using lOO% stan;
A.dards and compuﬁer cor?ections is 2 to 15 qf-the_émount of the elemen‘c.]j-15
The EMX - EMX2 prograﬁ“does‘not calculate fhe errof of the Quantitativé
éhalysis given., A Zr;Au'test; standard was made to‘check the mleroprobe
‘accuracy independent of the assumed accurégy in the range of the sample
, concentration? The test standard was-aﬂalyzed each time a Zr-Au sample
.wﬁs analyzéd. The résplts arevgiven inkTébié T(a). The daﬁéslare present-
ed merely to indicate the spreéd of time ove?iwhichbthe readings were
_taken. The microprobe ﬁas;cOnstantiy under,minbf ﬁodificaﬁion.; There is
va'56% sbread in the'concenfration of.Zr from'B;O * 3.8 at;% Zr in the Au
phase. | . |
| A wet chemical analjsis ﬁas run to check the microprobe results. The
.test Jstandafd was taken into soiution and wags compared with solutions of
known concentration near the concentréﬁion of the microprobevtesfistan-
:‘dérd. The actual analysis'performed by Robert D. Giaugue was by x-ray
 spectrometry using an iodine 125 radioisotope SOurce;7 The isotope was
used fo excite x-rays in a target material; the K, x;rays of Rh were used
in the présént case. Thé target x~rays bombardéd the sample to produde
" the charaétéristic radiation of Zr. The back—séattered'k;fayé from tﬁe
Rh were used as an int ernal standard. vA more compiete description of the
‘technique appears elsewhereilé The analysis- showed that the microprbbe
%est stanaard contained 3,40 % O.O7Iat.% Zr. The average of dll the
microprobe aﬁélyses is 3.35 at.% Zr. | |

If one analysis of the microprobe were relied upon, the expected

"‘error'WOﬁld be +18% of the actual at.% Zr at this level of Zr concentration. o

Refering to Table I(a), it can be seen that 50% of the analyses are within -
“the expected tj%-accuracy. " The 80% confidence limit of detection given

by H.S. deBen T oceurs at 0,076 at.% Zr. The at.% Zr found in the test

»y
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standdrd at only 50% confidence is well above this value.

The source.of error is not obvious. The error cannot be attributed to

 improper corrections of absorption or fluorescence. Since the average

value is in good agreement with thevwet analysis, the computer corrections
v _ ,
are correct: The Zr5 Lo Au96 60 test standard was found to be homogeneous

The microprobe did appear to be quite gensitive to the W filament alignmeng

and the misalignment of a filament represents the type of drift which is

not linear but is more quantum in natire. 'If the random error were asso-

’ oidted‘with the drifting fiiament’alignment, the Zr standard counts at the
-beginning of the run (ST) would be expected to differ from the Zr. stan-

. dard counts taken atvthe end.of the run fo cofnect for linear drift (STD).
vfabie I(a) gives'tne maximum deviations in the individual counts between
_ihe.ST and STD readings enpresséd in‘ternsvof the standard deviation.

‘A check to see if all of the readings from the two groups of counts diffe-

_fed by more than three times the standard deviation associated with statisti-

cal counts (3&) showed no correlation to the error in at. % Zr for the
Various runs} The computer prcgram,1< de<1gned to reject ST and STD
data groups if an 1nd1v1dual reading Within that group varies from the
average by more than 30. Although the error cannot bo explained by the

filament alignment, it would probably be good practice to make sure that

all standard counts, ST and STD, agree within 50.

.The error could possibly have been reduced by making sure that the

total counts fram the sample for the element to be analyzed added to a
‘specific value. Such a practicejwould'improve the statistics. Each analy-

sis of the microprobe test standérd represents a total Zr count of 5,000

counts. The 30 deviation is i'M.E% or 210 counts.  Using a lOO% Zr

‘standard count of 30,000 counts as a basey the associated error would be
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£0.13 at.% Zr or 3.9b of the 3.40 at.% Zr true value. This cailcula_tion
implies that.there is a{99% statistical prebablity of finding. the at. %
Zr within 23. 9% of the 3. Lo (+o 07) at. % Zr value. Statistical err.or.
alone can not account for: the +18% error observed The’toteler coﬁﬁts ' -
.off of the teqt qtandard for all anaLyseQ is 23,390 and the average at.

Zr is 3.35 at% The error assoc1ated with thls count, us1ng the lOO%
| Zr standard base as before, is —0.0h at.% Zr or i1.2% of the amount pre-

eent. Since the'oVerall-average agrees well'ﬁith the wet analysis, it

"is possible that an increasedrtotal count mey have impreQed the statistics;
‘however, it must be fememberedefhat;this is only one such count and the -

first count of 5;000 (3;h7 gt.%' Zr analysis) also agrees well:with the
_wet‘analysis; | | |

In summarj, the abd%e'analysis shows that the present work essociated

with Zr-Aﬁ samples in the 3 at.%' Zr ?ange is in error by i18% of the act-
~ ual value. Makihg gure that the totel sample counts add to 25,000 counts |

"and that all'lOO%'standard counts (ST and STD) of an element agree with

:'eaeh other ﬁo_withinv5o,may decrease ‘the error, The’results of the

study of the Zr Au96 60 test standard showed that an error of 5%

T3, Lo ' _
cannot be automatically assumed and that making test - standards in the

.composition range"of the alloy Eystem of interest is a necessary step if
‘any error limits are to be attributed to the quantitative analysis.

D, *Superconductivity Measurements
. . 3

The‘folléwing compounds were checked for superconductivity: ZrRu,

ZrOs o9 ZrIr ZrAg, and ZrAu3 + ZrAuh (two phase sample). The mutual in-

5’
ductance of two coaxial coils containing one of the samples was measured.
The change‘in'magnetic'susceptibility'was observed as a function of tem-

perature. No change was observed between 1.l anq 186K indicating that the |
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samples were not superéonducting or ferromagnetic in this temberature

range. The method used is covered in greater detail by Eckhard Nembach.18

This coneludes the description of the general procedures and
pileces of equipment used. More detailed procedures varied with each

systems studied.’ They will be discussed later.
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ITT. THERMODYNAMIC DATA FROM TERNARY PHASE DIAGRAMS

From the experimental-evidence of which phases.exist’in equilibrium

with each other, ternary phase diagiams havewbeen determined. Examples

of the two types of" diagrams found for the systems studied are given in
Fig. 1, the C-Zr-Ir System; and. Fig. 2, the C-Zr-Ru System. Joins are'

shown in the diagrams 1ndicat1ng the binary'phases which exist in equili-

brium._ The diagrams are simplified in that no attempt has been made to

show;solubility limits. ThOSedjdins directly observed by reaction are

indicated by solid lines; ZrIr, was found to exist in equilibfium with

3

‘both ZrC and C. It may be recalled from thermodynamics that two joins

Cannotbcross, for there would then be a four phase equilibrium at the join -
intersection of the ternary phase diagram with:temperature‘and pressure

fixed which is not allowed by the phase rule. With temperatufe and

 pressure fixed, the phase rile b&comes C-P = F. In'the_presentveXperi-

mental equilibrations, the‘number of cbmponents (c=3) equals the number
of phases (P=3) leaving no degrees of freedom (F=0). Therefore, compounds
to the Zr-rich side of ZrIr3 must be in_equilibrium‘with ZrC and alloys to *

the Ir-rich side must be in equilibrium with C. These possibilities for

the Zr-Ir system are indicated in Fig. 1 by the dotted joins. 1In Fig. 2

'the C-ZrC-Ru three phase equilibrium was directly observed indicating that

all the binary compounds of Zr and Ru are in equilibrium with ZrC. The

above is true if there are no ternary phases present; none were observed -

in the three phase equilibria represented in Figs. 1 and 2.
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If temperature and. pressure are not fixed the phase.rule is stated
aé C-P+2 =F., It can be seeﬁ that as many.as five phases may'be found
to eiist in equilibrium at some point in the five dimensional space -

" represented by ﬁhe variables.of temperature,upressure, and the thre¢
mole fractions of thencoﬁponents. The Gibbs free enérgy of the compounds
ihvolved change such a smail aﬁéunt-with changés in temperature and pressure
that the corresponding terhary diagrams for all C;Zr-M (M_E any of the
:transition elements: Re, Ru, Os, Rh, Ir,de; Pt, Ag, or.Au) systems
fméy“be expected to remain the same throughout thé entire'solidus'region
of the diagram, i.e., until fﬂe liquid phase iS'encounﬁerea;' It is
certéinly expected to remain the same for the Re, Ru, Os, Rh, If;<Pd,
 énd*ft systems within *100°C of the range‘of experiménfél oEservations
'bf this work. |

The thermodynamig'stabiiiﬁy of the compounds of Several"Zr binary
systems'presented can be aetermined_from.the variéus ternary'phaée dia-
fgrams ekperimentally determined. Graphitg was chosen as the third
constituént for-the’téfnary systems for two reasons: (l) the thermo-
dynamié stability of ZrC, measured by'AFf (ZrC), has been defermined;lo
and (2) all binary éompouﬁds were expected to have é iow solubility
into the ternary region of the phase diagram and no ternary phases

were expected. -
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A. Calculation of Acfivity Coefficients From
- Ternary Phase Diagram '

Activity coefficienté‘may be obtained frém the ternary phase:
: diagfém presented. The C;Zr-Ru phaSG diagram Wiil serve as an:example.
.The deri&ed activities‘(ai)bénd activity cbéfficients (yi) will be
B based upon the solyent standard state, i;e{iwhen X, = 1 (xi é the mole
 :fraction of component i),vthen'ai ; 1 and v, = 1. Wheh the C, ZTCQ and
»vRu phaées exist in equilibrium,-the activity of all the components in
“.the thrée phases is‘fixéd. The activity.of Rﬁ'(yRu) is c1osé_t§Hone
.>Since very little Zr(0.75 at.%'Zf) and_presﬁmably a negligible amount
”of graphite dissolved into thé Ru phase. The activity of graphite
v a(vé) is equal to one Eecause‘Of the presence of pure graphite. - Sincé
Aiail of the phases are in equilibfium with each other, the activity

of each component is the same'in_allvthree phases:

Ru ¢ . 7rC .

;aRu o gy T fgu  ~
C . gZrC . Ru

¢ - C B C -

ZrC - - ' ,
a = g L gC = constant

Zr A.Zr zr

~The superscripts designate the phase being discussed;‘fbr example,.
'agic_repreSents the activity of Ru in the ZrC phasé.
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The activity of Zr can be calculated because the AF; (ZrC) is known;

at 1500°C, the AF (ZrC) = 42,118 kcal/mole.k AF (zxC) may also be

expressed ag:

| AF (ZrC) = fRT In a, &,
Using the appropriate values:

42,118 keal/mole = R(1773 ) 1n [(l) (ay, Il

1 . - -h2118
g Zr (2.303) (1.987) (1773)

1070-191

=-5,191 g

By

The a, 1is the same in all phases. Fer the Ru phase:

Zr |
4 L -5.191
Wgr Zr o 10

From the microprobe analysis of the.C—Zr-Ru'samples:

' *7r 0.0075 = 10
Therefore: v |
o PR 5 191, . -2.125
Voo = geligy - J10”
,ng (0.75 at.$ Zr) = lO'3fO67

It.is sometimes convenient to know the activity coefficient of an
element at the limit of 0% of that element in an alloy. Using solution theory
'cne_cen'calculate the activity coefficient of Zr in Ru in the limit of 0% Zr.

- An equation describing the variation of a, . as a function of composition

Zr

_can be expressed ast . L o _

c. _. _“ u _ ) v» 2 ) . .
2.303 RT log,, You = @x,” + b | (2)

where&— y [(AE/V) 1/2

L 1/e42 | » |
+_(AE/V)il/ 17 which is the regular solution
contribution to VZro- The VVr and Vi are the respective molar volumes of
Zr and the other element in solution; AEZr and AEi are the respective energies

of vaporization. The @ accounts for differences in internal pressure
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betweenvthe elements. The "b" term is the sum of all‘other comtributions
. to the Wkr'and'is a function of compoéition. Equation (2) will be applied
to the Zr systems of'Ru, Ir and An. chr.these syétens the largest inter-
action is the sharing of electron pairs with Zr and it will be the domi-
nant parameter in the fb“'permé._It repreSents the change of 72' agsociated
with charge transfer. Leo BreWer’s predicfions) indicate that Zr will
| change from a (d E'p ) conflguratlon to a conflguratlon that Wlll more -
»_closely mateh the electronlc conflguratlon of the solvent element in the
_.lattlce. The "b" term will be 1arge hut‘it will be constant over the
range of ‘low concentratlons of Zr to be dlscussed ‘The "a term for
__the Zr-Ru system can be evaluated know1ng the appropriate intermal pre-
sure parameters, also nﬁerred fohas eclnbility parameters;.Leo>hrewer

lists the values for the elements in Table XXIIT:

*[(AE/v)ZrJl/E ,. ioe call/"‘/c_cl/? |

v[(AE/V)Ru]l/Q = 135 call/g/Ccl/g |

1'These values are for'neutraler and‘Ru.’ Using the Engel Correlation and
~:the Brewer Predlctlons, the electronic conflguratlon expected for the hep
v Ru phase is (44 '5 g O 0. 7) which has 3. 7 d electron bonds per atom.

.If the Zr is to take full advantage of the Ru bondlng, it would have a
r.conflguratlon of (hd5 7581 O 0'7) and a correspondlng formal charge of
~Ll.k, One would predicﬁ,'therefore, an internalvpressnre ah& volume
'cs1m11ar to.Nb and Mos . .. : o w
[(AE/V) 1/u]l /2 g[(AE/V) 1/2 +. [(AE/v) ]1/2§/2 ,=» 128 ca.ll/2/ccl/2.

v -1/h = (va+v ) /2 = 10.2 cc.
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Therefore,

1

10.2 [128 - 1351° cal
Zr-Ru A » o
: ' 499,.8 cal

Using this value in Eq. (2), the WEE (0% Zr) can be calculated:

1081, Yy (O Z?)"lloglo’ U (0.75 at.f zr) =

(499.8) [1-(0.9925)°] 4

(k.575) (1T3°K)

9.21 x 10~

The "b"'s cancel ,therefore:

L

"

Logiq 752 (o zr) =3.,067 + 9.21X 10~

-3.,066
Ternary systems similar to the C-Zr-Ir system are somewhat different.
The activity of Zr is calculated as above: f

aZrC - 10-5.191
Zr

In this system the ZrlIr, phase is in equilibrium with ZrC and C.

. Thereforé: ) ‘ 0.6
' ZrIr, o o opn o o o =04602
XZI‘ 3 .— 0.25 = lO_
and '
v§§1r5 (25 at.d zr) = 1070+19L/p9=0-002
=_'_1o‘h'589

Thé 7;: (O% Zr) cannot be calculated as before, however. Although the

concentration range of ZrIr3 is very narrow, the 8y, MaY change rapidly

Z

“with composition. The range of'the a;;IrB is not known even though one
point within the range has been determined. As a result bne can only

‘ | ZrT -5. o | . | |
say that azi rB = 10 P 19; is greater than the a at the Ir-rich side of

Zr

the ZrIr3 phase. Since a, . at the Ir-rich phase boundary of ZrIr, is

Zr 3

equal to that of Zr in the Ir phase, this activity of Zr can be expressed as
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é;IrB—Ir and :.a2;1r5-Ir < 107219t g 1500°C.
In order to determine the Y (O at. % Zr) several estimates must

still be made. Leo BreWer3 has predlcted the solublllty of Zr in the

Ir phaee to be 15 at.% at the eutectic temperature Although the

eutectlc temperature is probably around 2000° C, nelther the eutectic
temperaturenor-the solublllty of Zr in Ir have been experimentally determined.
Aasumlng a solubility. of Zr in Ir 8t the eutectlc temperature, the solubillty of
Zr in Ir at 1500 C would have to be calculated Thle calculatlon would
' depend uponvthe entropy difference of Zr in tne ZrIrB-phase and in the
Ir phase over the Zr concentration range of 15 to O‘at.%. The entropy
difference.would depend upon theée differences in the ordering in the inter-
nal pressure, in the Couldombic interactions, and in the chargevtransfer

between the two phases. All of the above would raise the,agz (0.15 < %, < 0)

Zr
relative to eéiIrE except - the last factor which would lower the value.
Once the_xéirat the Ir-rich boundary was known at 1500°C, the upper limit

on the 7;; could be calculated because of azr‘at this point is known :
ZrIr,-Ir < 10—5.191. Ir

. 2 The 7V (0 at.% Zr) could then be calculated if
ﬁé; = f(x ) were known, the solution theory dlscussed for the Zr-Ru

system also holds for the Zr-Ir syetem Within the accuracy of these
many assumptlons:

Ir ‘Zg rir_ -Ir -hQ59
YZr (O% Zr) 7r > S 10

B. ‘The Gibbs Free Energy of Formatlon from
Ternary Phase Diagrams -

From ternary phase diagrams such as those of Figs. 1 and 2, information

can be obtained on the Gibbs free energy of formation QSFf)-of all the
A ' ' ! T
intermetallic binary Zr compounds represented in the ternary diagrams.
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Considering the C-Zr-Ir system first, the follo#ing reaction may. be
written because ZrC: and Ir cannot exist in equilibrium according to the

fernary phaseldiagram presented in Fig.l.
ZrC + 3Ir - ZrIr5 +C

_ fhis reaction was actually observed.at 15006C; thé details.of the reac- |

tion will be discussed ia%ér. Since the rééctants and the products are

' solids, the free energy'bf the reaction (Afo) may be expreésed by the
fapproximate.reléﬁioﬁ: |

OF TAS

= btH
rx,T. fo, 298 rx, 298"

:and B8 g may be assumed zero. Thus the free energy of the reaction

rx, 29

is rather insensitive to temperature and if &F is found to be less

rx,T
may also be assumed to be less than zero. At 298°K
' 1

than'zero, AFrxv298
v Y

AF; (zZrC) = -b6.2 % 0.3 keal/mole:, © and AF; of all elements is zero.

