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INTRODUCTION

Selected values of’the thermodynamlc propertles of copper and
thlrty oneb of 1ts b1nary alloys are presented |

Selectlons have been made by testmg exper1menta1 data for
self con51stency, con51stency with known thermodynamm relatlonshlps,
w1th the phas‘e 'dlagr‘am_, and with other measurements on the same
systern. ."’llables, w1th the exception of the vapor pressnre of pure
copper; dre generally reStricted to ranges of temperat:ure and -

compos1tlon actually measured experlmentally Extrapolated values _

| when presented are usually placed in parentheses Meltlng points

and otherjthermody‘namic -properties of pure elements wherever
needed were taken from Hultgren, Orr, Anderson and Kelley (1963),

Snpplementary,s'heets, ‘with correction to the 1968 International

Practical T‘em'perature Scale.

PERSONNEL

" This monograph is the result of the effort and cooperation ofa

large group of people who have been associated with the work. ‘Most

- of the systems were the primary responsibility of one of the authors

(P'DD) who conducted the su'rvey and evaluation for the systems under
the guldance of the other author (RH) Substantial he’lp was given by

Donald T. Hawkins (DTH) and Stuart J. Nelson (SJN) in evaluatmg a

. vfew of the systems.

_'I'nitia'ls of the primary_' evaluatoruand the date of evaluation are

plac_ed": on the bottom of the first page of each system.
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Each final evaluation was checked and reviewea by éther senior
niémbeljs of fc‘he group before being accepted.

Mrs. Rébeéca C. Palmer and Mrs. .'Carol Broussard were responsible - ).;
for typing ;nd layom, and Mrs. Gloria Pelatowskl dld the lme drawings. o N

METHODS OF EVALU ATLO\

In some cases the guality of the data can be judéed by objective
: AT 3

criteria. Thus if it is not clear that the sample has been correctily = '
preparcd and that‘ both thev initial and ‘final stva‘ges‘have been adequately , - |
charaterized, the estimates of un_certainty are ‘incréased, or the
data are diséar’ded. In other cases contradictory dvata‘ar'e found
in which a s_home cannot be made on these grounds. In such cases
weight is given 1o the evaluating experience with respccet to the method
used or to the léﬁoratory in which the measurements were made. In all
cases it 15 inﬁg;’;ge" 'that all modern measurements bc_mentionod, and
their agreement with selected values be descr bed.v‘ Where a given work
1s mentiored aé d agreeing with the selection, the reader should

=) o

bear in mind «.ho.t the work may be correct and the selection be wrong.

4
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Usually, heat capacities (61 ecific heais) are determined by
measuring the temperaiure rise (of one or afew degrees orly) caused by e
addition of & measured quantity of heat fo the specimen. The specimen

is usually malm .cd in 2 vacuum where the prircipal scurce of heat
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exchangé With the surroundings.is by 'ra_dié.tion‘. .>"I‘he radiation heat
e#chanée’cbefficifznt.inér'eé.sés With T3; h.eafekc;hahgé is. é.m’ihor
problem at low tempefrature‘s, becoming serious as the fempéfgture
incréa'se;s."' ' B |
In'adiahatih calorimeters the attempt is made to keep the

surroﬁndings at the samé temperature as the specimen dur'ihg the

heating. “In isothermal (or'isoperibol) calorimeters the surroundings

‘are maintained at a constant temperature so that the heat exchange

may be‘m.o_ré readily calculated. Both types have upper limits

Qf vterxipe"’r.‘.a‘ture application; it 1s extremely difficult to get good
measurements above 100-0°K. Less conventional methods show
somé ’érom‘_ivseb_of accur‘atev mevasurém.ehts at high temperatures. .

For e#a,mple’,'_ a sample may be heated to a high temperature in

a few.mi'lliSec'onds by a large pﬁlsé of electricity. Amp’efes and
voltage Vdrbps_'may be simulltaneousl»lyv-recorde_d electronically, givihg
the ené.fg'y input ve'rsﬁs time. Temperatures rhay‘ be deduced from’ :

the resistance of the sample ‘or by other means. Heat exchahge

" with the surroundings becomes small because of the small time of

the ekperiiment. In anothér methdd a sample may be maintained

at a high temperature and further heated by a small pulse of currernt.

Analysis of the heating effect gives the heat capacity.
The electronic contribution to heat qa'pac‘ity'can be identified
and measured only at very low temperatures, usually at the lower

end of the liquid helium range,'"vs}here it méy constitute the principal
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part of the tbtalvheat capacity. At very low temi)eratures the lattice
heat cavpa__c;it.y is proportional to T3, 50 that |
| Cp .= [3T3 + vT

whefe"y is fhe electronic contributibn'coeffi‘c’ienf." It may be‘found :
from a '.p'l'ovtf of Cp/T versus T_2; a straight line results at the lowest
tempei'étivi‘vfes whose inteféept at T2 = 0 is ¥ and whose slope is B.

_Afc‘v-ér'y low {emper'atures, usually below 1°K, there may be a
nuclear éon’;ribution, caused 'by the interaction of the nuclear
c-l.ufadraﬁol_'ev. moment with electrons. ‘Thié has not been found for
copper. o

 For éiioys there are special problems in heat capacity

mea'sur.érrll_ents. The sample should be single-phase and
.homo’gehééu’s. .Ivts degree of order should be known. To attain
these reqﬁires r:n'é.t'allurg'ical treatments; many measurements in
‘the llitevrati;re are wiﬁhout value because the workers did not know :
this. Fufthérmore, ‘the state of the sample may change during
the measurements; for exémpie, the degree of order may become
less as the temperature rises during the measuremen.tf Such
: changés: occur only at temperatures where the rate of diffusio_n is

sufficie‘ntly rapid. If the rate of change is rapid, the considerable

heat involved is included in the measurement. If very slow, ‘it may‘ -

not bé‘included at all. At intermediate rates, the amount of heat
included depends on the time allowed for the ﬁmea'suremenfc.

)
o

@



. Heat Content Measurements
In drop calorimetry the sample is dropped from an elevated
temperature into a calorimeter, usually near room temperature.

The totél}-he'at evolved by the sample during c'obl_ing is measured.

- Many alloy samples may not attain equilibrium in the final state;

in fact, 'Some may not attain the same final state in successive drops.

If the'fiﬁa‘_l»sta'te is not kndwn, the ’me’a"su're'_d value will be in elrror
by the difference of heat contents of the actual final state and the -
final state 'a_.ssumed' by the experimenter.

The slope of the heat content versus temperature curve is,

-of coui_'se, Cp Good values ‘of Cp can be determined in this way
~ unless Cp changes rapidly or irregularly with temperature, as,

for example, atthe A anomaly at the niagnetic Curie temperature.

Standard States

_T-he""Gibbs energies, 'en_thé.lpies, and entropies of formation,

as well as the partial molar quantities, the activities, and the activity .

coefficients, all express the ché.nges when elements in their standard.

states unite to form the alloy. The numbers have meaning only

" if the standard states are specified. - Nevertheless, even in recent

papers the st,andard state is sometimés left ambiguous, and
sometimes errors are made. In the following tables, to ensure

precision,-the standard states are shown by e'qua‘tionsv of chemical

| reactions at the head of each table. " SRR |



It is a'_“widely.'unde'rstood coriventio’n that when the standard state
is not specifie'd otherwise,l it is taken to be the élémen't at 1 atm.
pressure in its eduil'ibrium form at the temperature c‘:on_c‘ernev‘d. |
This has the adVanta‘ge of be'ing'unﬁmbigu'ous; but ‘ha‘s some

| di'-sa-dvan»tég‘efs' als;é.

For "éxé:fn’ple', liquid alloys may':fr‘equehﬂy be stable below the
melting po'i_nt's of théir compornents. " Accordihg to the'rﬁlé, they’woixld
be‘refe'rre_vc:i, to solid standard states. As the temperature is |
increased, "_t.he-'enthal_pies and entropies of formation change
dis_c‘oritir’iﬁouslyas the. melt‘ing point of the component is passed.
Deviatioﬁs t_‘fomRéOult', s law become purely formal concepts
when 1iquidé are r'efefred to solid standards, and activities do not

~extrapolate to 1.0 as .'the"pure.comp'ositi-on is reached. Values
from di;ffé.rént metallic systéms are i_éss dif_ectly comparable if
one of th_efx%x is referféd to solid standards and the other to liquids. .

For these reasons we have adopted the procedure of feferring
liquid ailoys to liquid standard states and solid alloys to solid
standaz_;d states. In order to do’ this, the Cp of the pure solid
or liqxiid i_ngtals must be assumed at témperafures where the solid
or liqu_id' phases are unstable. Extr;apolations..of measured values'
are complex, and will be done differently by different workers.
Mqreovéf, as the measured values.';mprovve, begtlrapolations are

also changed. Thus a measurement with respect to a solid is



el e it K o SR

e AR

N BVl catnr B vi i

tabulate'vc_li_.vt/ith respect' i a hypotheti'c_e.l 1iquio, and vice versa.

If it'is"_re_eogniz_ed that the unstab'-'l'_e standard state is pure.ly 4_
hypothétie"ai, a 'si'mol'ifying set of _prooe'rties may be‘ essumed;

In the followmg it has been assumed that Cpu) Cp(s)

Hence AH and_'A_S ‘are constant with temperature for all elements.
The samg as_Sumption is made 'forvallotropi,c fo"r.m_s of ‘elements.
Taouiar-' oaIUes then change contin'uouis1y with temperature, and;
when they _a‘r‘e'referredtounstable standvar_d states, reference

to stable ones may be eé‘sily made when desired.

Gibbs Energies of Formation
'From electrochemical cells, vapor pressure or chemical

equilibrium measurements, the ‘partial molar Gibbs energy

&G, "of one of the components (and the quantities calculable from

B

t A(-});as, . and ‘YB) is d‘er‘ived. If AGB is known over a range

of composnlons, x (x = xB' the atomic fraction of the component,n B):,
the Gibbs-Duhem relation applies

(1-x)d AGA v+.x d AGB = 0.

'Inte_grationvof this equation gives the values of Aé A’ provided the

~ constant of integration can be determined. For this it is necessary

to kriow the value of AG A at one composition, X, For carrying
out the integration, for plotting experimental points, and for other

tasks of evaluation, it is often particularly convenient to use the
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alpha function

_ ixs 32
= AGE/(1-x) .