A limit on AF; (ZrIiB) can be obtained. Since the reaction occurred:

AF°
Frx,298 0
B . . A'o = A'o . AR !
vThereere | , P F (ZrIrB) ¥ f(z;_«q) < 0
AF; (arIrg) < AF (ZrC) = -46.2 kcal/mole at 298°K

Thus, the 1imit cbbtained is AF;,(vavarBV) < -b6.2 keal/mole or L11.5 Kcal/
.fgram_aﬁom as_liéted in Table VI, -

. With a knowledge of what Zr-Ir compounds ére therquynamicélly stable
;Awith feépect to each.other,jmofe limits may be determined. The following

'inequality is true for‘such cgmpounds in the Zr-Ir system:
% AF° ) > AF° | : AR .
1/3 &F (ZrBIr) > 1/2 ‘( Fo (Zr,Ir) > 3/5 Fe (Zr5/5 Ir)

o (1)
© oy Q.- ) o . )
?-AFf (ZrIr) ZAFf(ZrIrE) > AFf _(Z?Ir3) .
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The above can be rationalized by considering reactions such as:

Tt Ir > ZrIr5 . and

Ir +1/6 Ir » 1/2 ZryIr

erIrg

1/3 Zry

'AF;X < 0 for both reactions because these Zr-Ir compounds are reported as

 stable with respect to each other. Another similar inequality is,true:_

3

< 1/3 AF (ZrIr,

AR (Zr,Ir) < OF ( ap° £
Ffv(ZrBIr) < AF (Z;EIr) < AF (Zr5/ Ir) < OF, (ZrIr)

()

)

A Q '
< 1/2 Fo (ZrIrg)

-~ ‘which can be rationalized by considering reactions such as:

ZrEIr + Zr N ZrBIr and

1/3 Zriry +1/6 Zr — 1/2erIr2

‘Wheré AF;X'S_O. The AF;stexpressed in inequalitiés (l)‘ahd (2) have
units.of kgal/mole; the AF;'s:in Table VI are expressed in kcal/gram.
‘_.atom; These same inequalitiés‘can 5e'derived by conéideiing frée'energy
' ;diagrams as presenﬁed by L. S. Darken'and R. Ws Gurrj.l9 " Using

" inequality (2) along with the inequality AF; (Zr1r5)‘5_'- 46.2 kcal/mole,
. the 1imits of Table VI can bevobtainéd. Ihequaiity (1) Wéuld'ﬁe uged

if there were any éompoundsvtp thg If ricﬂ side of ZrIrB. | |

The{ternary systems represented in Fig. 2 are different. . For Rﬁ_

alleé it hésvéxperimentally beén;determinéd at l500°C:that Ru (6;75
at. % Zr) exists iﬁ-eqﬁilibriﬁm;with the C and thg 7rC ‘phases and’ that
vthefoRuE and the Ru (1.15;aﬁ;%2f) binary’phéSes'gXist'in.equiiibrium without

the presence of both C and ZrC. The experimental details used to obtain
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these conclusions will be covered later. From this information the AF;(ZrRuE)
can be estimated and limits can be placed on the Gibbs free énergy of for-
mtion of ZrRu, the only other known Zr-Ru binary alloy.

From the three phaée equilibrium of C,ZrC, and Ru (0.75 at.% Zr) at

o ¢
1500°C (L773°K): 6 = 10-5-191
Zr
ag calculated previously.
ygg (0.75 at.% zr) = 107°°P1/0.0075 = 107°-91/1072-120

. B l0-3.067

 Solution theory can be used to obtain ng (115 at.% Zr.) The internal

pressure parameter for the Ru-rich side of the Zr-Ru binary system has
been previously evaluated : @ = H99.8 cal, 'Using Eq. (2):
‘ - u v _ u
1og vgerLl5 at.% Zr) = 1oglQ y?r (0.75 at.% Zr)

) A >
N '1&29(&%57%3 %8'517273-06 =)

L

[

-3.067 + 4,92 X 107

-3.067

u - _Ru
var XZr
_ .(10-5.067) (10—1,939)

10-5.006

Therefore

Vo (LB at.$ zr)

The activity of Ru this close to pure Ru can be approximated'by consider-

ing the Ru phase an ideal solution:

u
T = 2

Ru R
ary (L15 at.% Zr) = x.° = 0.9885
Ru Ruo 0050
.= 107
As stated above Ru(l.15 at.% Zr) exisfs'in_eqﬁilibrium with the ZrRu

2

vhase. Therefore, fram thermodynamics:
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' Ru'

ZrRu
“a = a
7r _(1.15 at.b Zr) | 7y _2
and
' Ru ZrRu

LN (1.15 at.%_'Zr)_ =g "2

The standard state _AFf (ZrRue).A my be expressed as AF;, (ZrRuE)

, 5 ‘
*RT In 8, 8 . Knowing the appropriate activities, the AF; (Z?Rue)

2.303 BT log, . &, »aRug
4.575 (1773°K) (-5.006 - 2 X 0.0050)

1t

can be calculated: A_F;, (ZrRug)

'-40.69 kcal/mole at 1500°C

-13 .56 kéal/g.atom.

The above value is based on the various experimentally determined concen-

trations of Zr. From the microprobe analysis of a Zr ¢ Ru L test

99.
standard, the Zr concentrations are in error by less than 37% . of the
. amount pres'ent; the correspondihg error a.ésociated. with the éalcula.ted
'AF;, (ZrRug)‘ ig i2.'f kéal/mole or iO.Q .kcal/g-at or.nf In the cglculation’s
it was assumed thatvlog ’}'g; varies asg (XEE)Q bve'tvweie’n‘ 0.75 and_i..l5 at.%
2 and that vgﬁ‘ = 1 from O to i.15 at b Zr. | | -
: I.r}quality‘ (l) gives: AF;, (ZrRu) 2 AF; (ZrRuE); é.ndv inequality
(2) givest A‘F;,‘ (ZrRu) 51/2 AF;, (ZrRué). Usihg thesé inequaiifies with
 the calculated AF;, (ZrRuE) and the estimated error, the following limits

on AF;, (ZrRu) are cbtained:

~19.0 Kcal/mole. > ,AF; (ZrRu) > -h3.h4 Kcal/_mole

Table VI gives these limits expressed in kildcalbries/gram'atorﬁ ba.t blSOOf’C.
| A similar procedure can be followed for the Zr-Au éllo_ys. The
~calculation is more involved because the evqui]i'bration of C, ZrC, and Au
(9.5 atv.% Zr) was done above -the‘melting points of Au and ZrAuh and the
AF}'S are desired far solid alloys. The calculation is given in Appen-

dix B. The calculated limits for AF;,(ArAuu) aret
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and at 298°K:
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-37.9 keal/mle > AFy (ZrAu)) > 41,4 keal/mole at 1000°C
Although the C-Zr-Os and C-Zr-Ag phase diagrams are also of the type
represented ih»Fig. 2; the methodlof estimating the AF;'S of these com-

pounds represents still another case. The information neaessary to cal-

~culate the AF;'S of the Os and the Ag ricﬁ'binary alloys of Zr in a

menner similar to the C-~Zr-Ru gystem is laéking. The solubilities of Zr

:in the Os and the Ag phases in equilibrium with C.and ZrC are not known;
~only solubility limits were obtained. For these'systems limits on the

:AF;’S of the various binary compounds can be obtained in a fashion similar

to that of the C;erlf system first discussed. Sugh systems hmve inequal~

_ities like (1) and (2); but ZrC is mare stable than all the binary com-

pounds. The. appropriate limits can best be visualized by considering

Zros2 +C — ZrC + 20s.
Since ZrC and Os exist in equilibrium (as presented in Fig. 2),AF;X is

. |
less than zero. AFrx can be expressed as!

. o O . .
&F. = O (zrc) -‘AFf(Zrng) <0

:which gives

. o A o A
‘AFf (ZrOsg) > OF, (ZrCi)

AF;(ZrOse) > 46,2 keal/mole or -15.k4 keal/g.atom

. which is listed in Table VI. In order to obtain limits on other compounds
of the binary System, direct reaction with ZrC can be considered or in-

equality (1) can be used.
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IV. DETERMINATION OF TERNARY PHASE DIAGRAMS
The géneral methods of sample preparation, analysis, and data
computation have been discussed. Some individual aspects of the various

systems bear comment, -

A. The C-Zr-Rh, C-Zr-Ir, c-Zr;Pd; and C-Zr-Pt Systems
' The Q-Zr—Ir system was the first to belinvestigated. One mole of
+ZrC and three moles Qf'Ir powder were mixed and hot pressed for 15
minutes at 1585°C and 500 atmbsphereé breséuré. X-ray'analysis showed

a 50% conversion to ZrIr Three additional hours showed almost complete

5.
reaction and three more hours showed no further change. Although the

two phases of ZrIr, and C were prdbably‘ﬁot in final equilibrium within .

)
fhree hours, the equilibrium phases'had already been.formed. Ahalyéis.
of ﬁhe ZrRu + 1.2C reactionvalso_vérified that a three hour reaction
1 time was sufficient to observe the products which would exist in.equili-
brium eventually. A three hour reactioh time was, therefore; chosen
fOT‘the reactions when only the equilibrium phases wefe.to bé determined;
longér timesvwere,uSed'whén the concentrations of the éqﬁilibrium phases
were'desired,‘as in the C~Zr-Ru system. |

| Sincé the ZrM5 ordered shtricture is present in thé Zr binary systems of
Rh, Pd, and Pt as well, similar reactiénéiwere run and the tﬁo phase
equilibrium bgtweén C and the Zng structuie was pbserved in all gasgs,

.J. Mes Criscione et al. observed similaf reactions for ZrC with Rh

and Ir between 1200°C and 2200°C.2°
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To pin dbwn the»three phase regions of the diagrams, éamples were
made with a surplus of ZrC. The details of fhe reactions a£e given in
Table II. The Irvphase listed under "Phage Observed™ had low'intensity.f
peaks after heating and is‘considéred to be unreacted material. The
graphité peak at 4 = 5.55543 was observed in the Rh and Pt sysﬁems;

although not observed by x-ray diffraction in the C-Zr-Ir and C-Zr-Pd

systems, it was observed by metallographic examination.

The reactions given in Table IT are hot'balancai. If they were,

b

the reactions would be ZrC + 3M — ZrM, + C. The format of Table IT

. .was chosen to show the equilibrium phases actually observed.

Figure 1 represents the type of ternary diagrém determined; the

solid 'jqihsindicate that Zer was experimentally observed to be in

f equilibrium with ZrC and C. Although the dashed joins are drawn for the

C-Zr-Ir system, they indicate that Zr alloys of Rh, Pd and Pt as well

as Ir to the Zr-rich side of the ZrM, phase exist in equilibrium with

5
ZrC. Those compounds to the M rich side of the'ZrM5 phase exist in

. eguilibrium with graphite; The above assumes no ternary compound forma-

tion.

Thermodynamic data on the Zr binary systems were obtained in the

 straightforward manner outlined in Part ITI. The resulting ij and

Z

_AFf information is given in Tables V.’ and VI .- respectively.

f
' Some informetion was gained on the liquidus phase of the ternary
diagrams. A ZfC + 3 Ir:sample'heated to 2000°C melted indiéating that
the liquidué phase appeérs below 2000°C but above the 1575°C reaction
temperature._ Je M, Criééione ét al.?o obsérved the meiting of a

ir¢ + SIr sample at 2100°C, essentially in agreement with the above.

None of the other samples showed signs of meitingvat the reaction
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temperat ures listed in Table II. A ZrC + 3Rh sample prepared by J. M

Criscione et al. was heated to 2200°C; it did not melt.

B. Miscellaneous Properties of ZrIr, and ZrP“t5
—

A separete sample of ZrIr5 was made from the elements and was heated
on a tungsten plate in a vacuum furnace. Its observed melting points is
2126+133°C. |

An attempt was made to etch the pure ZrIr5 sample. - Among @he
strbngef tfeatments.were:v Bbiling in aqua fegia for 1-1/2 hours;
b0111ng in concentrated HF for 1—1/2 hours, b0111ng in a solution of
" aqua regia and concentrated HF For. 1/2 hours heatlng in molten KOH for
' 1-1/2 hours, All of these chemical reagents left the sample's shlny
_metallographlcally pOllShed surface unattacked. Héatlng the sample in an
air furnace at lOOO C for 1/2 hour caused the‘surface tovripéle sligntly‘
as if the sample were being dnnealed..'The polished‘enrfaee still wae
shiny; no oxide buildup was visible. | o

ZrIrs'Was not found to be supercondueting betweenvleh and118°K..
ZrIr5 is.brittle and it is easily ground. o
| George Stowe21 determlned the AF (ZrPt ) at lOOO C to be less than
~80 kecal/mole by observing the resction Zro, +3 Pt +2 H, (g) - ZrPt5 +
EHEO(g). ZrO2 and Pt powders were mixed in the ZrOQ}Pt molar ratios»of
112, 2:3, and 4:5 and pressed into pellets 1/2" x 3/16". A Zroy Blank
. was alsobmade. Each sample was placed on platinnm foil in a nickel boat
_ anl was heeted in a tube %Urnace. Hé gas Was pasgsed tnrough the furnace
: fér periods of 1k to 17 hours.. Furnace runs were made at 800dC, 1000°C, and
- 1150°C, In each case the sample was furnace'copled using a flow of U%
a HE/He atmosphere. X-ray diffrection patterns o the pellet suxfaces
identified the ZrPt3 (hep) in the thOe + 5 Pt heatings at lQOO°C‘and

at 1150°C and in the ZrQ, + 2Pt and 2Zr0, + 3Pt heatings at 1150°C.

v
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The sample weight loss was used to calculate the moles of HéO(g) formed.

The weight loss of the Zrog'blank heated in Hé at these temperatures was

subtracted to correct for adsorbed watér. The flow of Hé was monitored

. and the total amount used was on the.order-of 6 moles. The ébove calcula=-

tion géve a ratio eqﬁal to the‘pressuré ratid of_HéO to Hé which is less
than the equilibrium value of PHéO/PHé. From' this information limits on
AF; (ZrPtB) wéré'obﬁained: | | |
AF;(ZrPtB) < =80 kcal/mole at 100050 and AF; (ZrPtB)
< -76 keal/mole at 1150°C. |

' A sample calculation fbllows; at lOOQ°C, the l#ZrO2 + 5Pt sample lost
0.045 graﬁs, after correctiﬁg for the ZrO, blank wéight loss. 'Dividing
, 107

by the molecdlar weight ofuéxygen (O)'indicates that 2.815 + moles
of HéO were formed. Dividing by the moles:of Hé passed through the fqrnace
(6 moles) indicates that (PHéOXPHé)'= b.69 * lO—u. Since equilibrium was

not reached:

f P . ' P
| 0. - H,0
—] > (=
i equilibrium - "B/ neasured
and HéO | : PHéO
-RT 1n < -Rt 1n <5
Hé equilibrium v H? measured

<+ 39 keal. -
For the reaction:
Zr0, + 5}% +.2Hé(g) —»ZIjP_t5 + 2Hé0(g)
at eguilibrium:

° M
AFp = -RT 1In HAO/ ié)equlllbrlum

rd

: 6
;NF:\ ¢uan be caleulated from tht free ene1ov function and ﬁHSOS tables ' as:
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. -] - ] .
AF. = AF7 (ZrP§3) +.119 gcal.

Ffom the above:

AFf(ZrP%B) -119 keal -2 RT 1n ( HéO/ Hé)equlllbrlum m

< -119 kga.l -2 RT 1n ( HEO/ I{Q)measured

< =119 + 39 keal

AF°(ZrPt ) < - 80 kcal at 1ooo°c

| Assuming that the entropy of formation (AS ) and ACp of fbrmatlon

’are zero, AF (ZrPt ) at 1000°C —-AH° (ZrPt ) at 1000°C —-AF (ZrPt )

at 298°K = AHf (er%S) at 298°K. = Therefore, AHf (ZrEtB) < -80 keal/mole.
A student of Wayne L.FWbrréll has run some preiiminary‘EMF measure-

"ments onerP%5.

Initial experiments indicate that AF; (ZrPtB).is in the
vicinity of -80 keal/mole. |

22

[
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' C and ZrC. Using Eq. (1), 7
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C. The C-Zr~Ru and C-Zr-0Os Systems

One mole of Zrc;fseVen moles of Ru,'énd an unmeasured amount of
graphite weré hot préésed'for seven hours at 1500°C and 200 bars pressure.
X-ray diffraction shbwed no~phaée change. 'Microprobe anélysis indicated
that 0.20 at.% Zr had dissolved into the Ru phase. The sample was heated
for én additional 123 hours Which.brougﬁt_the concentration to O.7L at.%
Zr. To make sure that there was no kinetic barrier, a ZrRu alloy Was

made to be reacted with graphite. The élemental powders were mixed,

 cold pressed, arc melted, and hqmogenized'for.one hour at 2020°C.
;‘Nﬁcroprobe'analysis indicated that the sample was homogeneous. The ZrRu

. sample was easily ground to < 200 mesh. Graphite was added to make a

molar ratio of ZrRu to Cﬂof 1,0 to0.1.2.,After 3 houps of hot pressing

at 1500°C, the reactants weré X—rayed and ZrC, ZrRug, and Ru were

. found to be presenﬁ indicating'thét the reaction was not complete.. After

a total of 7:hours, no ZrRug'remained but the Ru phase grain size was

too small to microprobe for the at.% Zr. Anhealing the sample 81 .

additional hours did proﬁote grain growth. Microprobe-analysié-indicated

that 0.76 at.% Zr was present in the Ru phase.