B
Integration then gives .
~ XS = XS : ' ' P x
: = (1 -3 - - : + dx
AGA,x AGA,XO +xo(1. xo)‘ aB,xo | x(1-x) ep LgB_ .

If the range of »'c'ompositions'inCiiudes pure A (xo = 0.00), the constant

of integrati‘on" can be found from the fact that at this composition
| = =XS  _
AGp,0 =86y o =0
Then the above integration simplifies to -
SXS o - x
BGy = X ag +_[0“de'
From both partials, the integral value is found
| | CAG = (1-x) AGA- +x AGB"l
From the terhpe'raturé coefficient the entfopy is found -
| ) dAGB/dT:‘f A8 5
and cvvon,sequ,_e"ri‘tly the enthalpy
| _.AQB = AHB - TASB. |
From these partials, the partials for A and the integral values can be
found from the Gibbs-Duhem relation as ‘above.
However, it is clear that errors indetermina_tiorﬁ of A_C-}B become
larger ,whfeﬁn'temperature coefficients are taken, especially since the

range of temperatures favorable for experimentation is usually not

large. It is‘-nét uncommon to find that acceptable scatter in AGB

determinations becomes unacceptably ia_rge' in the tevmperature
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co'efficiérﬁ'ts. For these cases; 'calori'x'net'ric determinations of
AH ni_ay be preferable, _'arid‘ can be combined with AG to give AS,

Inf"équ’ilibriuxh measurements with solid alloys, the

equilibrium is with the surface of the alloy. The measurement

is not valid unless the surface is in equilibrium‘ .with the infe_rior;
that is, t.hé"mé,asﬁrement must be conducted at a sufficiently
high tempé#afuré for -'diffﬁsiOn to brin"g about eciuﬂib'riﬁm' between
§Urfa¢e‘gnd interior. In dynamic methods; such as the Knudsen

or Langmuir determination of vapor pressure, where the vapor.

“is con’cinually removed, care must be taken to prevent or allow

for 'de'ple'tion‘_of the 'surface of its more volatile component. These
d-ifficultie‘s also 'a'pp_'ly to liquid-alloys, but to a much smaller

extent.

Enthaipiés .of Formation
' 'Eﬂth_élpie_s (or héaté’ .df fofmation fnay frequehﬂy be measured
more. ;a.cc.:urately iﬁ a calorimeter than from temperature coefficients
of equﬂibria. Direct reaction calorinietfy may be very difficult

for solid alloys. The _Specimen may need to be _mé.intained for a

- long t'i'm_e' at high temp_ératures wit‘h’cbnsequent difficulty in keeping

‘vaccount' of heat losses. Furthermore, the reaction may not go to

completion; the residue should be i‘nvesfigated. Some é.ttempts on

“highly exothermic alloys have been made with some success, and

attempts are béihg made on endothérmic alloys. | For liquid alloys,
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the reaction is. m‘»vore readily carried ‘t‘o completion, but"the problem
of heat losses. remains. |

Solutioni';:é;l.c;zjimetry has been more generallyv'ap‘pliigd. For
this the heat of solution of the alloy in a solvent is determined; also
the héats of 'solution of the components. ’i‘hg difference between
the values r_é‘preSents'thé‘ heat of 'vforr_n'ation of the ailoy;_ Acid’
solution calorimetry has beeﬁ tried ma’n.y times with_d_isappointing"
preci’sion.': The answer vs'ought is the small differénée' be'.twen llarge |
quantities.- Also thefe are difficulties; for example, 'tﬁe escaping
hydrogen gas vma'yHOr' r.nay'vn”ot be saturated with Water and acid;
dj.fferences in degree of s.atur’atiori‘ produce large errors.

Liquid tin éolutio'n calbfimetry has been much more successful
in spite of the_‘-:'f'a'é.:tthat 'the"c'alox_'ies are measured at an elevated
temperaturé.t “This mefhpd' is applicable to vthose'eleme'nts and alloys
which will disé@lve ina feaéohable ti‘f‘ne inliquid tin. " No attempts to :apply
combustion éalor"ifnetry toalloys ha{re Be_enf}ound. Perhapé there is a
problem in the final state; for e#ampié-, the oxides may dissolve
one another, possibly forming a gl'ass.‘. |

Iri_evélﬁétif:lg' enthalpies of forfhation the-function Q= AH/x (1 -x.)_
plgtted, versﬁé'ix' is 'fx"_equently useful. Fof example, for regular |
..-so'lutions the‘ ploi gives a horizbntal line; Q_is a constant with X.

Where the plot is smooth, meahingful Values' of AH v.an_d AH may

A B

be derived; their accuracy will be inferior to the ‘in‘tegrél value.
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" Phase Diagrams

The phase diagram contains important thex;x_xi‘léthémic
information. For any two phases, I and II, in »equiiibriﬁm, it
follows‘tha.t. AGI. = Aén ' . .

v U A A

state 1s the same for both phases. . This provides a ¢heck‘ of

and Aéé = Aég, , providing the standard

selécted Gibbs‘eriergies for coﬂsiétericy witﬁ the'phase diagram_. |
Althdugh the boundaries of a two-phase region provide relation-

ships :of the pértial molar Gibbs energies of tw§ phasés at én

uhlimit_éd numbef’of points, --the data that can be':’ri‘gorousl’y caléuiatéd

from the phase diagram alone is'limited. The difficulty is tha.xt-

both thé't_empera-ture, T, #nd the 'compositién, X, cha‘ngé '

simulténédﬁsly, S0 that

i,dAGA/ dT = (s AGA/é T), + GA/6 x)T dx/dT

-85, +(6G, /6 x), dx/dT.