- The summary of the reactions is presented in Table III. They

“indicate that at 1500°C, Ru with 0.75 at.% Zr is in equilibrium with

Ru

~3,067
Zr 0

(0.75 at % zr) =1 . The other

" desired thermodynamic information is derived in Part III.

A sample of Ru (0.6 at.% Zr) was made in order to check the -micro-

vprobe accuracy;ihowever, small inclusions of high Zr content could not

be homogenized into the Ru_phaée, not even after 146 hours at 1540°C.
The Ru phase analyzed as 0.38 at.% Zr; therefore, the at.% Zr reading

1s at least within 157% of the actual vaiue. No correction factor is
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added'to the microprobe'résults because‘of the difficulty in getting a
'good microprobe standard. | |

Some of the sampies gave informgtion on fhe liquidus phase in the
" ternary system. A sample of ZrC + TRu + 3.2C heated in a graphite eru-
cible to 1870°C had melted ﬁhile the‘ZrC + Ru +iﬁzsampleé‘heated to
. 1500°C did not melt. A Z’1~7I_Rug5 alloy cops_isting of the Ru gnd theb'ZrRue
' phéSes fused'td é"ZrC.érucigle'at'l700°C; the 1i§uid phase was not
.encountered when the Zf?Ru95 sample was heétéd ih a ZrC crucible to .
: 1520°¢ for 141 hours. o

The CQZr;Oé system_was ekpecfed-to be analogdus to fhe C-Zr-Ru
'véystem. A ZrO.s2 alloy was méde from the-eleméhtal pbwderé'and hot

. ﬁressed with graphite in a mble ratio of 15031}111Z:Osé3¢.‘:After 12

" hours at 175 bafs pressufe ana'2 hours at 550 bars all at ih80°C in Ar,
L X~TaY analysis'showed'that-the.reacfionvwas éomblete With C, ZrC, and Os
?.being:ﬁhe éroduct phases; vThe'Os gréins‘were too émall.to Obtain

. unamb iguous at.% Zr microprbbe feédings withoﬁt inteffefence from the

- ZrC Qhase; An additional heatiﬁg in the vécuum‘furnace,broughf the
._totéi time at'lh9d°cvto l5ﬁ hours. The Os phase was still diffiéult to
“microprobe because ofvinterference from the ZrC phase. Accépting only
1 £he lowest readings obﬁained from the sémple gave Q;Eﬁ at.%.Zr in the
.1:Os‘phaSe. H | ”

In both the ZrRu + 1.2C sample and the ZrOs. + 1.1 C sample, the

2
. elemental grain size posed a problem. - Although the microprobe's concen-" -
-trated beam is 1 to 2 microns in diameter, its Iringe area must be lafger,

“ possibly 5 to 10 microns in diameter. As a result,. a small inclusion

“of 2 micron diameter can be detectéd but not quantitatively analyzed.
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Also, small inclusions of a second phase can interfere with the quantita-
tive analysis of a large phase, The C-Zr-Ru and C-Zr-Os equilibrations

are fine examples of this difficulty. The Zr counts of the ZrC phase

were on the order of 20,000 cbunts/EO sec, and those of the Ru phase

were 4O counts/éo sec; a very small quantity of ZrC can interfere markedly
with the Zr counts off of the elemental phase.  Figures 4 and 5 are

pictures of the metal surfaces at AOQX, the power of the microscope on

the MAC microprobe. When C, ZrC, and Ru were the reactants, Fig. 4(a),

- the phases were large because there was no phase change and because the

reactant powders wefe,large relative to the microprobe beam size. With

~ ZrRu and ZrOs, as initial phasés, Figs. 4(b) and 5(b), the ZrC, Ru, and

0Os phases had to nucleate and grow; therefore, their size is much smaller

and the ZrC phase_is'dispersed‘throughout. - The 2 micron stepping

mechanism for diffusion analysis was employed to transverse seemingly

clean elémental’phases. The mechanism automatically moves the sample

.2 microns, stops to read the couht, and repeats the processvéontinuing
in a straight line. Only the lowest Zr readings were used to determine
the at.% Zr present. In both Figs. 4(b) and 5(b) small ihélusions of

ZrC can be seen in the elemental phases.

The ZrRu + 1.2C sample agrees well with the other C-Zr-Ru sample.

v Iﬁ‘order to avoid any ambiguity in the C-Zr-0s systém, a sample of

ZrC + 70s + xC (an unmeasured amount of. graphite) was made from powder,

mixed, and‘hot-pressed at 1870°C for 17-1/4 hours. Microprobe analysis
indicated that 0.62 at.% Zr héd_dissolved into the Os phase. Heating
 the sample for 120 hours at 1495°C .1eft such a low level of Zr in £he Ox
phase that it could ﬁot be detected by the electron microprOVé.' In bothvcases

the miecrvoprobe analysis of the sample was straightforward; the grain size of the



_36-

Osvwas large wiﬁh no small inclusipns of ZrC. .Figuré 5(a) shbws the sample
after the five daj heating at 1495°C. The elemental phases in Figs. 4 and

5 appear as white,and‘thé.ZrC phasé appearé as gray. The black areas

. represent pull out of chunks of the sample due to the interlaciﬁg of the

' relatively weak graphite phase and due to pofosity; |

In order to determine the detection limit of the ﬁicroprobe, the

7

formula presented by H. S.'de_Benl is used:

1.l+7’«/'ﬁb‘ | B
Cpp, = = ¢ SENC)
where CDL évcéncentratioh at the limit of3detéctiqn of the ﬁicroprbbe‘
"(80% confidence); N, = é&erage backgrOund counts per unit time.
.tCs = concentration of the standard used. It.has beén stated that Eq. (3)
':cahnot be used to assign an error limit té'thevmicroprobé readingé;‘that
“is, if the microprqbe analysis of a sample éives a‘goncentration of an

~element equal to C . calculated from Eq. (3), then the analysis cannot

DL
- be assigned,a confidéncé limit Qf 80% aqtomafiédlly;f.The eduatipn can be
uSéd, however, to determiﬁe tﬁe de£ectioﬁ limit éf the microprobe since
the Zr background‘counts:frcm.the pure Os standard were identical to the
Zr couﬁts from the Og phaée'of the_sample.:,Using:the'aﬁpropriate values

for the C + ZrC '+ Os.sample is Eq. (3):

Q
1

[ 1. 47 5/53/30;(49'2?5&)] 100%

0.028 wt.% Zr.

DL

0.059 at.% 7r

The above reactions show that when the C, 2rC and Os phases exist

in equilibrium at 1500°C, the concentration of Zr ih'the Os phase is



-37-

less than 0.06 at.$ Zr. Using Eq. (1), Yy (< 0.06 at.$ zr) > 1071+96,

The'_other thermodynamic ‘data are,preéent-ed in Tables V and VI.
Information on fhe liquidus phase was gained when a'ZrOsg sample
was heated in a ZrC crucible to 2480°C. It melted at the point of

contact with the crucible. A sample heated to 2020°C did not melt.

D. The Zr-Ru and Zr-Os Binary Systems

u was made from elememtal powders and

R
. Te5 " 9245 _ , _ ,
~annealed for 141 howrs at 1520 * 80°C., It took three to five minutes

A sample of Zr

for the red glow of the furmace todisappear, i.e. to reach ~ 750°C.
Metallographic analysis showed two phases were present; x-ray diffraction

identified them as Ru and ZrRu " Electron microprobe analysis indicated

o

= that l,l5 at.% Zr in thé Ru phase exists in equilibrium with the ZrRu2
phase at 1520 * 80°C.

A .Zrl.,l; 0598.6 alloy was arc melted and was homogenized for 13-1/2
hours at 1525 % '65°C. Metallogra,phic analysis indicated that two phases
'existed; The large Os phase was aﬁalyzed with the micr0probe and found
to have a Zr concentration less than tlle detection limit of the microprobe,
< 0.06 at.b Zr.

. The melting points of ZrRuvand 'ZrOsE .were experimentally determined
to be 2_13_0 + 70°C and 2573 + 80°C; respeétivel‘y.. Both compbunds are

 brittle and exhibit no superconductive or ferromagnetic transformation

. between 1.4 and 18°K.
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E. The C~Zr-Ag and C-Zr-Au Systems

' As"indicated in Table IV, the solid:etate feactions ef the C-Zr-Ag
and C-Zr-Au systems did not proceed; x~ray diffrection patterns er the
reactants and the products were the same.

Silver sponge and Zrc ahd'graphite bowders;were heated in the induc;

tioﬁ'furnaée for:15 hrs at 1410°C. ThefsiiVer formed & peol on,fep of
the powder‘and did not mix weil with the ZrC and C. Microprdee'anelysis
~of the Ag phasge 1ndlcated that the Zr concentratlon was below the detection
j;level of the mlcroprobe. To check the klnetlcs of the reaction, the
Zrhg + le2C sample which had been hot—pressed in the SOlld form was

heated in the induction furnace for 10 hours at 1500°C. Inspection in-
': dicated that liquid Ag with some Zr content hed flowed from the pressed
pellet'end ettacked the grephite crucible.' Metallograpﬂic analysils showed
ﬁhat a thin 1eyer of ZrC exieted between the graphite crueible aﬁd the
Ag pools Microprobe analysis verified the existence of the ZrC phaSe.
'”Readlngs taken from the Ag both near the ZrC phase and into the interior
'Qf the phase showed that the Ag phase was homogeneousvand-that the Zr
:conCentration was beloﬁ‘the detection level of the microprobe; Referring
to H. S. de Ben's work]'7 againg »
1;47'43%

‘.= = . | (3)

Ng =T,
14711
S 11581-11

0.0k42 wt.$ Zr

I

o.050_é£;%-2r

When liquid Ag is in equilibrium with ZrC and C at 15oo°c,'the'cbncentration
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of Zr in the Ag phase 'is less than 0.05 at.% Zr.
Au sheet, ZrC powder and C powder making a stoichiometrie ratio

of 3.0:1L.120.1 respectively were heated in the induction furnace at 1495°C

. for 12-1/k hours. The liquid Au formed a bead on top of the ZrC and C

powder as if it did not wet the powder. ' Microprobe analysis indicated

. that 0.87 at.% Zr had.dissolﬁed into the Au phase. Grayvafeas giving a

lower count of Zr than on the Au phase appeared as two phases; € and

Au,when examined under the microscoﬁé. Such a formation indicates that

‘some C did dissolve in the Au at 1500°C but it précipitated out on

"cooling. The Au phase did appear.to be homogeneous with respect to Zr

concentration.
Some of the Zr5.MOAu96.6O alloy prev1ogsly used as a test standard

was heated with ZrC and C in the induction furnace for'12-l/5 hours at

- 1505°C. No change in the cbmpositioﬁ of the alloy was obﬁerved by

microprobe analysis. As a result; no thermodyrnamic data were derived

- from this observations

A sample of - ZrAu5 + eruhv+ ¢ which had been hot-pressed -but
had not reacted was heated inductively for approximately 30 hours. The
sample did not appear to have reacted. It was a black powder as it was

before the heating; no ligquid Au phése was visible. In the powder form,

- the sample could not be mounted for electron microprobe ahalysis. X-ray

diffraction of the powder indicated that a reaction had occurred; the

‘Au, ZrC and C phases were observed. No ZrAuh-phase was evident.

In order to obtain a Au phase large enough to be analyzed with the

microprobe, a ZrAuB'*ZrAuuffC sample was heated in the hot press for

Flll-l/é hours at 1515°C*65°C Withvno applied pressure. The sample was

then hot pressed at 350 bars pressure forvl/2 hour and cooled. The
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llquid’Au alloj which had squeezed out of the hot press'waslanalyzed,
with the micrbprobe and found to contain a ZrAuu.phase containing 20.5 + 1.0
at.% Zr and a Au phase containing 7.0%1.0 at.% Zr. Metallographic analysis
using standard area measurlng techniques 3 indlcated that 40.0%h4.L4 volume
% of the sample was ZrAuA. 'Using the theoretical molar volumes,calculated
‘fromflattice constant information an.Aueu and ZrAuu,57 the volume pereent
was converted to the overall perceht“of Zr in theeliquid'phase at 1500°C:
,l12.1i1.2 at.% Zr. ‘The details of this calculation-are presented,in
_‘Appendix B. One of the droplets had ZrAuLF and Au phases 50 small that
~ they could not be analyzed separately the mlcroprobe readlngs of
the sample indicated the droplet contained 11 at.% Zr.
| The four liquid C~Zr—Au'samples diséussed.do not éive a Very narrow
rangepoﬁthe'cOncentration”ef.Zr iﬁ liquid Au at 1500°C. 'Interpreting the
data broadly, bne can say that 8;5i7.0 at.% Zr in the Au.phase‘exists
in equilibrium with ZrC and C. The samples of pure Au and Au (3.40 at. %
' Zr) did not wet the ZrC and C powder reactants, the llquld fbrmed a
droplet on top of the powder. In the Zr rich sample, the Au alloy phase
'_apparently did wetthe ZrC and C powders becaase the‘one sample that could
" not be micrdprebed still remained as a black-powder; In this sample,
.'.however, no ZrAuu'could be detected by x-ray diffraction. The ZrAuu
structurevis a modified hep stracture and the peaks are lower than the‘
fee Au structure; however, Lo volume percént of ZrAuu relatlve to the
-vAa phase should have been detected. From this sample, the equillbrlum
l'percent Zr in Au may te expeeted to be T.0 at.% Zr.
| By correlating all the experlmental observations,'the Zr cOﬁcehtra-

;-tien is most likely T.0#1.0 or 12.1%1.2 ate.% Zr. Averaging these two .

values, Au (9.5%3.5 at.% Zr) exists in equilibrium with C and ZrC at
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1500°C can be calculated from Eq. (1):

vé; (6.0 at.% zr) = 107" 9110710222 1075969

Au -o.886 O-h.305

Yo (13.0 at.® Zr) = 10 =2+ 191 /14

.Therefore:v

L0-3+97 -4 517

>7Z (9.5%3.5 at.% 7r) > 10
Using Eq. (2) and the approprlate'values as given 1in Appendix B:

~h,211

10“5‘82l+ Au (o % zr) > 10 at 1500°C.

The other thermodynamic data are found in Tables V and VI.

F. fThe d;ZrFRe'Syetemi
»:Since the Ru and the Os phases exist in eQuilibrium with ZrC and
8 C; it was expected that the Re phase'miéht also exist in equilibrium
l'with Z2rC and C,' The Zr Reeh phase is the most Re rich phase of the Zr-Re
system; it was made to be reacted with C.

The Zr5R62u' phase is reported to exist over a composition rénée
of not more than 5 at.%.Zr (5th.%).26 A Re zone refined rod and Zr
cold pressed powder were used to make an alloy of 16.6 at.% Zr as
determined by'accurate”weighing of the original materials. Arc melting
the sample was compllcated by the fact that stresses were built up in
the sample as it cooled after meltlng. After flipping the sample, 1n1-
tiéi heating with the arc made the sample fly apart. The Zr5Re2u was
annealed for 2 hours at 2000#70°C.iﬁ a vacuum of 1x107° Torr. Six
_vxhundred Torr of Hevwes added to ﬁhe furnace at the'end ef the heating

and the sample cooled te ~ 750°C 4in about eight minutes. Micreprobe

analysis indicated that the sample was homogeneous and that it contained
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l7.5iat.% Zr.‘ The errér betwéen the microprobeireadings and the
original weighing is within the expected accuracy.ljn15 The erReQM
alloy was used as a test standard fér'the microprobe readings of the
Re phasevof the ternary C;Zr;Re‘system. The micrbprobe values aré multi-
plied by 0;95, equal to 16.6/17.5, as a correction factor 5ut the 9
errof isvretained as an expected accuracy..

l | A portion of the Zr5Re24 compbﬁnd was ground to less than 200 mesh
and reacfed with graphite in the respéctive molar-rafio of 1 to 5.5.
B After_72'hours at 1500°d and 350 bars, x-ray analysis'indicated.that |
v.ﬁhé Re phase was present, that fhe Zr5Re2u phase had disappeared, éhd
‘that the ZrC phése had'nqt'abpeared. Microprobe analysis indicated that
the Zr concentration had remained uhchahged, however. Sinée the Re

. . . B o
- phase extends to about 2 at.% Zr 7

and does not éXtend‘to 16.6 at.% Zr
- in the binary phase, the‘resultanf ééuilibriUm.Re phése musﬁ bé’ternary.

. To determine the concentration'of Zr in the Re phase‘in'eQuilibrium with
“bgth ZrC and C, the reactién as giﬁén in Table ITI was run. - Microprobe aﬁalysis
 indiéateduthatbtﬁe‘C_and the Zré phases eXistfin‘eqﬁilibrium‘With é Re

phase containing a molar ratio of Zf to Re of 19.0 i.O tb’8i.0'i 1.0.
The.%-C is not‘known. Siﬁce the'grapﬁite m’s effectea the binary alloys
present, thermodynamic information of thé binary‘Zr-Re'system cannot:be
obtained frbm these empirical observations. |

:, The lattice parémeters of the hexagonal structure‘of the ‘Re (Zr:Re:

19.0:81.0) alloy were determined to be ;O - 2.78101‘0.00(\)&1‘1,.‘%; 44590
.'ri0.000SZ. The compﬁter program.used to refine the lattice parameters was
E'wfitten by Donald E;'Williéms, Ames Laboraﬁor&;27 _Thé phase observed N
'?méy be a térnéry alloy sepérate from the Re phase? but'this is unlikelyv
Eecause the lattice §ayametérs are sé closevto those. of pure Re: aé =

) © Oeh . )
2.T600A, c, = L4.L4580A. A possible ternary phase diagram is given
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- in Fig. 3. The arrows indicate that the percént C has not been deter-

mined and may be any value as long as the Zr:Ré ratio is 19.0:81.0.

The Re phase boundariés-need not be straight lines evén though they aré'
‘indicated as éuch, Sincé a change in Zr ctncentrétion from a high value
to a low talue'was not experimentaliy obsefvéd, it is possible that the
Re phase extends to higher: Zr concentratidn.

G.'“Discuésion of Tables V and VI

Tables V and VI and Figs. 1 to 3 sﬁmﬁarizé the results of the

experimental work.

The first column in Table V gives the at.% Zr in the various ZrMB

'fahd'elemental'phases'actually observed in equilibrium with C and ZrC.

_ The activity coefficient for Zr (VZT) corresponding to the above at.%

Zr is der;ved at that concentration using the relation: ag. = VYyp Xy
Eq. (1). The 10gq 5 Vg i5 expressed in column 3. Regular solution

theory and other estimates are used to calculate vzf'(o % Zr) as it is

texpressed in the fourth column. The partial molar excess free enérgy of
Zr (F;i) in the limit of O at.% Zr is expressed in the last column. It
. . . ) . ... . .- S _ . N . . N
is related to 7Zr by the relation: F;r = 2.305 RT loglo»yzr._ Either

 loglO Yy (0% Zr) or ng'(o %er) can be used to show the change in the

Mstability" of Zr as a function of atomic number. The trend is irrespec-

tive of composition since the comparison is made 1in the 1imit of O % Zr;

Zr

it is purely a comparison of "stability" as measured by Fo° or yzr'versus

xatomic number. Not enough information is available to show a meaningful
irplot oftféi vefsus’atomic-number_but it can be seen from Table V that a
~peak in the stability of Zr in the noble metals is reached néar Rh and

A in the Fifth Period of the Periodic Table ané near Ir and Pt in the

vixth Period.
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Table VI is a cempilation of thevphases hbw reported in the
literature for which thermddynamic'information wa s determined; no new
" _ phases were observed,.?The melting points ef ZrRu, ZrOsg, and ZrIr3 were deter- °
mined éxperimentally by this work. Other melting pdihts are given where
published. A discussion of the phases reportedjin TablenVI‘follows.
Elliott28 reports~ three intermetallicecompounds in the Zr-Re binary
.system. Zr Re, ZrRee, and Zr5Re2h. These phaseq as reported in Table VI
.are in agreement w1th E. M Sav1tsk11 and M., A. Tylkina26 except for
Zr5Re2u‘which may be a superlattice s1milarrto T15Re2h.
| R. E., Wang in a recent paper?g on ZrRu, ZrRh, and ZrPd found that
i_ZrRh and ZrPd behave in a manner similar to TiNi with its "martensitic"
tranefermation. ZrPd at room tempereture (R.T.) was found to be
‘.analogous to TiNi at or below its Mf temperature. This TviNi .'structure
has not been fully determined butits "finish" (f) and "start" (s)vmarten-
‘s1t1c transformation temperatures were determined to be T(M ) = 36°C and
iT(M ) = 166°c The Mf temperature of ZrPA ves found to be 550° C. The
‘ hlgheI’M temperature was not observed but ZrPd would be expected to.
assume the CsCl: type structure abdve the MS temperaturee ZrRh at

£
"temperature is.380°C above which the CsCi type structure is formed. ZrRu

R.T. behaves like TiNi between its M_ and M, temperatures. The ZrRh M_

_iis above its MS temperature ath.T.; therefore,‘it-has_the_CsCl type
 structure. Sirnce A, Raman and K. Schubertjo have_found_the’ZrRh struc-
thre to be of ZrIr type, the ZrIr structure ﬁay prove to underge the same
:sert of crystal:Structure changes as TiNi. ZrPt hey alse behave in ai |
similar_fashion ahd assume a'CeCl type structure at a higher temperature.>

The alloy-system of. Zr-Ru and Zr-0s have been estebiished ag reported
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'in Table VI where detailed structures are given, The Zr-Rh system, however,

v _ .
bears some comment. The ZrBRh structure [cFl12; E93' CFGBWB’ a = 3.544]

reported by C. J. Raub and C. A. Anders_on51 has been disregarded because

the structure is common to C, N, O contaminated alloys and the later works

3e 30

did not produce this struc-
30,33 .

of S. T. Zegler and A. Reman and K. Schubert

ture. The structure. of ZréRh'which has remained undetermined for scme time
| ‘ - 30 _ e

ha's finally been determined by Zegler.5 _There is a possibility that

high and low temperature forms do'exist at this stoichiometry which

- would ekplain why the phase was not recognized in References 30 or 33.

29

has cleared up the’ZrRh structure as stated above.

45 55

+ with an undetermlned structure reported in reference 30 may belong to the

same problem diSCussed by Wang; this structure is not included in Table

. VI, A. Raman and K. Schubert50 were‘uncertain of a erth phase [cFlIE,

5WB; a'= 12.46A] and thought it may be an oxygen contaminated
phase, it -is not listed in the table. The Zr

5Rh5 phase will probably

" have a free energy of fonnatlon much closer to the ZrRh5 phase than

. indicated in the table; for the Zr5 5 phase is a distorted.cubic struc~

ture. The T12N1 type structure of ngIr has been shown to definitely
| 53,34

contain oxygen.

The ZrPd structure uhidehtified-in References 35 and 36 has been

2 : '
-identified by Wang 2 as TiNi type. The Zr Pt, phase would be expected

3

to be MoSi, type while the Ztht phase is probably a special ordered

, 5
structure. The ZrEAg phase reported by N. Karlson57 as [tPh; L6O,
. ’ o ] ‘ '
CuT13, a'= L.566A, C = 3.986A] has not been included; the more recent

evidence presented by J. O. Betterton, Jr. and D. S. Easton58 indicates

.that it does not exist. The only phase of the Zr-Au system reported in

the literature but not included in Table VI is Zr5Auﬂ whose structure

was notdetermined-DS
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V. LITERATURE SURVEY OF SIMILAR SYSTEMS

' The high stability,of imtermetallic binaiy'compounds made from

b}

transition metals which has been predicted by Ieo Brewer™ has also been

verified by the work of other researchers. Their results follow.

A The Stability of Zr, HE, and Th Compounds

J. M. Criscione ét al.> reacted ZrB, ‘and HfB, with Rh and Ir as
_indicated in Table VII. Thé.étarting matériéls were mixed powders. The
vreaction occurred by sinterihg in an inducﬁion furnace; Differential
 'thermal analyéis was used to detect the'minimum temperature at which the
" reaction would suppdrt itself exothermally. The samples were then heated
under vacuum for 1/2 hour at 1430°C. ~ X-ray analysis of %he'samples indi-
cated that éome boron had dissolved in fhe reported AB3 matrices: ZrRhB,
ZrIrB; Hth3 and'HfIrB; how much boron is not known because the lgtticé

paraméterk(ao) as a function of. B has not been determined. Although excess

5

- rather complicated x-ray pattern;uthe elemental phéses of B and Rh or Ir

vvboron”was present, only the AB, phases could be distinguished from a

:COuld not be indexed even though the patterns were compared to those of
- the reactants.
With the access of Rh or Ir'present,'as given in Table VII, the

. products might well be Rh or Ir, B and one of_the'ABB‘phases, Assuming

" that this is the case; then limits on the AFf of the AB compounds can be

5

. determined. From the reaction

ZrB, + 3Rh - ZrRh, + 2B,
it can be stated: |

AF° K0
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and
AFf(ZrRhB) < iAFf<ZrB2) = ~76.95 keal/mole aﬁ 298°K.lo

Similar reactions can be writ{:en for ZrIrB, }ERh? and HfIrB; the
appropriate limits are given in Table XI. " The value of AF;,(HfBe) was
obtained from R. Huit_’greﬁ et al.lo Because B and the excess Rh or Ir
were not observed as‘ reaction products, ,‘there remains some uncertainty
although thé 'r‘eactio.nvs appear quite probab.lé..v |

:'J. M. Crigcione et al,eo Observevdi reactions of HfC and ThC2 as

'-weli aé ARY with_Rh and Ir (Table VIII). The authors proposed reactions

'which would give C aé_ a product although o ment i‘oh is made of observing
- it. Thé times and ‘temperra,tlvlres are néf giv.en for each i‘eaction, but it
can be assumed that 1/2 hour at approximately 2000°C was. used. The
.:ThC2 + Rh sample melted at l9éO°C .and the room temperature x-ray diffrac-
tion pattern could not be idéntifiéda The AFS, (ch),'AF; (Thce;v), and

“ AF; (Thc,v)‘aré given by R. Hultgren et al. ™0 as ;51.6 keal/mole at 298°K,
22,5 £ 2 keal/mole at 2606‘K, and -23.8 ¥ 2,9 kecal/mole at 1173°K res-
- pectively. Z.\F;, (ThCé,’Y) and AF;, (ThC,'y) are estimated as -23 .8 £ 6.5
kcal/mole .anid 23,8 % 2.9‘kcal/mole respe‘cvtiveiy at 298°K for the tabulated
.>AFQ’S in Table XI ;' AF; (ThCé V) was calculated at the melting point of

f

" Th, 2028°K, to be 425.8 keal/mole assuming that As; = As;usion’ mp (Th)
= 21.9 cal/deg. mole of Th between 2600°K and 2028°K, The error limit
vas increased to account for a AS}. of £ 0.5 cal pér degree pef gram atam
Aﬂ;and the AC;of'formatibn was assumed to be zero. The- AF;. (TnCc, ¥) at

: ‘_298°K was aséumed to equal thevll”{'EoK value and the éfror '_limit was
bréadened .e‘\s above., The last reaction in Table VIII reportéd by N. H.
;-Krikorian et al.59 wouid indicate that ’l’hAu5 is more stable than ThC.

- Although some reaction had definitely occurred, there was scame doubt
éxpressed by the authors as to wheﬁher or not they had 'actual'.ly observed

the ThAu, phase.

| >
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E;"The'S£abiiityi§f ﬁb énd Téibompounds
Larry Kaufmanho observed reactions of‘NbC with Re, Ru, Ir and Pt;
they are reviewed in Téble X, The'présenCe of tﬁe‘NbReBix was not certain.
Since no réaction was bbservéd when NbC and Ru were heated, nothing can
be said about the stability,of'Nb-ﬁu c§m§oﬁnds; ‘The reactionélof Re
andllf dfe most iikély enéfgeticall& favbréble at 1200°C as well as ét
hig her temperatures becaﬁse AFix‘s for sélid state reactions are quite
'-3insehsitive to temperature; But tﬁey did not occur because the time
"duration‘was not Iongvenough‘at the lowér fémperature. The limits
on the Gibbé‘free,fenergy 5f formation deriﬁéd from these reactions are
' Aquite insensitive to temperature; but they did not occur Eecausé the time:
duraﬁion was not long enoﬁgh at theviower tempenature,_UThe limits
on the Gibbs free energy’of férmation.derived from these reactions and
~ listed in Table XI are based bn‘theﬁ‘AF; (NbC) given by R. HUIﬁgreh‘;O
| Petef,Rieséhfeldtul obgerved a reacfion.betweéhnTaC and Pt ylelding
VTaPtB as given'iniTable IX. After hot pressing for 1/2 hour at both ;AOO°C
and 1600°C, an equimolar mixture-ﬁasv6bserved5to;cdntain.c, Pag
. and TaPt5 phases ihdicating fhat the C;Tg-Pt_ternary ﬁhase diagram is
- similar to the one presented in Fig. 1. From the value of AF; (TaC) given
vby R. Hultgren, the AF;(TaPtB) mist be lower than -35 kcal/molevat 298°K,
N. H. Kirkorian et al.39 have determined part of the C-Ta-Re phase
diagram at 2700°C. 1In the Ta-Re binary systém, the X phasge Ta;ReBix S
. exténds from 60 to 80 at.% Re28° The Re fich end_of the X phase is
in equilibrium with TaCy o) and the Fe phase. The Ta rich end of the

X phase is in equilibrium with TaC and the Ta phase with 45 at.% Re

) | 0.70
,jn-solutiqn.f The AF} (T3R95+x)?is h0t given because of i1ts wide composi-
. o T
tion ranges; the AF;'(TaRe%+X) will vary over this range.
. - . | )

i
1.
i
i
!
|
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C. The Stability of U Compounds

N, H. Krikorian et al59 have observed reactions of.ThC, UC, and UN
with Ir, Rh, and Au. The ThC reaction Wiﬁh.Au wés discusséd earlier. The
reactions of UC and UN are listed in Table X. The reactions were run
with cold pressed powders.j_B&sed on the reactions of Au ﬁitﬁ UC and UN,

limits on the' AF; (UAu,) were assigned ast

>
-25 cal/mole > AFy (UAu,) > -50 keal/mole.

Table XI" compiles the Gibbs free energy of formation of the campounds

. listed in'Table XI. The melting points of UgIrC2 and-UgIr were determined

_ 3
" to be 1930 * 20°C and 2005 * 20°C, respectively.. .

D. The Stability of Pt Compounds

B, D. Fastman®" et al. found that CeS reacts with Pt to give CePt,:
65

b CeS + 2Pt > CePt, + CeBSh; ‘M. W. Evans -~ reported the heats of forma- .

- ‘ - :
tion of CeS and CeBSM based on the heat of formation of Ce 5, written as

AH; (Ce+5), The-vr:tl‘ues.-i’.OfCe+5 in aqueous solution with HC1l used by

: M. wf.Evans have been corrected:66AH; (Ce+5) in 0.1 MHC1 aqueous solution
| is -167.2 kcal/ﬁole, and AH; (Ce+5).in 1.0M HCL aqueéas solution is -166.0
kcal/mole at 298°K. The resultant AH;. (CePt,) at 298°K is on the order
of 51 to -61 kcal/mole. '

V. N. Bronger and W. Klemmhg made several Pt compounds: - Pt Al, Pt. _ Al

3 1373

VPtBSc, Pt5Y,‘PtuLa, Pt15Be,th5Mg, Pt7Mg, PtQCa, Pt7Ca2, Pt5Cg, PtQSr,

Sr,thTLi, and PtaCr. The non—precibus metdal oxides were reduced

Pt,Sr, Pt

- In the presence of Pt ahd H2 gas decomposed from NHB. The crystal

‘structures and»latticerconstants’of the compounds are discussed. The

" Gibbs free energies of formation could be estimated from the reactions
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described in the artiole, but‘informetion edditional to that given in the
:article must first be known or assumed: the flow rete of NH3 for each
nun and the weighn of each sample before and after heating. The relative
weights before and after heating are only given fof the Pt-Al and Pt-Sc
systems, but total weights are not given for these sampies.
Table XTI lists the limits of the standarddstatevGibbs free eneigies
~ of formation of the various compounds reviewed'whichiare.based on fke
observed reactions with the carbides, the borldes, and fhe nltrides
listed in Tables VII to X. The question marks 1nd1ca%e that the various
- authors have expressed uncertainty in their findings; however, they are
i'probable”considering the reactions expressed with-ceftainty. Limits
on the standard snete free energies of formation of_onher compounds of a ’f
particularfbinery systen>can be”expressed as tney were in Table VI the
.necessary stepq are’ outllned in Part III.
Compounds which may prove to be very stable but which have not been
1nvest1gated to date are those of Sr, Ba, Y and Ia w1th Rh Ir, P4, Pt
; Ag, and Au. They too may exhlblt hlgh.stablllty. Compounds mde from
the lanthanide and actinide series’are also expected to exhibit high'stebi-
li£y.due to thé availability of lowelying d orbitals. As evidenced by.
‘the magnetic‘susceptibility and the enthalpies of sublination of these
elements, it is prooable that f orbitals are not being used for bondirg.
' Comblnatlons of lanthanides and actinides with platinum group metals will
- most llkely form very stable compounds as well. - |
| ~Caution is adv1sed_1nicarrying out reactions of nhe nature discussed
“and ‘in the synthesis of these stable compounds from_the:élements; the
" reactions are.very exothennief An explosion while making HfPt3>from

the elemental powders has been reported.
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VI, DISCUSSION

Table VI and XI summarize the limits of the Gibbs free energiles of

formation of the varioué compounds that were obtained and reviewed in this

;w0rk. Such limits are valuable when very little thermodynamic information

is known about the various intermetallic transition element compounds

presented. The accurate and more time consuming determimation of the

free energy of formation of the compounds-will be carried out as the need

“‘and the interest demand. Their high stability relative to other inter-
metallic compoundsis strong evidence that the d electrons are actively

© .participating in thevbonding. The corresponding bonding character and

crystal structures of these compounds @n be rationalized by considering

“the Brewer Predictiohsuj

A striking 1mp11cat10n of the hlgh stabilities which-were found for

‘these compounds is. directly observed in the reactlons ‘listed. "Refractory
vcarbldes ‘are generally chosen for a partlcular appllcatlon because of their
~ high melting p01nts and chemical 1nertness. It has been experiuentally
verified that these carbides react quite well Wlth Rh, Ir, Pd and Pt,

metals referred to ag "noble" because of their chemical inertness.

The oxides are much more stable than the corresponding carbides. It

ois most probable that the intertransition element compounds are not more

stable than the oxides in air.; Assuming a AF; (ZrPtB) of -100 kcal/mole,

one can calculate that the partial pressure of oxygen must be less than
20 '

©107°° atm. before Zr0O, and Pt will react to form ZrPt, at 1000°K. There-

2 - >
fore, ZrO2 and Pt are not ékpeotéd to react with each other in air or

in a vacuum. If a reducing atmosphere such as I, were present, the

‘following reaction may occur:
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ZrO, + 3Pt + 2H,(g) > ZxPty + H,0(g)
As derived from.reference (43) and from the assumption thatZXF; (ZrPt5)=

©-100 keal/moles

F° A ) + 4 - AF
VA.FI'X. Ff(ZrP%)_. aAFf(Heo). : Ff(Zrog)

-100 + 2(-46) - (-205) at 1000°K

+9 kecal.