- If other information is known, as for example, AH values from -

which AS, values can be calculated or estimated with some accuracy,

A

the pha'Se diagram can be '_used»t‘o calculate Gibbs energies as a

functib’n-_oi",composition. - Even without making use of such

: infoffnati"dn; it has been shown in fa'vorable cases {hat computér .

solutions of simultaneous equations (in whi'ch' the necessary

r-elati"onships are explicitly or implicij:_ly assumed in the form of

the _eqtiations) can produce acceptable data. The use of phase

diagr'a_m's' as a source of thermodynamic data is in its infancy.
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A furfhe‘:vr_"ciifvfic':ulty is ithe lack of’ preCi'sivonFWith"'Wlei-ch most phase
boundaries-vhavé"_‘l“:eeri’ determine‘d. .Most phage d.iagram.sz havé been |
sketched' in :f_r"or_r_xf. a few experiméntal points, often of ih’d.i"fferle'nt_
accuracy. Sblidus lines have méiril‘y‘ been determiné'd'frdm thermal
arrests on c_do_lir;g curves; almost invariably they aré 'x'nany degrees
too low. | The‘ heat bf fusion of a pure rﬂefal or congruently melting
compound canbe rigzoro.ﬁély 'cé.lculated f'r'omi the slopes ;of liquidus
and 'solidus..'”Y:alﬁes of A-Hm for a single metal have been‘calculated
from m-any"bhaSe diagrams;: the results devia‘te disappoin‘tingly,
tﬁough they_'-a"rie'” _approxihﬁately correct.

Thermbdyn.amic.vaiue's ixjrx'th‘is ;)VOI‘k have been confined to. actpal
thermodynarf_iic:ﬁ‘eésufemehté,_ vuSing’phas-e diagrams only as an aid
in select_ion,’v or in a féW'c'as'es, an extenision of other experirﬁental
values. '

Phase diagrams have been included '-in most evaluations to give
- a general viv.e'w._Of theb system as an aid in understanding the ‘tables’;
The boundar.'i'esl have been draﬁn with reasonable precision, but high
précisionj ha§ not been attempted. The évéluations of Hé.nseq (1 958),
Elliott’ (1965), and Shunk (1969). have bé.en taken as a baéis. New

publications (the above only cover the literature through 1964), have

been scanned and revisions adopted where necessary. Crystal structures

are from Pearson (1958, 1967), with later revisions where necessary.

P
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. Uncertainty lE‘stim'ates ‘

Th:e_‘ﬁ_ricerta'intie's sfxoW’n in'mény of the t#blésare, unfor'txv'm_ately.,v
to a l'a;r_jge_ extent subjéc‘t.i:ve:.' of coufsé, ffom a'la_rvge"» number of . |
,me'asxir'emerits the 50% (or 95%) prvobaﬁi_li'ty can be readily calculatéd, _
but th1s re»prese"vnts only the scatft'e;c', or vreprédx‘xcibilifcy _bf the
m-ea)st_lr':e'm?m._ ‘Wba‘t is \'vanted is to.add to this:an anﬁown,

Systema_fic' error, of the méasurement. This can orily be estimated

_ frc“)mb-ixjn'pressions of the concordance of the data with data from

other sources, with the phase diag’ram, etc.

FUNDAMENTAL CONSTANTS
Energy is expressed in terms of the calorie, which is defined in

terms of the more fundamental unit, the absolute joule, as follows:
1 _thérmoqhemical calorie = 4.1840 absolute joules

All tabies are based on the values of the physical constants

_ recor’h’hiehded by the Committee on Fundamental Constants of the

National Academy of Sciences - National Research Council and

adopted by the National Bureau of Standards (N.B.S. Technical News

Bulletin 47 (10), 175-1, October, '1963). The values of those constants

most pertinent to the present evaluations are given in the following

-table.

- Constant Value _UQB_S_
- Ice point (0°C) 273.150  °K
‘Thefﬂi‘béhemical calorie . 4.1840 joules (abs.)
R, gas cénstan-t_ ~ v | 1.98717 -;-_'cal. /deg. g-afom
: L ' 8.3143 - joules/deg. g-atom
J:: Faraday constant 23060.9 = cal. /volt equiv.

96487.0 - coulombs/equiv.



14 L SYMBOLS AND UNITS

The symbols in the tables are defined below with the umts used and
with remarks on their most common application. - All tabulated
extensive quantities refer to one gram-atom, i.e., Avogadro's
number of atoms, of the substance concerned. Units, except tor
temperature, are not given explicitly in the tables in order to

conserve space

Many of the symbols should, by conventlon properly mclude a super-

script zero, such as G°, H®,

or S°, when they refer to an element in

its standard state. - These too have been omitted from the tables for

‘the sake of brev1ty.

Symbol Units

P - ~ atm

\Y crn_? / g-atom
T S O%K
s ~ cal/°K g-atom
H cal/ g-atom
G cal/:"g'-atom
Cp  cal/’K _‘g-a’to‘m '
Y ‘cal/(°K)*g-atom
st 298.15°K
-H | .c:al./g-a'tom |
S-T-Sst | cal/ K g-atom
G-H R ’
_T_’f__s_t cal/°K g-atom

Definition and Reémarks

Pressure, most commonly vapor pressure.

Gases are assumed to be ideal unless
otherwise indicated, so that fugacity (f)-
is equal to the pressure.

Volume .-

Absolute temperature.

' Entropy.

Enthalpy or heat content, H = E + PV,

- Gibbs' energy, G =H- TS.

Heat capac1ty at- constant pressure
commonly at P = 1 atm._

Electronic heat capacity coefficient;

(electromc) = 7T.

Subscript denotmg standard temperature,ﬁ

as S st.

Enthalpy or heat content of a substance

"at temperature T relative to its standard

state at 298. 15 K.

Entropy of a substance at ternperature T
relative to its standard state at 298. 15°K.

The Gibbs energy function of a substance at-
temperature T relative to its standard state

at 298.15°K.

i
i



Symbol

AH

AG
AS

AGXS

Nt
1

‘Yiv

4 n

log R

s.2,g.¢

a, B, 7, etc.

m,v,t

- Units

cal/g-atom

cal/g-atom
cal/°K g~-atom

cal/°K g-atom

- cal/g-atom

cal/°Kg-atom

cal/g-atom

cal/g-atom

: ¢a1/°K g—atonﬁ

" cal/g-atom

cal/°K g-atom

dimensionless

dimensionless

dimensionless

‘Natural logarithm, i.

Common logarithm, i.e.,

15

. Def1n1t1on and Remarks

The. enthalpy (heat), Gibbs energy, or
entropy of formatién, vaporization,

fusion, etc., corresponding to the process
described in the accompanying equation or
expressed by a subscript.

Deviation of heat capacxty from Kopp' s
law of additivity.

Excess Gibbs energy of formation, defined
by AG- RT [xin x +(1-x) Ln (1-x)].

Excess entropy of formation, definéd by
AS +R[x fn x + (1-x) 4n (1-x)].

" Relative partial molar enthalpy (heat

content) Gibbs energy, entropy, or heat
capacity of component i in an alloy
referred to the pure component in its
specified reference state.

Relative partial molar excess Gibbs
energy, defined by Aacs;: Aé - RT in xi,

!

Relatlve partial molar excess entropy,

defined by A—st =4S +R nx.

Atom fractlon of component i in an alloy.

Thermodynamic activity of component i in
an alloy referred to the pure component in -

its specified reference state at the temp-
erature in question AG = RT In a

Activity coefficient, defmed by Y = ai/xi.v
e., to the base e.
to the base 10.

Subscripts referring to solid (crystalline),
liquid, gaseous, or condensed (solid or
hquld) states.

Used to designate crystalline phases.

May appear as subscript or superscript.

Subscripts referring to melting, vaporiza-
tion, or a transition between different
crystalline phases. '
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ATOMIC WEIGHTS

Atomic weights used are those based on C!?= 12,0000 adopted by the IUPAC

in 1961. The following values are from Cameron and Wichers (1962), except

for those of Am?**®, Np?*, and Pu?* which are from Everling et al. (1960).

Symbol - Element
Ag Silver
Al Aluminum
Am?%*? Americium
Ar Argon -
As Arsenic
Au Gold
B Boron
Ba Barium -
Be Beryllium
Bi ' Bismuth
Br Bromine

' C Carbon -
Ca Calcium

- cd Cadmium

- Ce Cerium -
Cl  Chlorine
Co Cobalt .
Cr Chromium
.Cs ~ Cesium
Cu Copper
Dy Dysprosium
Er Erbium
Eu Europium
F Fluorine
Fe Iron
Ga Gallium
Gd Gadolinium
Ge. Germanium.
H +  Hydrogen
He * Helium
Hf Hafnium
Hg ‘Mercury
Ho Holmium
I Iodine
In Indium
Ir Iridium
'K Potassium
Kr Krypton
La Lanthanum
Li Lithium
Lu. Lutetium
Mg Magnesium
Mn Manganese

At. weight

107. 870
26.9815
243. 061
.39. 948
T4, 5216

196. 967
10.811
137.34
'9.0122
208. 980
79.909
12.01115
- 40.08
112. 40
140.12
35. 453
58.9332
51.996
132.905
63. 54

~162.50

167. 26

151.96
18.9984
55. 847

69.72
157. 25

72.59

1. 00797

4.0026
178. 49
200. 59
164.930
126.9044
114.82

192.2
39.102
83.80

138.91

6.939

174,97
24.312

54,9380 -

Symbol Element
Mo Molybdenum
N Nitrogen
Na . Sodium.