The AF;X may’also_be expressed as: .
e P
RO
P

N

2
°
rx

AF RT 1n

[

Assuming a P = 1 atm., the partial pressure of HQO(g),iS 0.14 atm.

at equilibrium. This calculation implies that the reaction will occur

unless the PHEO'

";furnaaeatmospheres, it is not allowed to build up to this level. Pt, Pt-Rh

is allowed to build up to 0.14% atm. In most reducing

‘thermocouples shielded inerO2 ceramic tubes have‘been.used in furnaces with
reducing atmospheres. Théy were found tb become britfle-and‘ﬁseless for
sucﬁ runs; This attaek was attributed to hydrogen émbritflement for some
‘time; but it cén be Seen fimn’the above,calguiétion‘ﬁhatvthe »brit»tllePt5
Tand ZrRh3 phases were being formed. | |
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VII. SUMMARY

The reactions experimentally observed to occur and reviewed are pre-

~sented in Tablee II, III, IV, VII, VIII; IX; and X. The activity coeffi-

~

clents for Zr in Ru, Os, Rh,'Ir; Pd, Pt, Agvahd Au were determined from -

the three phase eugilibria involving C and ZfC; they are preéented in
Table V. The values and limits for'the Gibbs free energies of the var-
ious compounds discussed are given in Tables VI and XI.

In the C-Zr-Re system the C, the ZrC, and the Re phases were observed

'ﬁo,exist in equilibrium, The Re phase was analyzed and foundvto contain

'a'molar ratio of Zr to Re of 19.0 to 81.0. The % C dissolved in the phase
was not determined. The lattice parameters of the Re hexagonal phase

. ) : . . (o]
 had expanded to a_ = 2.781 * 0.004A and c_ = kb590 + 0.008A.
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APPENDIX A: Notes on the Engel Correlation and the Brewer Predictions
| A. INTRODUCTION . '

An understanding‘of the metallic correlation proposed by Neils

Engel and.experimentally rerified by Neils Engel and Ieo Brewer can be
achieved by predictingicrystal structures. The.paper, ?Viewpoints of
Stability of Metallic Structures, 'L describes now the stability of various
crystal structures can be predicted for the metallic elements. It'is' |
assumed that the basic_ideas of .the Engel Correlation are'understood by

the reader. References 1l and 2iwill be particularly helpful. .ihe pur -
.pose of this appendix isvto consider'an example of the Engel Correlation
'..in use. The bee and hep erystal structures of nicbium are‘considered.-
The energy difference between these tuo structure is’determined using the
.Engel Correlation’andvthe Brewer Predictions at various levels of'sophis~
.tication. The author hopes that the reader following this example will
understand'more fully the significance.and some’ofvthe fine points of the
v correlation and the predictions presented in all of the papers on theése
subaects to date. -9 It is hoped that those who have a minlmum ‘knowledge
of thermodynamics will understand the Engel Correlation and'the_BreWer
Predictions after reading'therappendir.

‘Niobium is‘chosen,as the exanple because‘it is briefly discussed N

.in Ref. 1 and becauseAit is an element, Both W.'Hume—Rothery; and Niels
Engel have correlated crystal structurelwith the electron +o atan (e/a)
-ratio. Crystal structure also depends upon size ratio and the range of
aamposltion of a crystal struature is 1nfluence by differences in internal
' pressures and charge transfer. If the Engel Correlation is to-be.discussed
':1n the snnplest possible terms, the contribution of all of these additional
iffactors must be negligible. In a crystal of an element, all atoms are the
same s1ze, all atoms have the sane - 1nternal pressure, and there is no

charge transfer, the crystal structure of an element ig the logical place

to start,
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B, Nb(bee) —» Nb(hep) USING INTEGRAL LIMITS

' Predicting the relative stability of the crystal structures of Nb

implies that the free energy can be determined for the reaction:

1 (bee) ——> Mo (hep)

AF ..
rx

Recalling from thermodyhami§s,‘if,AFrX < 0, then.Nb(hcp)vis the
_staﬁle structure; if AFrx > 0, then Nb(bcc)'ié the stable structure;
 and if AFrx =”O,'£hen the tWo:sfructﬁres afé in equilibrium. The deter-
mination of‘such AFrgfs is a prinéiple dqhtribution b&vLéo Brewerl
1 _to the Engel Coffelgtign. Choosing a different path does not change a

“state fuﬁctioh; therefore, consider the energy changés associated with
gbing to the monoatomic gas in the ground state, as 1s represented in
. Fig. 6. Thé'bcc structure of Nb is correlated to an electronic configu-
ration of hdu5sl, or an e/a ratio equal to 1 considering only the metallic
electrons of Nb, i.e., s and p electrons. The hep structure correlates
6 en e/é ratio of 2. These integer values of e/a ratios correlated to
g crystal structure representé the first le%el of sophistication of the.
‘Engel Correlation. (The fee or cep structﬁre correlates to'B electrons
per atom. ) }

| AF;# can be calculated knowing the values for.the various state

functions presented in Fig, 6. AH i.e. for beec Nb, has

atomization (@

. been determined experimentally and is given in Tabie VI of Ref. 1 as
4173 kcal/mole‘ Since the.main species of’vaporizing No is mohoatomic

rgas, AHatomization (3 = AHsublimation (3 . This equality holds only‘
if the solid sublimes to monoatomic gas. AH . . can otherwise
_ atomization .

be calculated knowing the dissociation energies involved and the sublima-

tion energy. Figure T illustrates this point. AH is not

atomization ()
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known experlmentally‘because the hep structure of Nb has not been observed.
SlnceAAH o n1<:> 1s a state functlon, it may be determined know1ng AH rom <:>
and AHbond.<:>' (See Fig. 6.) AEprom(;) is given in Ref. (l) as +H8 kcal/mole ;
both electronic states have been observed. The (d s p )»ex01ted electronic
‘eonfiguration corresponds.to the atomic-orbital occupancy associated with

hep Nb. Crystallizing from.this excifed etate involves bending directly |
three-d-type eleetrone'and two s,pftype electrons. The bOﬁding energies of
these electrbns arezgiven in Fig. 8, a reproductien of Fig. 2, Ref. (1).

Hﬁond(:> Ny E + anp where Ny = number of bendlng d electrons, E. = bonding

d
enthalpy per d electron (Ed is the function of nd), np = number of bonding
s and p electrons, and_Ep = bonding enthalpy per s and p electron (Ep =
function of atomic number) From Fig. 8, Aﬂbond (‘)- n.E, + nPEp =

'5( =35 1/h + 2( 51 2/3) = 210 keal/mole,

From the above discussion AH <:> and AF can now be calculated:
atom :

AHeton?C:) % - prom.<:> Hbond‘/j>

~(+48 - 210)

+ 162 kcal/mole

° —
AFrx - atom.<:> atom (:)
+ 173 - 162
+ 11 kcal/mole .

The standard state superscript (°) on AF indieates that the celcuiation
isfﬁade for the two forms of Nb not being alloyed. |
In Fig. 6, AF, AH, AE values have been used ihterchangeably aslin Ref.
(1). .It may not be immediately obvious that this is legitimate. From elementary
thermodynamics, OH = AE + P AV for consﬁant pressure reactions. Since there
is nobvolume chanée associated'withvthe prometion of ope’mole of a gas

from one electronic configuration to another, AEprom = AHbrom' Also,
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’.J‘fit for all elements considering this interplay of Ep and E
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AF = AH - TAS for constamt temperature reactions. The difference in

ehtropy between two solid structures where all electrons are tightly bound

‘is negligible, about j‘-l e.u. or less (e.u. = entropy unit = 'cal/mole

degree). To within %1 kcal/moie pei" 1000°K, AF;X = AH;X. Therefore, all

state function represented in Fig. 6- are enthalpies. All reactions in

'Flg 6 may ta.ke place at any one temperature; all gases may be at any

smgle pres_sur.e. The calculatlons are made for unalloyed solid structures

‘,a,nd at one aﬁmosphere presgure as de31gna.ted by the standard state

‘superscript ( °). The vaules from Ref. (1) are taken at 298°K.

One important question remains: From where do curves like those re-

Presented in Fig., 8 used to obtain AHB na® come? Consider. the three-

: i A N
leactlon cycle de51g;nated by@ in Figa 9.. In this case H_atom@ and

o A "
prom®are known experlmen’cally _ Hbond@’ equal to - ( Hatom®.

AR @), is -173 kcal /mole. (AR is included because it may not
prom ‘prom - ,

calways equal Zero). AHbend@ is therefore obtained experimer_ltally.

AHbond has been obta.ined for all elements"in the transition series where

AH and AEprom are available, i.e. where crystal structures are observed

atom

and where spectroscopic data have been obtained for the electronic states

involved. 'Elements_x:»fhich'have no d electrons bondi'ng, such as Sr (hep)

and ‘C:d(hcp) help determine the Ep versus atomic number curve. Ep ine-

creases With increasing atomic number rapidly at first and then more slowly

~reflecting the corresponding trend in atomic radii. The E_- versus nd'

4
curve i obtained by difference. The final curves repregent the best
d.

An important feature of these curves is that the energy per- d electron

is not a function of crystal structure. The curve E, vs. n_. for bee

d d
structures. lies on top of the curve for hep. Although the curve was

atom@ .

obtained using AHatom for one crystal structure of an element [AH
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for M (bee)], it may be used to find b e @ 20 therefore Yon®

for another crystal structure of an elemént L Hatom():f?r Nb (hcp)]¢

The fact that Ed versus n, gives a curve and not an array'ofpoints:pro—

d
- vides support-to the Engel Correlation and the Brewer Prediétions. "'The
lactual shapes of the curves are diécuséed by Brewér élse'where‘.l’2
| - These are the important features of the Brewer Prediéfions.' It hés
been used to prédict.that hep Nb is unsfablé by 11 kcai/mole;' Not pnlyb
 does this imply that bce Nb_is expected to be obsefved but it’aiéolimpiies
 tﬁat hep Nb is not expected to berthermodynamically stable at any tem-
perature of pressure. The change in AFrx.With temperature is-givgn by
AFrg~= AHEX - TAerf Assuming a AS;x = +1 e.u., a femperature_of 11,000°K
would be needéd to overcone'the +ll’kcal/mole free energy of reactioh at
n-2989K. Nb melts well before this temperature is reached.. The change-
:iﬁ free energy_witﬁ>pressure is given by AFrX'z' I AN&X ap ~.AVrXAP.
‘Assuming a value Of.AV;x = -5 cc/moie, 91,000 atm. would be necessary to
- overcome the 19 kcal/mole energy difference. Thesé_values of AS;x and A‘VZX

repregent the hypothetical extremes that would favor a conversidn to the

“hep structuré.
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C. NONINTEGRAL VALUES FOR ELECTRONIC STATES

In the previous examplé, the Engel Correiation has.been used in its
simplest form; the crysﬁal struétures in question have been correlated to
integral values of eléctron per atom ratios, such an atomic orbital approach
is not an adequaté method of describing crysial Bonding. More sophisti-
7 bated‘bonding schemes, however, can be feﬁfesented as combinations of the
former. The resﬁltant.atomic orbital schemé;would have nonintegral values,

ha > 95 o O O l) for Nb. Such an electronic configuration does

ASuch as (
_ ‘not 1mply that 90% of the Nb atomqvln the crystal have the (Bdu5q ) con-
”flgurat1on and 10% have the (3d 58 5p ) conflgurdtlon, it does 1mply that
each Nb atom in the crystal_has the same electrqn1c conflguratlon, one
:expressed in auconfiguration more cbmplicated than that given by atomic
"“orbital theory but one tﬁat can be expressed as a éombinationiof atomic

Qrbitals as presented. The total number of electrons per atom must re-

‘main integral, however, as long as no charge transfer occurs.
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D. Nb MODEL USING NONINTEGRAL LIMITS

Ignoring the simp;ifying‘restraint of using electron to_afom ratioé
ofvwhole numbers, theiconfiguratiqn of lowest energy for Nb will now be
determined...Referring to Fig. 9, such a donfiguration will exist ﬁhen
éﬂétom for that éonfiéuration is at a maximum or when aAHétoﬁ/Bnd'=;Q.

A change to any other configufation would be accompanied by a positive
free energy of reaction. | |

The most_ﬁtable configurafion is obtaiﬁed by'solving'for the number
: of bonding d_éiectrons per atbm-of the configuration. Two equations are
" used: (a) n, = [Epl;om - (Ep-Ed)]/fs, Eq. '(6), which is giv'env by the con-

~dition a&Hatom/and = 03 and (b)-Ed =‘a;S(nd) which is derived from the E,

"versus nd curve of‘Fig. 8. Their derivations follow. -
Derivation of: né =‘[Ep¥om - (Eb_Ed>]/S' . . '\ . (6)
From fig.'9: | o | ’
atom f(AEprom +'ABb§nd),. ‘. (h)
-AH-atom =+ 08 on + nE + nsEs
Differehtiating: |
-aAHétom__ aQEprom' i n 2?2 N E.'gfg
6nd T and‘ p Ony “p ony
aEd ) (5)
.+ nd ng + Ed -
ngt 'ndiis defined as the.number bf’d electrons in a particﬁlar

”electronic'configuration. For’nd < 5, the number of d electrons available

 for bonding is equal to the total number of d electrons, ng- For ng > 5,
the number of bonding d electrons is lO-nd, The*abscissa in Fig. 8 is the
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number of unpaired d electrons or the number of d electrons available for

bonding and is not n

d
3(AE ) ' , ,
prom . . . .
= : The first term in Eq. (5) is the change in promotion
d , . : .
- energy between two electronic states differing by the number of d electrons.
| oaE_ ) P |
Let E be defined as RIOM . In the case of Nb,
- Tprom - ' Ny o ~
prom = oy P P =+ 48/(3-4) = -48 kecal/mole.
_ and : - 3-4 v
OE_ " . . .
and E_: As mentioned previously E is not a funetion of n, but
nd _ D . : a

0. TFor Nb, the bond-

' is a function of atomic number; therefore,aEp/Bnd,=

ing energy per p electron, Ep, is -51 % kcal/mole.

dn _ ' , - :

sﬁ? : The number of s and p electrons is related to the number of
: ha ' ) - ' o o

d electrons because the total number of electrons per atom remains the

' same as the confighration changes. This is true only when no charge

_transfer occuré. ny = gotal T T therefore Bnp/and = -1.

OF . - . :
BJi : Reference (1) defines the term"S'as "the rate of change of E

with decrease in the number of 4 electrons;"vtherefOre,S = - BEA/Bnd.

versus n, curve in

,  aEd/and can be caleculated from the slope of the E d

d
© Fig. 8. TFor Nb, S = -6.8 keal/mole.

Sunming up the above and setting aAHa /on

tom

a =0 EqQ. (5) becomes 3

prom - Ep B nd S Ed

orom © (B, - E)1/s

0

il

(6)

n, = [E

Using the values for Nb as discussed above. one would obtain the.

“following equation for Nb:
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n. = [48 -(-51 %—) + Ea]/-6;8
(3.67 +E,)

= - . | (7)
6.8

.The values for Nb as discussed above are all negative mumbers. The re-
meining bording enthalpy, E,, is also negative since it is the enthalpy
lost by the system as the bond is formed._ ir the golid were taken as

the zero enthalpy reference level, then the numbers used would all be

' pOS1t1ve and the answer would re_maln the same!

o= [#8 - (5L %) + E’d]/(+6¢,8),' |

i ~3.67 + E,
.v'iwhere Ed is a positive mnnber." The only difference between the two ‘
methods is‘ the sign convention, .In the .firs':t' case, all values used are
hermodynamlcally t:orrect,l. e. the bondlng errthalpy is the energy change

;d' the system as the bond is formed it is a negatlve mmber. Leo Brewer
. in Ref. (1) p;'e.ferred the latter conventlon ‘so that all va,lues used in
| (6) would be positive numbers, thus .making'the' arithmetic easier.
‘In order to heln -'stfaighten out the sign e'onvent ions, they are outlined
below and the reader is .f.ree to u_se.k_»fhichever he feels more suitable,

A, If AH.b nd is a negative number:!

(l) then all of the values uséd in Eq.. (6) W:Lll be negatlve becau.se

of the follow1ng consequences of - (A)

(2) Ep, defined as the bonding enthalpy per p electron, will be

 ‘negative. For N‘b, Ep' = 51 %—kcal/mole.
s 3 LA . i
(3) E rom WiLL equal (AR rom)/an | Epro -is-the promotion

energy assocmted with a.ny eX01tat10n and Bnd describes the correspond-

ing chem;re in Lhe number of d electrons » For Wb,
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o(rE ) o
48-0
Eizom. =1 5T = ~. L8 kcal/@ole.

(4) Bnp/and = ~1

(5) Let S = -BEd/and. For n, < 5, the slope, OF /Bn , is

positive because Ed is a negative number. TFor Nb S = - OF /Bn =
-29,2 - (-56) __ #6.8
4-3 - +1

(6) The unknown, Ed’ is a negatlve number.

= -6.8 kcal/mole.

B. If all values to be used in Bq. (6) are to be positive a priori:
_Kl) then AH5Ona,w1l;_be a pos;tlye nuimber
(2) ‘Ep will be a positive number
(B)v'aAEprom/and'ls still a negative number but B yom 1S defined

as "the energy to promote a d electron” to a p electron. - Therefore,

Anp = +1, Ong = -1, ‘and Eprom = ~O(AE prom) /an .

(k) 3n [3n, = -1.

(5) Iet S = -BEd/Bnd. For n, < 5, the slope will now be nega- '

d
a_ _ +29.2 - (+36)

Sﬁg , | .

tive and § will be positiﬁe. For Nb;.S = -
- [-6.8] = + 6.8 kcal/mole.