" Nb. Niobium
Nd - Neodymium
Ne Neon

- Ni Nickel

- Np?¥? Neptunium
o} Oxygen
Os Osmium
P Phosphorus

" Pb Lead
Pd Palladium
‘Pr Praseodymium
Pt Platinum
Pu®*®  Plutonium
Rb Rubidium
Re "Rhenium
Rh - Rhodium
Ru Ruthenium
S Sulfur
Sb Antimony
Sc Scandium
Se Selenium
Si . Silicon
Sm Samarium

© Sn Tin

- Sr Strontium
Ta ~Tantalum

" Tb Terbium
‘Te Tellurium
Th Thorium
Ti Titanium
Tl Thallium
Tm- Thulium
U Uranium
Vv Vanadium
W ‘Tungsten

- Xe Xenon

Y Yttrium
- Yb Ytterbium
Zn | -Zinc
Zr -

Zirconium

95. 94
14.0067
22,9898
92. 906

144, 24

20.183
58. 71
237.048
15.9994

190.2

30.9738

- 207.19

106.4
140.907
195.09

239.052
85.47
186.2
102. 905
101.07
32.064
121.75
44.956
78.96
28.086

150. 35

118.69

87.62
180. 948

158.924

127.60

232,038 -

47.90
204.37
168.934

238.03
'50.942

183.85

131.30
-88.905

173.04

65.37
91. 22
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"Part I. Discussion

Phases and Structures " Cu has the fcc (Al) prOtotype structure (Pearson,

- 1967). Tm .1357. 6°K was taken from the 1968 International Practical
Tempe_rature Scale.

Gas Propertie_s. Values for Cu(g) were taken from Hilsenrath,rMes_siria,
and Evans (1964).

Low-Tem‘perature Deta. Sele‘c"ted values were taken from the evaluation
by Furukawa, Saba, and Reilly (1968), 0°- 300°K. In the table below are

listed thoSev references from which the electronic ¥ could be derived.
Values of ¥ are listed as well as systematic deviations of Cp from
selected values over the range of temperature covered by the reference

Percent Deviation

‘Source B " Selected Values 1_19_4_ :
Martin (1968), 0.4°- 4°K. o -0.5  1.652
‘Gmelin and':GobreCht (1967), 4°- 30°K. £0.5 . 1.663
Osborne F'lotow and Schremer (1966, 1967) Y | : o

= 25°%K." - agree 1.659
Ahlers (1.9_66)," 1.3°% 20°K. +1 . 1.661
Clune and Green (1966), 2°- 4°K. . +0.6 1.670
du Chatenier and de Nobel (1966), 1.3° 30°K.  +5 1.715
- Martin (1966), 3°- 30°K. o | o 0.5 | 1. 663
Isaacs (1965), 1.5°- 4. 2°K. 1 1.668
Isaacs and Masselski (1965), 1.6°- >'4 2°K - +1 1.668
Dixon, Hoare, Holden, and Moody (1965), | | '

1.2°- 4. 2°K. +0.5 1.665
Rorer, Onn, and Meyer (1965), - 4. 2°K. +3 | - 1.720
Phillips (1964), 0.1°- 4.2°K. - agree ~ 1.661
Ahlers (1964), 2°- 20°K. - 1 1.683

Kneip, Bet-t_erton,, and. Scarbrough (1963),
1.2°- 4.5°K. : -1 . 1.664

PDD October, 1969

A e
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O'Neal (1963), 0.11°- 1.01°K. : - _ 1.678
du Chatenier and de Nobel (1962), 1°- 30°K. ~ +4to+16  1.723
Veal and Rayne (1962, 1963),"1.4°- 4.2°K.-~ . agree 1.654
Crane and Zimmerman (1961), 1.5°- 4.2°K - ,
(estimated from their graph). - . +1 to +7 1.85 ;
Franck, Manchester, and Martin (1961), - ’ . o !
- 0.4°- 30°K. S _ 1 - 1. 630
Manchester (1959), 1.1° 4. 2°K. . 40.5 1.663
Ramanathan and Srinivasan (1957), | SR o ,
1.3%°-4.2°K. B > 1.723
Griffel, Vest and Smith (1957), 1.8°- 4. 2°K. -1 ~ 1.851
Corak, Garfunkel Satterthwalte and Wexler ‘
(1955), - 4.2°K. -0.6 1.644 |
Rayne (1954), 0.2°- 0.7°K. . -1 . 1.640 e
Estermann, Friedberg, and Goldman (1952) ‘
1.8°- 4.2°K.. - +8 ©1.792
Kok and Keesom (1936) 1.2° 20°K. | 0 to +9 1.775 |
SELECTED VALUE | 1.661(0.01)

Selected values agree within 1% with Cp measurements of Martin (1962),
16°- 90°K; Martin (1960), 20°- 300°K; Huffstutler (1961), 19°- 295°K; Giauque .
and Meads (1941), 14°- 300°K; Dockerty (1937), 28°- 194°K; Dockerty (1933),
201°- 299°K; Fucken and Werth (1930), 84°- 215°K; and Nernst and Lindemann
(1911), 23°- 88°K; except that values of Huffstutler are 2-8% higher below
35°K, those of Giauque and Meads scatter 2 to t4% below 35°K, and those of
Nernst and Lindemann at 33°K are about 4% lower. Cp values of Sandenaw
(1959), 4°- 300°K, scatter +5% at low temperatures, decreasing to *1% at

high temperatures; values of Aoyama and Kanda (1941), - 274°K, are

0-12% higher; those of Maier and Anderson (1934), 53°- 294 K; and Keesom
and Onnes (1914, 1915), 15°- 89°K, scatter within +6%; and those of Berge
~and Blane (1960), 93°- 673°K, are hlgher by 7% at 93°K, trendmg to 0-4%
“lower at 248°K. ,