"(6) The unknown, E,, will be a positive number.

Derivation of: n.-5 = [Eprom’-.(E +'Ed)]/S.
Teo Brewer™ has given an eéuatlon similar to Eq. (6) for ny > 5.
Since 1tyls in error,éo” it will also be derived.
As before:.
AHéfom = atom AH-bond
qAHatom = AEprom + n, Ep + lO-nd)Ed
Differentiating
S m, mpr'om dn % o
3n; " o, * B B“E‘ ds“ (8)

OE,
- (10- nd) §_._.+ B, (-1)
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The‘tefms‘definéd_for Eq. (6) also hold for Eqg. (8). Setting

aAHétom/and = 0, qu (8) become§:

o4
1

—‘Eprom - Ep - (1o-nd)}s - Ey
E -(E +E)) . ) :
lo_nd = prom 5 P' . d - - (9)

The sign conventions expressed for Eq. (6) are also trué for EQ.
(8) with one exception in each césex |
% bése A. S, assuming its sign from thé accepted convention that
Hb nd is negatlve, will be positive in this case.
Case B. 8 is not aésumed to be pos1t1ve a priori. S =‘—5Ed/8nd as
e

before, For n. > 5, the slope w1ll be positive because E is positive

- by thisbconventlon.‘ S w1ll be negatlve.

‘Derivation of: E, =a + (aEd/Bnd) ng. v - (10)

It is evident from Fig. 8 that Ed can be expressed as a linear

- fuhction of n, over a range ofAAna.= 1. Such a linear fdnctidn is

- expressed mathematically as Eq. (10) where a is a constaht.

. Optimum Configuration for Mo:
Using Eqs. (6) and (10) derived above, the optimﬁm cénfiguration_fbr
Nb can be calculated. The sign convention.chQSen,for the_problem wiil:
o conform with AH,  d being a negative nurber. Equation (6) was reduced
; to Eq. (7) using the approprlate values for b

667+E)
vnd = - _——_678——__— ’ : (7)

As discussed earlier, BEd/and + 6.8. The constant used in Eq. (10)

[}

can be evaluated by noting that Ey 5

-36 kcal/mole when n, = 3. Equation
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(10) becomes :

E, = -56.4 + 6.8 n, | (11)

Equations (7) and (11) represent the two equations necessary to
solve the problem for the two unknowns. Setting Egs. (7) and (11) equal:

By = Bq

1§

| 5.5.67 - 6.8 ndi -56.4 + 6.8 n,

LT
ng =t 13,6720

i

.95sl.O5pO.l).

Therefore,'the.configuration'of minimum eneigy for Wb is (th

Using this value in Egs. (7) or (11) gives B, = -30.1 keal/mole.

Refinements in the Brewer Predictions
The Brewer Predictiens are refined on two accounts from calculations
‘like the one above. As mentidned in the integral electron to atom ratio

" model for Nb, AHB nd is calculated know1ng AH om and AE rom for the

.partlcular cxystal structures observed ‘and for the assumed electronlc

‘Qconflgurations for the elements. The assumed electroniec conflguratlons

th 9 l O O 1

can now be nonintegral, for example ( ) for bﬁc Nb. That

is to say, using the integral‘retie curves and Egs. (6) and (lO), a more
fefined.set of curves could be generated. As it turns out, the fefined
curves fall on top of tﬁe integer model curve and Fig. 8, as reproduced
from'Ref. 1l, is made up ofvintegral and nonintegralvelectronic configura—~

~ tions. Going from left to right, the electronic configurations represen-

" ted by the bee.structure are: Sr.(hdo'55sl'o5po'5), Y(hdl'55sl'o5so°5),

_ y(ud2'05sl'o), Zr(4d2.55s;.o5po.5), Zr(ﬁd3'o5sl'9),‘Nb(hdu'o5sl'o),'and

oo l.O
> ).

Mo(hd”*V5s The electronic configurations corresponding to the hep’

.Struotures are Y(udl O5 l.O l O), Y(ﬁdl <3 l O O 7>’ 7y (Hd2 .0 l O5pl O),

Zr(udl Dggle O O 7) Tc(ud55 L. O l O),.a a Ru(hdl’h5sl'o5po'6)o
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Sr(hep 5sl'05pl'o) accounts for the point: Ep‘=‘-ho kcal/mole, n, = 0.
As dfawn; Fig. 8 is difficult to ;ead to the>accuracy which ecan be
- used with these calculations. Table XII:li;ts the valueé of nd; Ed,
. and Eé associated with the various.élements from the fefined calculations.
Some of the values were calculated from the experimentally'bbserVed_
thermodynamic quantities, such as the Nb (bee) values. The Valués cal-
culated from the refined curves for unobserved structures aré also given,
sueh as for Nb(hcp); These values”may‘be used to draw a more'accuraté
set of curves than those of Fig. 8. The accuracy of thé:fina1 atomization
enthalpy <AH;tom) calculéted frbm the bondiné energies.of Table XIT and
the appropriate promotion energies is acéurate to *1 kcéi/mole of element.
| Thé‘secbnd refinement ih the Brewer Predictions concerns the metallic
electron to atom ratio limits for thelcfystal structures.. The‘bptimum
électronic configuration fqr:the metallic elemeﬁfs was found at the samé
fime that the rgfined curvesbof Fig. 8 were found{ The crysfai étructures
.‘of'the'corresponding elements have beén.detefmined eXpefiﬁentallyi The
::reéultant empirical correlation aided in deférmihing the limits used by
‘Teo Brewer as presented in Table XiIi(a). Structufes_frdm mul ticomponent
f_systgms were.also,used to determine the 1imits. As diécussed eariier,
. several factors contributed fo the crystal étructures of multicomponent
‘systems. The Brewer limits are narrower than those.presented by Niels
'Engel (Table XiII(b)). The>Brewerhlimits represent electfon to atom
ratios where the free energy of the phase in questidn ﬁas been found to :
' irise shafply. The observed empifical limit would depend upon the énergy of
?the other‘structhres in the phaséAdiégram. Thé limits are also an attempt
ﬁo‘express only the electron to atom éfféct'upon crystal structure and to

" avoid the other factors. Neils.Engel’s 1imits, on the other hand, are
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more empirically based and he has attempted to cover small changes in the

- other factors by giving broader eleétronvto atom limits.

Nb(bee) - Mb(hep) Using Nonintegral Limits

Knowihg these limits and the~configuratioh of minimum energy for the
. most stable erystal stfucture of an éiemeﬁt, a more accurate free énergy
difference between two crysﬁal structures‘of the same elementlcan be
calculated. Again ﬁb can serve as an example s

Wo(bee, bad 9551 05591y 5 Wh(hep, had*5s
.. LN\ o'
rxX

1.05p0.7>,

The configurations chosen indicate a reaction from.niobium's most stable
structure to the pdint of highestvstability.for the hep structure.

" The experimentally observed AH

R : atom _

stable configuration: AH Cj==+l75 keal/mole. - Referring to Fig. 10,

for bcc pertains to its most

atom

: AHatom ®c§n be calculated knowing AEprom @and AHbond @ AEprom @

is equivalent to'promoting_7o%'of the atoms to the (hd35sl5pl)'state and
' . : L

v;eav1ng 30% in the ground state (kd 5s Yo prom C) (0.7)(+48) = 33.6
‘keal/mole.

S is obtained from Fig. 8 or Table XIT

DH s @ Ep + 0 E,

(L.7)(-51 %) + (3_.5)(‘-55) = -197 keal/mole

1]

Soiving for AF?

_ T Trx o \ .
AﬁﬁtmnC) = = (433.6 - 197) = + 163 kcal/mqle 
X

AF® = 4175 = 163 = +10 keal/mole

As would be expected from the calculatiohs, only bee Nb has been observed

tobdate.



-68_

All the elements for which the Engel'éorrelefion:apply, namely metellic
solids, can be.treated in a simiiar manner. Reference 1 sketched out the
steps covered in greater detail above for Nbj another example was Zr. ﬁ%e
change in free energy'for:Zr (bee) » Zr (hcp)vis-very close to zero
indiecating that bothobcc and hep Zr cen be expected with changes in
temperature and pressure. This is experimentally rerified.

Tne promotion energies of inferest are those corresponding to energy

differences between the ground electronic configuration and the dn l s,

a” 2slpl, at" lep configurations of gaseous atoms. Unfortunately, the

51

t promotion energies for the d's edhfiguration of?theﬁelementhare‘not

.knownj however, this approach has been successful in predlcting whether
or not the unstable bee or hep crystal structure. of an element w111 ever

‘be observed.
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E. PREDICTION OF THE CHANGE IN CRYSTAL STRUCTURE WITH
- PRESSURE '

Leo Brewer's predictions of the stability of.crystal structures is
based on simple thermodynamics. "If one accepts that the bcq'structure
and the hep strueture aré‘correlated to less than 1.5 s,p electrons’and
more than.l.7 5,p elecﬁrons,.respectively, then for the transition metals
to the left of Group,7, the bgc structure has more.bbnding»d electrons than
>doeS’the hep structure. - Anything which improves d electron bonding
-1vwill then stabilize the bee étructure 6ver ﬁhé hep structﬁre. Exper ience
with thelintermetallic_combounds,vindicéte that d eleétron oveflap is
poor compéféd to overlap in s,p bonds and éompression of the phaée to B
:_decrease interauclear distances fa&ors'd bonding over that of s,p bonding.
;Oﬁ ﬁhe basis of these tWéAcorrelafions, one predictsithat,the bee struecture
will be stabilized by preééure relative to hep for transition ﬁetals'of
the left hand side-of the periodic‘téble; Exactly the same argument. pre-
dicﬂsvthe revefse behavior for the Sevenfh Group and beyond to the right;
~ since bccvstructure will have mare d electrons and therefore less boﬁding
d electrons dnce one passes‘thé half~filled d configuratioh;

This prediction can be'reconciled with the thermodynamic requirements
of volume change. The‘éhange in Gibbs ffee eneré& assOciatedeiﬁh'volume'
change 1s expressed by'thevfelation: AF = ﬂﬁVdP; thé mére dense phase
is favofed by COmpression; The 8 cosrdinaté bee sfructure_might be less
‘dense than the 12 doérdinate hép s£ructure,,5ut for tﬁé transition elements
on the left side, -the improved d bénﬁing upén gompréssionvwill result
in higher compressibility er‘the bece strucfuré until it BeCGmes more
'densé than the hc? stfucture; If the bee Structure‘is alreadyvmore.

dense -due to smaller internuclear distances in. the structure of lower
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coordinacion numbef;vit will‘remain stable at elevated.pressures. This
model»gives‘very feliable resultsQ ~ For multidomponent systems,fthe
problem is easy to'cacdle since'mahy.factors cancel in:the comparison
cf the'two Phases of the same <:om.posi'tion'.“59 |

Zirconium is a prime'case'in point, vThe theoretical molaz volume,

R 10. 2.5 1-0.5¢
3 5S,P 5):

(%) for hep Zr (d 7) is 1k, 0 cc/mole, for bee Zr: (d

V. = 1,2 cc/mole at 600 C, 1 atm as calculated from the lattice =

bee
paramEters.uh If one dld not expect either yolume to change with' pressure,'
the hep structure wculd be predicted to be- stabilized by an increase in
" pressure. Realizing the d bonds are stabllized one would predict that
.

bccﬂwould decrease with an increase in pressure relative to the Vhep

“and that the bee structure would be stabilized by anlincreaSe in pressure.
:»’The latter is actually the'casex bcc-Zr isvstabilized,by an increase in
pressure, The‘bcc structurevof‘Ti is-also stabilized by an'increase'in
pressure.59v
‘The bee structure must have highly'dlrectlonal forces to maintain

itself.” At sufficiently higher pressures, these dlrectional forces w1ll

be deformed and the situation should become more cemplicated¢
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F.'.PERCENT P-CHARACTER
Thetconcentratibn.limit of the Engeliborfelation'éan also be expressed

as percent chharacter. Leo Brewér2 has reported these limits and they -
are reproduced in Tabié'XIII(é).. This feprésentation is simply:the
number of p eleétrons divided by the.total number of s and p electrons
participating in the bonding. The_metallié electronsdf‘Nb.(Bcc) ha&e
9% p-character.ﬁ Examining:the accumulated experimental.eQidgnce,.it_is,_
hot oBvious whethef‘br not this representafion is more defihitive‘of the
. nature of the métallié bond than the s,p representation.2

 Ihe'advantage of ¢xpressing the limits as percent'p4¢héra¢ter_is
that certain apparent exceptions to thevEngel Cofrelation‘coﬁld bevex-
piaingd.‘ Faée-centéréd Sr is such a casé; ﬁithouﬁlﬁéing éleCtronsvfrom‘

- '.2
0 5591

"the Kr coré of filled levels, a configurations of (5s ) would

explain this struecture.
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‘G, THE ENGEL CORREIATION AND COPPER

. Physicists have.asSigned the-(fdlohsl)'cohfiguration to fee Cu for
fSOme time, the feellng being that. this conflguratlon more readily explains
the dlamagnetlc nature of Cu than does the (3d 5hslhp '5) configuration
assigned to Cu by Engel. Engel has made reference to copper's diamagnetic
Susceptlblllty but dld not explaln it 1n.depth.6 Cemparing the magnetic
isusceptlblllty of Cu to other elements in the periodic table can be mis-
'ieading. All metal elements start with an inner closed sheli core'of.
t‘paired electrons contriburing a diamagnetic'effect to the sUseeptibility.
A paramagnetic effect is added as the ouﬁer'valenceeelectrensvare added.
Even if the Valence electron are bonded, the application of a-magnetic
" field tends to unpair the bonds slightly and contribute paramagnetically.
”‘Since this contribtuion adds to an already‘negétive term, however, no
_significance can be attached - 1n going from minus to plus susceptiblllty,‘
i.e. from dlamagnetlsm to paramagnetlsm. The unpalrlng of_one electron
contrlbutes +5000 X lO-6>cgs units to the susceptlbillty. The differenee
across the transltlon gseries represent a change on the order of 0. l of an
unbonded electron. The Engel Correlatlon_can be used to demonstrate that
| thevferromagnetic materials, Fe, Co and Ni, do not pair all of their
- electrons as electron pair bonds, but the model does nef provdie a cal~
eeulation of the number of Unpaired eleetrens‘for nonaferroﬁagnetic metals
'with the order of O.l or iess unpaired‘electrons per atom, |

From the eiperimental work done on Cu to examine the-crystal'wave
functions near the Fermizsurface, it appears to the physicist asfthough
Cu has one valenee alectron per atom, thus,supportiﬁg the (Bdlohsl) con-

figuration. As pointed out by Niels Engel;such‘a configuration would



' contradict several macroscotic properties observed for Cu.6 It is
possible tﬁat the (3d8+5hslhpl'5) configuration offers such tight bonding
even for the metallic (s,p) electroﬁs that pnly about one electron per
atom is observed in some perturbing.experimEntal phenomena.. | |

If the cfyétal wave functions popular tb tﬁé physicist were converted
“to the atomic arbital:pictufe used.to describe the Ehgel'Corfelation,
‘then ggreeﬁént‘or.disagreement’may more readily‘be obgerved. The density
o states for‘the‘atomic orbitals have not teen obtained ffom the crystal
Wave'functions~for'0u to date. This calculétion could be done since
crystal wave functions are.usﬁaliy generated from atomic-orbitgis, Rbbert
.G "Lye has madé ‘such a calculation for TiC ;61The resuitant density of

-1 1/L

atomic crbital states glVes an electronlc conflguratlon of Ti
(Bd M B/A 1/2) C+l 1/4 (28 2p3/ ) and a charge transfer of electrons from
C to Ti. Such a charge transfer indicates that the d electrons are strongly
bonding and.can compete favorably with octet s,p bonding; Tﬁe bonding
x metallic electrons have 63% p-character [(ll%);/2]. Since TiC has a fce
structure it is in agreement with one of the ways of'expressiﬁg the e/a
limits of the Engel Correlation. - |
There is a basic fault withvsuch a calculation, however; the crystal

wave functions are derived to support experimental observationé pertaining
to the Fermi surface., A dengity of states calculation 1s carried out
over the entire Brilloﬁin Zone, not‘just_at tHe Fermi surface. The cal~-
. culation the:t*e_fore 'inthlves an extrapolation. |

Such a calculation for Cu mey lead to the (3d8'5hslhpl'5) configurai
tion.prOpOSed as a possibility by Néils Engel; or it may lead to a configu-
ration with 60% or more of its metallic valence electrons having p-character;
or 1t may show tﬁat thé:Engel Correlation'is truly not supported by the
crystaltwuve function model for Cu. H;L. Davié is presently performing the

-

. o0
calculation.
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H., FURTHER READING .

~ The above examplé has been used to.explain sbme of thgvfine points
of the Engei Correlaﬁion and the Brewer Pfedictions- Once the reader
has familiarized himself with these basiq-concepts, he may venfure in one
of'severai different directions. Nielleﬁgel has discussed the properties
"expected f.romlsuch.bonding.6’7 The main quy of this writing éxperiQ

- mentally testiflies to the stability achieved by d~bonding. - W. Hume-
' 8,9

2’

Rothery had eriticized the Engel Correlation. He, Ieo Brewer,

and Neils Enge16~héve discussed some of the apparent exceptions.

Predictions of Multicomponent Phase Diagrams

Multicémponent metallic systems are discuésédbthroughout the various
articles. These systems involve seVeral'variablés, as méntioned earlier;
however, one important stép in prédicting crystal struéture'ié knowledge
of its dependénce on the electron to atom ratio. The dependence of the
'other Qariables and ﬁhe_inferdépendence Qf these_variables on‘the.crystal
Sfructuie is more complicated.. The only_cfyétal.strucfures presented
here were'the bcc; the hcp; and the cep (or fcé)rstrﬁctures;.this was
done for simplicity. Somevof-the elements and many multicomponent
élloys have other crysfal structures. The,Engei Correlétion and .solution
thgory is’'being used-fo predict whén all structures are expected to occur
and over what range of composition. Leo Brewer's chapter in High

Strength Materialsj

_discusses the occufrence of multicomponent phases.in
a semiquaﬁtitative manner., LarryAKaufman and“HarQldeernsteiﬁ62 usihg
the Engel Correlaﬁion aﬁd solutioﬁvfheory havé combihed_the appropriate
variables to geherate binary and ternary phase diégfamsc They:have had

some success and are continuing their work.
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APPENDIX B

Calculation of the AF; (ZrAu) )

Given: Tt has been experimentally determined that C(solid) and ZrCl(solid)

exist in equilibrium with the Au (liguid, 9.5 * 3.5 at.% Zr) phase.

55

" E. Raub and M. Engel”” report that 7.1 at.% Zr dissolve into the

 Au(s) phase at 1000°C.

At 1500°C, since C, ZrC and Au (9.5 % 3.5 at.%) exist in equilibrium,
~ the a is known as in the cases of the ZrIr. .

7r 3

JAu oZrC 1075+191

and the Ru samples.

Zr = Zr
SinCe there is.such a'large error aésociétedfwifh.the %Zr in Au,'the cal-
culation wiil be carried out fdr the lower limit, 6.0 at.%;Zr. The ‘cal-
Culation'fof the upper limit of l§.O,at,% is Similar;. The resulting AFf(ZrAuh)
will be expresééd with the appropriate erfof. |
Since Eq. (2) is going to be used, the internal pressure parameter
Cwill have't;?ﬁe'determined. The eleétronic configufation for fce Au
according to the Engél Correlation and the,Brewer'Predictioné is'(5d8_
’Gsl6p2). If Zr is té take advantage of the Au bonding.in the Au phase, .
it would take on an electronie configuration of (hd25s15p2):1 Siﬁce the
'phafge transfer'is to an extra p_electron ana not an extfa d electron,
it is not exactly like its 5 valence electron neighbor : Nb (b.c.c.,

L

=1 . . : . : by
43" 5s7). By assuming the internal pressure to increase because of the
' ' | | oy 11/2
additional bonding p electron, the predicted value is : [(aE/V) -l] / =
2 1/2, 1/2 - o - Zr
107 cal /cc -~ . The addition of a p electron will not change the volume
of Zr by much. An add;}ion of a d electron would decrease the volume

because the nearest neighbor bonding would be tighter; this was evidenced
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by the Zr in Ru predictions. The volume of Zr is 14.0 cc/mole. The
internal preesure of Au will remain unchahged because not enough'Zr
has been added: [( AE /V )]l/2= 92 call/e/cel/g. The internal pressure

parameter for the Zr-Au system at large Au concentratlonc ‘becomes:

@, nn =V WMN) P@'UEN)]yﬂ

: 1#.0_(107-92)

-

il

'315dhca1

Using the 6.0 at.% Zr limit, the YAu (O% Zr) can be . calculated

Us1ng Eq. (1) at 6.0 at.% Zr:
A2 (6.0 at.% Zr) = 107 9%0.060 = 05 191/10-1.222

10—3.869

Using Eq. (2) in. order to obtain,vgi (0% zr):

log, Tér (6.0 at.% Zr)
4 (3150) (1-0.94)%

o (ks75) (1773°K)
-3.869 + 0.0b52

o8y, Vg (OF 21)

[

I

5.824

7Zr (o Zr) = 1073824 o4 1500°C

The 72; (o atf%'Zr) at 1000°C can now be calculated. Consider the

reaction: = . ' : _
: Zr(solid,pure) - Zr(in liquid Au, Of Zr)
"The change-in free energy for this reaction (AFrX)lis also known as the
X8
o)

excess partlal molar free energy of Zr (F

A i = _XS = + v
: Frx . FZr V-RT In ygr'
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For the reaction, the change in heat capacity will be small and the de-
pendence of AF upon temperature can be expressed as AF = OH - TAS
: rx . rx rX rx
e whereAHrX andJSSrX aré relatively constant with temperature. ASrX can
- be approximated as an entropy of fusion because one mole of Zr is going
from a solid state to a liquid state. Entropies of fusion are usually

~ + 2.3 cal/deg. mole. :Therefore, to the melting point of Au, ASrX =

+ 2.3 e.u.

"

' . ° ‘ 0 _.  / |
Aﬁrx (1063 g) - AFTX (1500°¢C) VASTX.(IOOB - 1500)

-(EFE)‘(-u57)lcal/mole

+1.005 keal/mole

AFrx ‘at 1500°C can be found because_'VQE (0% Zr) at 1500°C is known:

- _, -
AF = RT In wér |
= (b.575) (1773) (-3.82kL)
| . = 231.02 keal |
and ' B ' |
oF (1063°C) = (-31.02 + 1.01) keal.

-30.01 keal

At thé'melting point . of Au, iiquid and golid Au are in equilibrium and
théré is no difference in thevfrge energies of Zr (in liquid Au, b Zr)
‘énd Zr'(in solid Au, O% Zr). Beloﬁ fhe me}ting point of Au, the reéc-
“tion becomes: Zr(solid,pure) - Zr(in solid Au, 0% Zr). The entropy
.as;oCiated with this reaction is élose to.zero and thg Afo.is relatively

temperature insensitive to 1000°C. Therefore:

A 1000°C) =A ° = -
Frx(looo ¢) F o (1o§3vc) | 30.01 keal
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“The VA (O% Zr) at lOOO C-can now be obtalned

. R ". u
AFrX .= RT 1In Y |
L3 o
u . = 30.01 X 10 _
10 Yar " TSRy -

The VAu (7 1l at % Zr) is obtalned using . regular solutlon theory at

”1ooo c know1ng 72 (o% Zr) = 5’155

1]

.loglo VA (O Zr)
+ (3150) (0.929° 1)
(4.575) (1273)

= -5.15% - 0.07h1

';oglo'véﬁ'(7g1;aﬁi% Zr)

-5.227

'-’n

The AF (ZrAuu) can now be calculated, it can be expressed as AFf (ZrAuu)
+ RT ln (a )(aA ) f When the Au phase contains 7.1 at.% Zr,

it is in equilibrium with ZrAuh.' Thereforef ,l

ZrAu ~ Au(7 1 at.% Zr)
qor 4 = 82y = _VZr *zr
(10287 (0.0m1) = (107-2T) (1071-149)
_ l0'-6.376

Assuming Au to be an ideal solution to 7.1 at.% Zr, 723 (7.1 at.% Zr) =

and:

g o an(Teran B ) - 0.99
_ 16-0.0520 - R )
lTherefore: |
AF°(ZrAu, ) = RT 1n a Ié &
proRdy Zr Au

(4.575) (1273) (-6.376 - b X 0.032)

~ -37.88 kcal/mole
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Carrying out the same calculations for Au (13.0 at.*+ Zr) gives a value

of AF;(ZrAuh) = -41.36 kcal/mole. Therefore:

-37.9 keal/mole > AF;,(ZfAuh) > 414 kcal/mole
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APPENDIX C

Calculation of the Overall Atomie % Zr From the Volume o
Fraction of ZrAu) Phase Relative to Au (7.0 at.% Zr) Phase -

40,0 % bk vol.% ZrAu) has been experimentally found in the sample.

The ZrAu), phase has 20.0 at.% Zr present and the Au phase has 7.0 * 1.0

at % Zr present.

Theoretical Molar Vblumes of Au and ZrAuh

Auz :
R ) . o - ar © 2k
f.c.c. structure; 4 atoms per unit cell; a, = 40786 A
Volume _ (4.0786 £ 6. 023 X 1o 2 atoms/mole
Mble L atoms (lO A/cm)5
‘.yAu = 10.22 cc/mole of Au
:ZI‘AU.LI.

Thevcrystal structure of:- ZrAuh is an A3 type (primitive-heragoﬁal)
superstrueture. The principle orthohexagenalraxes‘arei ;a;= lh.295;§
= 5%2.859 A, bo = 5.006 A, co-= 4.845 877 here are 20 atoms/unit cell.
Orthehexagonel akes describe the hexagonal'unit eellvin an ortho-
: gonal coordinate syStem. Figure 21 illustrates the relation be- -
: tween the orthohexagonal axes and’ the other conventional hexagonal
axesf H. M.;Otte and A. G.-Crocker go‘into_more'detail on the inter-

63

relations of heXagonal'cell represehtatiens.

Volume _ (1k.29%) (5.006) (k. 8&5),&4)5 6.003x10%3 atoms /g: atom
G - etom - » 20 atoms | B | (108 A/cm)B

it

10. 4k cc/g-atom of ZrAu),
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Highest At.% Zr Considering All Errors (L44.l vol.% Zrhu), 8.0 at.% Zr in Au)

G - atoms of'ZrAuh

Lhh ec of ZrAuu

_ 10.22 cc/mole of Au

‘Moles of Au

Relative moles of’Zf

" 55.6 cc of Au - - 10. 44 cc/geatom of Zrhu),

0.7817 g-atoms of ZrAuu/mole of Au

0.1563 mole of ZrAuh/mole Au.

If
n

0.1563(1) + 0.08(1) = 0.2363 moles

)
I

Relative moles of Au

Relative total moles

= 0.1563(4) + 0.92(1) '1.5u52 moles

Il

1.7815 moles

ét.% Zr = (0.2363/1.7815) 100 = 15;26 af.%.

¢ + atoms of ZrAuu :

Lowest At.% Zr Considering All Errors (35.6 vol.$ ZrAu,, 6.0 at.% in Au

55.6 ee of ZrAu 14 o oo /nole of Au

Moles of Au =

‘Relative moles of Zr:

Relative moles of Au

BL.L cc of Au _  T10.GL% cc/g-atom of ZrAuh
0.5411 g-atoms of ZrAu)/mole of Au

0.1082 moles ZrAu) /mole of ‘Au

il
I

0.1082(1) + 0.06(1) = 0.1682 moles

]
It

Relative total moles

0.1082(%) + 0.94(1) = 1.3728 moles

1.5410 moles

at.$ Zr = (0.1682/1.5410)100 = 10.91 at.%

Average At.% Zr

Therefore the average at.% Zr is 12.1%#1.2 at.%.
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Zrglr Zrylr Zrir . 2rlr, ’Zrir'3 ' Ir

Z"glf U . XBL 693-331

Flg. 1 The C-Zr-Ir ternary'phase disgram. Although ‘the dlagram was
determined at 1500° C, it is expected to exist-as presented over
a wide solidus temperature range. The solid joins indicate
phases observed to exist in equilibrium, The dashed joins
indicate phases expected to exist in equilibrium. The‘ngg
ordered structure was also -observed to exist in equilibri
with C and ZrC for the C-Zr-Rh, C~Zr-Pd (at 1380°C), and the
C=Zr-Pt systems whlch are expected to have 51m11ar ternary
phase diagramse -
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Zr

Fig. 2

ZrRu ZfRu2 ' Ru

XBL 693-332

The C-Zr-Ru ternary phaSevdiagram. Although the diagram was
determined at 1500°C, it is expected to exist as presented over

a wide solidus temperature range. The solid joins indieate

phases observed to exist in equilibrium. The dashed joins
indicate phases expected to exist in equilibrium.” Os was also

 obsérved to exist in equilibrium with C and ZrC; the C-Zr-Os

system is expected to have a similar ternary phase diagram.
From the liquid Ag and the liquid Au equilibrations with C and
ZrC, the C-Zr-Ag and the C-Zr-Au ternary phase diagrams are
expected to be similar at solidus temperatures.



Zr

8h-

Zr.Rex19.0:81.0

- Figs 3

ZrpRe ' T ZrRe,  ZnRe,, Re

XBL 693-333

“The C~Zr-Re ternary phase diagram. Although the diagram was

determined at 1500°C, it is expected to exist as presented over
8 wide solidus temperature range with the concentration of Zr
in the Re phase varying with temperature. The solid Jjoins
indicate phases observed to exist in equilibrium. - The dashed
join indiecates that the Re, the Zr Re L2 and the ZrRe, phases
are expected to exist in equlllbrlé.m ‘Other joins between the

' ZrC phase and the ZrRe, and the ZreRe phases are not indicated

by dashed 301ns because more ternary compounds are probable. -
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XBB 693-1777

Fig. 4 Equilibrations of the C-Zr-Ru ternary system (400x)

(a)
(b)

The xC+ZrC+TRu sample equilibrated for 1%0
hours at 1500°C.

The 1.2C+ZrRu sample equilibrated for 88 hours
at 1500°C.
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XBB 693-1778

Fig. 5 Equilibrations of the C-Zr-Os ternary system (400x)

(a)
(b)

The xC+ZrC+70s sample equilibrated for 120

hours at 1495°C.

The l.lC+ZrOs2 sample equilibrated for 154 hours
at 1490°C.
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Nb(g,4ds'5p!)

AE;>'ro"mof-ion '

Nblg,4d%5s!) ®

AH AH

atomization atomization

O ~ [AHbond
| AF ., v
Nb(bcc) ' — Nb(hcp)
, xBL'6935337

Fige 6 The difference in free energy between bce and hep )
Nb(AFrX) ean be found indirectly by determining the
values for the thermodynamie funetions as indicated.
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'b4\“4n(’g(J$ ).‘

AHclissoc:iotion ‘

M (solid) — —. - (gds,'ground state)
~ AHgtomization ' | R o
' : XBL 693-330

Fi'g. 7 If an element, M, does not vaporize to the monoatomic
€28, Aot omization TS ROt equal 20 A s ation®

AR, omization 2R Pe found knowing the AH,

issoeiation’
however. ' o



Bonding enthalpy per electron

‘(kcal / mole of electrors)

~89-~ .

20.—

X hcp
o bee

S B R R R

 Fig. 8

I 2 3 4 S 4 3 2 b 0

No. of unpaired 4d electrons per atom

MUB-9307

. Bonding enthalpy per 5s or 5p electron versus atomie

number and bonding enthalpy per 4d electron versus the
number of unpaired 4d electrons per atoms For more -

. aceurate energy values than those which ean be read .
" off of the graph, see Table XII.
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Nbig* 4d°5s' 5p')

‘ E | =0 fb  .
“Nblg, 4 d45$') pmm@ Nb(g,4d45$')'

012-= @-puoq HV.

| - o =4\ _nb(he
S\ “/'Nb(hcp)_
__Nb'(bcc)_f - o . o 60355

- Fig. O Graphicﬁl 1ep1esentﬂt10n of the energies C)l&ldeled in
' ' the Mv miiel using the integer representation of the

Engel Correlation, All numerical val.ies are. given in -
units- of keal/mole,



. ._9'1.— .

. 0.7Nb(d3s!p)
- Nblg*,443-354!-05,0-
Rl S0 1 o.3nbid%s!)

o.inbla3slply '3-'9 Loco
0.9Nb(g% ) [ MU PR )

CEITT

L61-

v _
Nb(hep) -

Nb(bee)

XBL 693-338

Flg. lO Graphical representatlon of the energies cons1dered in
the Nb model using the nonintegral representation of
" the Engel Correlation. All numerical values are given

in units of keal/mole.
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B’//

al . -,Ef”_'

XBL 693-336

Fige 11 The_base of the hexagonal unit cell is expressed
by the three veector notations commonly used:
(1) b-axis cell (a 85 8z, e), (2) 3-axis cell
(a', b', ¢') and (%5 orthogexagonal eell (a", b",
e"). All ¢ axes are equal, irrespective of nota-
tione ' '

®»



'TABLE I.. = Electron microprobe analysis of the er.ho Au96;60 standard.

a.

“Atomic *+Zr - Date . ST and STD for Zr

within 30
3.kh7 - ‘8/19‘/68‘5. yes (2.60)
3,48 | 12/ 5/68 B ﬁo"(B.sq)
5,77 h 12/17/68 - no (h.6¢)
2.9 1/10/69 | . ves (2.60)
2.96 | o oyu/ee e (5;50)
3,46 - 'v1/11/69 - no (230)”

- b.  Average Zr counﬁs/EO secs. for 3.46 at.% Zr analysis

100% StAnGATd=-e-=-mmmmmmmmmmm oS mm oo e 30,012
"~ Background for standard off of Nb-----o--- S 28
Zry. o Augg gommmgmmmmmmmmmmmmes mmmmmos -mmmmmmmmmm- B50

‘Background for standard off of AU----m==-==-=cmmemameu 252 ..
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TABIE II. Reactions of the C-Zr-Rh, C-Zr-Ir, C-Zr-Pt, C-Zr-Pd systems.
" The products‘weré;analyzed by x-ray diffraction. The "s", "m",
mn__1t

and "w~ refer to strong, medium, and weak intensities_of the x-ray

pattern. (1.0 bar = 0,987 atmosphere pressure.).

Reactants__ - Experimental -  .  Phase Observed .
' : Parameters ' ‘ '
ZrC + T Rh - - 1575°%C - - . ZrRh, + ZrC +C
o , B 3 hours ' —5_5 s W
490 bars :
vacuum
ZrC + 1.78 Ir S Brc 0 mrIn 4+ mC+C+In
o 3 hours ' . 8 m W
490 vars
vacuum
ZrC + 2Pd | 1380°C __ ZrRd; + ZxC + C
: " 3 hours 8 m
“490 bars
600 torr Ar
ZrC + 2Pt a 1575°C ZrPt, +ZrC + C
- 3 hours s _ m w
" 490 bpars '

vacuum
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TABIE III. Reactions of the C-Zr-Re, C-Zr-Ru, and C-Zr-Os systems. The
products were analyzed with an electfbn microprobe analyzér; the
: %
obtained Zr concentrations are given.  This value was interpreted

as interference from the ZrC phase and was not considered.