High-Ternperature Data. Solid. Selected values agree within +1% with the
heat content measurements of Kendall and Hultgren (1960), 31 5°- 1310°K;
Lucks and Deem (1956), 460°- 1345°K; Bronson, Chisholm and Dockert’y :
(1933), 322°- 774°K; Jaeger Bottema and Rosenbohm (1932), 586°- 1232°K;.
Seekamp (1931) 373°- 973°K; Ruer and Kramers (1929), 373°- 1123°K;
Doerinckel and Werner (1921), 373°- 1074°K; Wiist, Meuthen and Durrer (1918)
373°- 1573 K and those of Magnus (1910), 510°- 610°K; with the following minor:
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cxccpt’ions values of Kendall and-Hultgren (1960) are lower by about 2%
below 800° K; those of Lucks and Deem (1956) trend upward to about 3%
higher above 900°K; and those of Wist, Meuthen and Durrer (1918) are
6% higher below 900°K. '

Selected values also agree w1th the Cp measurements of Berge and Blanc
(1960), 93°- 673°K; Lehman (1960), 421°K; Forster and Tschentke (1940),
293°- 1173°K; Persoz (1940), 287°- 640°K; Honda and Tokunaga (1935),
298. 4°K; Bronson, Chisholm and Dockerty (1933), 267°~ 378°K; Harper
(1915), 287°- 320°K; and those of Griffiths and Griffiths (1913),

273°- 371°K; :except the values of Forster and Tschentke (1940) are
about 1- 4%'higher above 600°K. Other Cp measurements, when com-
pared with the selected values, are higher as glven below:

Source - : - Percent H1gher

Brooks,: Norem Hendrix, Wright, and Northcutt (1968),

313°- 1193°K. o l1to2,
Kraftmakher (1967), 550°- 1250°K. . R 1to2
Norem (1965), 568°- 1193°K. - | 1to4
Pawel and Stansbury (1965), 363°- 883°K. 2
Bronson and Chisholm (1929), 293°- 553°K. 1
Klinkhardt (1-927)_, 373°- 1073°K. | 1to3

Liguid. Values of AHp, and enthalpies are not well established. The
following AHy, values were found in the literature.

Source o . AHp,
Vollmer and Kohlhaas (1968)  3107(+50)
Dokken and Elliott (1965) | 3290(+275)
Oelsen, Schuf_mann, and Buchholz (1961) | 3030

SELECTED VALUE 3123(£100)

Heat content measurements of Fieldhouse, Hedge, Lang and Waterman
(1958), 1362°- 1893°K are 0-3% higher than the selected values. _
Akhmatova (1967), 1463°- 1638°K reports Cp(y) between 6 cal/g-atom deg
and 8cal/g-atom deg. The selected value of AHp, was chosen to make
ASy, =2.300.

Vapor Pressure Data. Application of the Third Law test to vapof' pressure |

measurements and the Second Law to mass spectrometer measurements
yielded the following values of AHy, gt

" ..
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’\/Iyles and. Darby (1968) 1265 - 1356° K
Torsmn effusion method :

Avery, Cuthbert Prosser, and Silk (1966)
 1474°- 1839°K. Mass spectrometer method.

Ponslet and Bariaux (1966), 1223°- 1856°K.
Langmulr method

'\IcCormack Myers, and Saxer (1965) 1514°- 1707°K.
Knudsen method. :

Krupkowski and Galonka (1964), 1367°- 1523°K.
Langmulr method ‘

Babeliowsky (1962), 1217°- 1314°K.
Mass spectrometer method..

Ackerman and Rauh (1962), 1360°~ 1450°K.
Mass spectrometer method.

Grieveson, Hooper, and Alcock (1961), 1429°- 1846°K.
Knudsen method.

McLellan and Shuttleworth (1960), 987°- 1357°K.
Knudsen method.

‘Verhaegen (1959), 1314°- 1420°K.
Mass speCtrometer method.

‘\Tesmeyanov ‘Smakhtin, Choporav, and Lebedev (1959)
1192°- 1360°K. Knudsen method.

Morris and Zellars (1956), 1605°- 1879°K.
Transport method.

Hersh (1953) 1242°- 1563°K. Knudsen method'

Edwards, Johnston, and Ditmars (1953), 1143°- 1292 °K.
Knudsen method :

Marshall, Dornte, and Norton (1937), 1268°- 1466°K.
Langmuir method.

Baur and Brunner (1934), 1768°- 2116°K.
Boiling point method.

Harteck (1928), 1419°- 1463°K. Knudsen method.

SELECTED VALUE-

ments. Grieveson, et al. reported only an equation.

AHV, st

80530(+50)-
82000%(+1700)

- 80510(£200)

81160(£200)

80300(£150)

77160%(+3700)

81460%(+900)

80520(+200)
82090(+250)
85040(+200)
8"11'70(i6.00.)