" Reactants - Experimental - '~ Phase Observed
B " Parametérs ’ ' T -

'-5'.6C+1.5.zlnc+1.ozr5Re-2LL 1490x40°C C+ZrC+Re(19.0 at.% Zr)
' 96 hours a .
350 bars
600 torr Ar

X C4Z.rC+TRu 1500210°C . Zro+C+Ru(0.74 at.% Zr)
: 150 hours ' ' : v
600 torrs He

1.2C+ZrRu . 1500%30°C ZrC+C+Ru(0.76 at.% Zr)
: S - 88 hours : '
600 torr He

XC+Zr0+705(0.62 at.$zr) 1h95%5°C . zrCHC+0s(< 0.059 at.% Zr)
‘ ' : , 120 hours .
600 torr He

. o : , o . "
ZrOs, t1.1C ’ 1490+10°Cc ZrC+C+0s(0.24 at.% Zr) -
e~ . v .
: 154 hours ‘
. 600 torr He
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Table IV. Reactions of the C-Zr-Ag and C-ZrAu systems.

- Reactants

EXperimental

Parameters

Phases Observed

" (a) Solid State Reactions

ZiC+Ag

1.2C+ZrAg

ZrC+3Au -

- C+ZrAu +ZrAuh‘

3

890°C
8 hours
490 bars

600 torr Ar

850°C£15°C

1293 hours
175 bars

600 torr Ar

950°C

88 hours
175 bars
600 . torr Ar

92515°C

110 hours
86 bars
600 torr Ar

ZrC+Ag

ZrAg+C

ZrC+3Au(0.51 at.% Zr)

 ZrAu, +ZrAu +C

3

(b)

Liquid State Reactions

CHZrC+Ag
1.2C+ZrAg

C+ZrC+Au

C+ZfAu»+ZrAuh

>

1h410°C
15 hours
760 torr He

1500°C
33 hours
760 torr He

1k9s°C .
12L nours
760 torr He

1505°C
15% hours

760 torr He .

C+ZrC+Ag(<0.050 a/o Zr)
C+ZrC+Ag(<0.050 afo Zr)
C+ZrC+Au(O.87va/o'Zf)

C+ZrC+Au (9.5%3.5 at.% Zr)
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- TAEIE V. The activity coefficient of Zr(er) is calculated from the

three phase equilibria involving C and ZrC. Solution theory is used

"to determine VZr(O% Zr) which is also expressed as the excess partial

molar free energy of Zr in the limit of 0% Zr'(ng)-

“Atomic No.

e TN SR
calcu}ated at
1500°C
YRy 0.75 -3§o7 .-3.07. 2.9
W5-Rn - 25.0 “k, 59 < -h.59 < 37.2
46-Pa 25.0 ~h.s9° < -k.59 < -57.2'
u7ﬂAgv < 0.50 > 1.8 > 189 > :15.3
w608 g 0.06 ,2'_1.96 > -1.96 > -15.9
|  v77-Ir . 25.0 .59 < b5 < 37.2
78-Pt 25.0 -4.59 “:5 -h.59' "§v37.2

79-Au 6.0 to 13.0

-3.97 to ~b.31 —5.82 to ~h.21. -31.,0 > F

XS

pp > Oh.2
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TABLE VI. The standard free energy of formation CAF;) of compounds of the
: . Zr binary systems studied experimentally o

Phase Infbrmation'

Structure Peérson(a)j‘

Melting Point
(°c); "p" implies
peritectic melting;

. AF® (kcal/g.atom)

calculated at 298°k
except when indicated

Stdichiometry:. References| 4 implies con-
- Strukterbericht :; Type“ - gruent melting
Zr,Re o type phase 26, 28" 1900°C D
. o :
4 = a=lO. 12A, C=5. IQA .
ZrRe, -hsle,'c%h, VZn, 26,28, b 2kso°c. P —_—
a=5.2694, c=8.626A :
ZrgRep), cI58, Al12, a-Mn (?) 26,28,k 2500°C o p: —_—
a=9.693 to 9.6984 | =
ZrRu eP2, B2, CsCl 29,44-U6 ' 2100°%C ¢ 95 2 AFR >-2L.7
a=3.2534 S 2130 * 70°C" at 1500°C
ZrRu, ‘hP12, 1k, MgZn, 25,4k,45, 1960 * 50°C D 13.6 £ 0.9
. ) ° L .
- a=5.1414, c=8.5094A 47,49

at 1500°C

-86-



TABLE VI. (continued)

Phase Information

Stoichiometry

Structure : Peérson(a);

Melting Point

(°c); "p" implies

peritectic melting;

" AFS (keal/g.atom)

calculated at 298°K

fvexcept_when indicatéd

a=3.927A

L4h Lo

. Referencés "e'" implies con-
Strukterbericht :; Type gruent melting : |
Zr7Os5 tetragonal, ¢HfRe type 3 > 532.4__’
7r0s . P2, B2, CsCl 28,LL 46 > -235.1
' a=5,263ﬁ ' |
. - N ’ . ' . ’ *
Zx0s, ~ hP12, Clk, MgZn, 28,4k, 2570 + 80 ¢ > =15.4
a=5,1894, c=8.526A 47,48 ST o
Zr2Rh £I12, C16, A1Cu 30,32 R < 5.1
. o . o
‘ a=b, u397A, c=5.0658A 33 |
ZrRh cP2, B2, CsCl 29,30 < T.T
. (above 38060)29' - '
Zr,Rh, NbRu type 30 < -9.6
[ o : [
Ca=h,boA, b=l,33A, c=342A
ZrRh3 ePh, L12, AuCu3 28,30 < -11.5




TABIE VI. (continued)

Phase Information

Stoichiometry

Structure : Pearsbn(a); -

Melting Point
(°c); "p" implies

.peritectic melting;

AF2 (keal/g.atom)
calculated at 298°K

References: except when indicated
: AR . . "e" implies con- :
Strukterbericht :; Type gruent melting B
ZrgTr tF30, DB, , o or BU 30, 4k S < -3.8
ZryIr v-'til_z, c16, Ai-2Cu_ 30,33 ——— < 5.1 '
. | , 8 §
) A t . 30 ————— < =5 i
'ZriIrB r5Ir3 ype 3- — . <
ZrIr ZrIr type - 30 — < =T.7
Zrir, - cF2L, €15, MgCu, 30,4k < -10.3
o : o L ‘
a=7.359A 47,50
ZrIr3 cP4, 11, AuCu3 _ pIvigg s 2125 * 135°¢ < -11.5
a=3.9434 :
Zr,Pd - tI6, Cl1,, MoSi, 28,35,36  1085°C e < -5.1
| ~ a=5.3068, ¢=10.8944 1k4,51,52,53




TABLE VI. (continued)

Phase Information ' : . - | Melting Point 1 are (kcal/g.atom)
» — - : - (°c); "p" implies calculated at 298°K
Stoichiometry Structure: Pearson(a); References- .Reﬁl?eci}c melting; - .except vhen indicated
' Strukterbericht :; Type ¢ implles con- '
: g _gruent melting
ZrPd -  TiNi type 29, 35 - >1600°¢ - ¢ <=T.T
| | (belqw-Mf)29 .36 ' ‘ -
Zr,, Pd,, e - 3,2 < -8.6
4756 , . ' ' 3 8,35 - 1
o o : 5
ZrPdy. .. tI6, Cll , MoSi, o 35,36 < -10.2 &
: o . [+ o . )
a=5.ho7A, c=8.597A Ll 53 ‘
' Zrrd, | hP16, DO, , TiNi; ] 35,36 < -11.5
. . ) . o - .
: a=5.6124, c=9.235% : bk ko
zr, Pt tetragonal, ¢HfRe type . 3 . < -3.1
Zr Pt -_'Zr51“r3 type | © 30,33 . 1725°C p < 5.1
ZrPt 008, By, ¢-BCr | 50, bl . 2100°C < -T7.7
a=3.14094, b=10.3154, sk

e=k. 2778




TABLE VI. (continued)

: Phése Information

Stoichiometry = Structure: Pearson(d);

Melting Point
(°c); "p" implies
peritectic melting;

AF2. (keal/g.atom)
cafculated at 298°K

a=5, 4824

References . .except when indicated
‘ R _ L "e" implies con~ :
Strukterberlcht 3 Type gruent melting
ert+l' .. ePe, B2, CsCl 30, Lk | 2100°C < -7';7
' a=3.314 -
Zr Pts ? 30 _ < -8.5 .
'—J
 BrpPhs 7 30 < 9.2 P
Zr'PItB-» o hPL6, DO, TiNi, 28,30 > 2120°C e < -11.5
© a=5.6458, e=9.2354 Iy, 58 | | -
ZroAg 416, 1L, MoSi, 28,38,4L > -30.8
o a=3,2464k, e=12.004% 51,52 |
zrAg - +P4, Bll, y-CuTi 28,38 - 1160°C > 23,1
 a=3.U468R, c=6.6034 4k, 55 | g
: ZrB'Au_ © B8, A5, B-W 35, 4k 2,57 > AF, >31.0
S 56 at 1000°C




TABLE VI. (continued)

Bt ¥

" Phase Information

References

Melting Point

~.(°c); "p" implies

peritectic melting;

AJ” (kcal/g.atow)
calculated at 298°K

. =¢oT~

Stoichiometry Structure : Peérson(a);' Mo 411 exceptvwhep‘indicated
' Strukterbericht :; Type | ¢ imp-ies con-
] gruent melting .
Zrphu tI6, 011b, MbSl2 25,44 ’ -3.16 >-AF; > -27.6
a=3. 272A c=11. 504 51,52 at 1ooo c
Zr7Aolo S . k 55,44: . -5 57 > AF, v-17,
' - a=6.69,A, c=13.29,A ' “at 1000°C "
. . ) . B e
ZrAu, . tI6, Cllb MOSl2 34,35,k44 - =6.31 > AF, > -13.8
a=3.53, A,c=8. 718 at 1000°C
Zrpuy - orthorhombic, B~ CuBTi' 35,L44,57 1560°c e - =7.10 > AF, > -10.3
‘ ~a=6,06, A b=k, 865A, at 1000°C
c=h. 8 A
Zrhu), orthorhombic subcell, 35,4L, 57 ~1065°¢ -7.58 E:AF; > -8.27
(ana)-anm at 1000°C

orthogonal axes:

5a55(2.858)=14.29%A
b=5.oo63, o=h. 8l A
20 atoms/unit cell
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TABIE VI. (continued)

'-‘(a) Pearson nomencléture:wés used because of its cpndensation of
' mueh directly readable information. A brief deseription from Ref.

Y is in order. The first small letter denotes: a = triclinie

(anorthic); m = monoclinfc; o = orthorhombic, t = tetragonal,

h hexagonal, and}cv= cubic. The capital letters implys

1l

primitive; C = one~face-centered; F = all- face-centered

i

I = body~centered, R = rhomdehedral. The number following gives the'

'?; number of atoms in the crystallographlc cell.

N , o _ -
These melting points were experimentally observed; the others are

reported in the literature.
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TABLE VII. ‘Boride reactiohs reported by
Js M. Criscione et al.

'.R actant Experimental | 'Ehases . Minimum Reaction
eactants Parameters - Observed . Temperatures (T)
ZrB, + L.75Rh  1430°C - ZrRa + 7 1195 £ 5
1/2 hour SO : I
7rB, + h.75Ir  1430°C ZrIrs + 2 1200 5
_ 1/2 hour = L o
HFB, + k.T5RR  1430°C j 'Hth5-+ ? . 1165 £ 5
1/2 hour . : :
HFB, + 4. 75Ir 1430°C HfIr, + ? 1235 = 5

1/2 hour ’ 5

L]
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TABIE VIII  HfC.and ThC, reactions reportedly J. M. Criscione

et 21.2% ana . H. Kirkorian et al.
- - Experimental . . Pﬁase.
Reactants Parameters ' ' Obgerved
. HfC+3Rh , : > 1000°¢ - HfRh,
HfC+3Ir o - 20%0°c HEIr 3
' ' 1/2 hour - L
'Th02+21r : . not given - ']_?hIr2
THC,+2Rh - 1900°C(melt) 2
: vacuum _
ThC+3Au : - 850°C , ThAu, (?)
C - ‘ 114 hours ‘ R

4x10-° Torr ‘
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TABIE IX. Reactions of WbC and TaC, reportedly by

Larry Kaufman et al.ho and Peter Riesenfeldt.ul

NbC+3Re

‘ > no change
1200°C :
——— NoRez, (o Mn Structure) ? + C
1700°Cc - _
NoC+RU o> - no change
- 1200°¢C PR :
NoC+3Ir ———> no change
‘ : 1200°C ‘ :
——>  MbIrg+C
1500°C -
WoCH3PE > WPty (o and B) + C
1200°C and - :
- 1500°C
TaC+3Pt  ——ee——> vTaP%3+C
: 1400°C and"
1600°C

L hour
EOOibars
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TABLE X, Reactions of UC, and ThC, and UN reported by
'N. Ho Krikorian.>o |

2uCc + Ir. > U.TrC:

. 2UC + Rh  ——————> U,RKG,
, ~1700°C
Uc + 3Ir — _— UIrg + C
: 1400°C and 1700°C
UC + 3Rh > URh51+ C

1400°C and 1700°C

UC + 3Au(s) ——————> UAu, + C
. <9s50° . 2
17 hours
lO'6 torr

uc + 3Au(l) ————————> UAu, + C .
: > 1100°C . 5
'18 hours’
10-6 torr

2UNV+ 6Au f——————————>" 2UAU.5 f N2

860°C ¢
vac = kx10
47 hours
- UN + Au ’ ——>  U.N, + Au
860°c 23
93h"

0.75 atm N,
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TABIE XI. The standard free energy of formation (AE;) calculated from

the reactionsvreported by other authors

. A ° E ‘ .. A °
Compound Ff ‘ Ff was , . ... Reference
(Kcal/g.atom) obtained by '
calculated at comparison with:
298°K L
o o : ) =
ZrRh, < -11.5 ZrC 20
< -19.2 7 . ZrB, - 20
. : ’ S e S
ZrIr < -11.5 ZxC | 20
< -19.2 ¢ ZrB, 20
 HfRh, < -12.7 HEC ? - 20"
< :19.4 7 HfB, , 20"
HfIr < -1.27 | HEC 20
< -19.4 7 - HB, _ - 20
Thlr, < -8 e, 20
iR, <8 ¢+ omo, 2
ThAu5 <6 1 ThC 39
- NbPt, < -8.4 S MBC . - - Lo
NolIry <-8.% . . moC _ b
M:Re, < 8.4 2 . mG R ko
TaPt, < 8.8  Tac I N
URD,, < -5.9 : uw J 39
'U21r02 < 9.k uc - : | ' 39
Uthc < -9.L e . 39
'UAu5 5.9 >0F, > 12,5  UCand UN 39
CePt, . BMHp~-55 . CeS 6

* These' limits agree with the experlmental obqervatlons
determined in thls research,
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TABLE XII Bonding enthapies and number of bonding d electronq for the elements of
period 4: (a); of Period 5: (b); and of Period 6 : (¢). E. = bonding
enthalpy per s or p electron; E; = bonding enthalpy per d electronj Ny
number of bonding d electrons per atom For ng < 5, Nd = nd;'for ng >

- (;) : 5, Ng = 10 - ng.

f Elements _ Ca Se  Ti. v Cr Mn  Fe Co Ni Cu | Zn
with 34 e_'s. o . . _
E, k2.5 51.0 52.5 54.0 55.0 56.0 57.0. 58.0 60.0 61.0 62.0
PR 0.5 15 2.5 3.5 k5 k5 3.5 2.5 L5
5 | E, 58.0 34.5 25.8 19.5 10.8 7.7 1k.7 21.0 30.0
Ny 0.3 1.0 2.0 3.0 ko 5 3.7 R.T 2.00 0.7
E? E4 56.0 33.5 26.0 19.0 12.0 1.7 12.3 19.5 25.5 45.0
(b)
lﬁiiﬁeﬂgse-,s s+ Y Zr ¥ Mo Tec Ru Ran Pd Ag cd
Ey 0.0 49.5 51.0 512/3 521/3 53.0 sh.o 542/3 55L/5 56.0 57.0
o | Ny 0.5 1.5 2.5 Lo 50 k5 3.0 2.0 1.0
8 B4 1 50.0 k2.5 38.5 30.1 21.0 22.0 32.3 38.0 47.0
Ny 0.3 1.3 2.3 3.3 L3 50 3.7 2.7 1.7
& |=x 52.0  Uh.0 k0.5 33.0 25.4 19.8 30.2 35.5 b41.0
()
Elements v
with 54 Lu - Hf Ta W  Re Os Ir Pt Au Hg
electrons. :
E. 5.5 %2 5 532/3 5u1/3 55 56 5T 59 61.5
oo lma 2.5 3.5 5.0 k5 35 2.5 15
S | E; 46,0 141.8 31,4 32.5 38,5 45,0 5h.0
& ng ' 2.3 4.5 ko 5.0 ‘L0 3.0 2.0 0.7
S By . k6,5 3.0 3k0 26,5 36,3 k0.5 50.5 57.0
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| TABLE XITT

Metallic e€lectron to atom ratio limits

(a) Fram Leo Brewer

structure No.of s and p e 's % p-character
W Bonding per Atom (ref. b)
—
bacae. | 1~ 1.5 0 - 3%
h.c.p. - N 1.7 - 2.1 41 - 52
c.cfp.v(f.c.q?) 2:25- 3.6 | 60 - 67

(b) From Niels Engel (g)

structure No.of s and p e 's
g bonding per
Atom (n_)
P
b.c.c. ' 1.0 - 1.7
h.c.p. o 1.9 - 2.25%

@ - CeC.De . v 2.25 - 3.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or
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resulting from the use of any information, apparatus, method, or
process disclosed in this report.
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