80670(150)
81480(+150)

80680(£100)

80970(+900)

'73610(+£600)

81930(+400)

- 80600(£300)

, ‘Values reported by the investigators who gave no individual measure-
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Part II._Tables

Scction 1. Low-Temperatire Data

ST, K - cp T,k | Cp
0.1 | 0.0000166 || 25 | 0.230
0.5 | 0.0000845 || 30 | 0.405
1 0.000177 40 0.894
2 0.000423 50 1.471
3 0.000806 || 175 2.843
4 ©0.00139 || 100 3.825
5 0. 00225 150 4.901
10 ~0.0133 200 5.408
15 0.0439 . | 250 5. 684
20 0.110 298.15 | 5.840
C(e1ectronic) =T v = 1.661(0. 01)_)(1‘9"
. | Crystal Gas, Cu(g) -
'-'.._Hét-H'o 1196 1481
s | 7.923(£0.02)  39.742

-8t
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Section 2. ‘H'iqh—'l‘cmperature Data

L Condensed Phase Gas Phase, Cu{y)

_ caam \ G - ' , , G.-H |

o 2 ) . . . _ T ‘st ' , _ . - - T st .

K 3 Cp By 150754 T | P HpEH 575 T
2938.15 | 5.840 0 0. 000 7.923| 4.968 0 | 0.0001{39.742
400 16.032 605 1.744 8.155] 4.968 | ~ 506 | 1.460[39.938
500 6,177 1216 | 3.106 8.598| 4.968 | 1003 | 2.56940.306
600 16,310 1840 4.245 | 9.101| 4.968 | 1500 | 3.474[40.718
700 6.434 2477 5.227 |  9.611| 4.968.| 1996 | 4.24041.131 |
800 6-.557 3127 6.094 | 10.108| 4.968 | 2493 | 4. 904 [41. 530
1900 6.680 | 3789 | 6.873 10.587(4.968 | 2990 | 5.489(41.909
1000 | 6.845 | 4464 7.585 |- 11.044| 4.968 | 3487 | 6.012(42.268}
1100 “7.058. 5158 8.247 | 11.480|4.969. | 3983.| 6.486(42.607]
1200 7.321 | 5878 8.873 | 11.897[4.970 | 4480 | 6.91842.927]
1300 | 7.554 6624 9.469 | 12.296|4.972 | 4977 | 7.316143.229])
1357.6@)| ' 8.172 | - 7077 | 9.810 : .
1357.60( 7.800 | 10200 | 12110 | 12-520| %975 | 5264 7.528143.393
1400. | 7.800 | 10530 | 12.350 | 12.751|4.977 | 5475 | 7.684[43.516
1500 7.800 | 11310 | 12.888 | 13.271|4.985| 5973 | 8.010}43.770

600 | 7.800 12090 | 13.391 13.758| 4.997 | 6472 | 8.350)44.047

1700 "7.800 | 12870 | 13.864 | 14.216]5.016 | 6973 | 8.654(44.294
1800 7.800 | 13650 | 14.310 | 14.650|5.041 | 7475 | 8.941}44.530
1900 (7.800) | (14430) | (14.732) | (15.060) 5.074 | 7981 | 9.214]44.756
2000 (7.800) | (15210) | (15.132)| (15.450) 5.116 | 8490 1 9.476}44.973
2200 (7.800) | (16770) | (15.875)] (16.175) 5.229 | 9524 | 9.968(45.381|
2400 (7.800) | (18330) | (16.554) | (16.839) 5.379 | 10584 |10.429[45.762]
2500 (7.800) | (19110) | (16.872)| (17.151) 5.468 {11127 |10.651(45.943
2600 (7.800) | (19890) | (17.178)] (17.451)5.564 | 11678 |10.867}46.117|
12700 (7.800) [ (20670) | (17.473)| (17.740) 5.668 [ 12240 [11.07946.288}
2800 (7.800) | (21450) | (17.756) | (18.018) 5.777 {12812 |11.287|46. 454
2839 (7.800) | (21754) | (17.864)| (18.124) 5.822 | 13038 |11.367/46.516],
2900 (7.800) | (22230) | (18.030) | (18.287)5.892 {13396 {11.492]|46.615

T = 1357.6°K*
m

AH = 3123(+100
m

"AS__ = 2.300(x0.07)
m .

*Secondary reference point on 1968 International Practical Temperature
Scale. ' '
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Vapor Pressure Data

Section 3.
Cu(s.l.) Cu(g‘ 1atm)
T.K P 4G, AH, ‘?' T, °K
208.15 | 7.5x%107%% | 71113 | 80600 |{ 107 | 1048
500 | 5.0x10-%° 64746 | 80387 1079 1115
700 5.3X1071% | 58536 8o119 |i 1078 1192
800 | 7.0X107! | 55462 79966 || 1077 1280
1000 | 1.6x107'® | 49376 | 79623 1078 1383
| 6 1%10-10 107° 1511
11100 - 6.1X10 46360 79425 Lo 663
1200. ©1.27X1078 | 43364 79202 10-3% 1859
1300 | 1.62x10"7 | 40387 | 78953 -2
1357.6(8) | . oo 78787 || 10, | 2092
SO | 5.92x10°" | 38687 107} 2407
1357, 6(4) | - 0 75664 1 2839
- 1400 1.38X107¢ | 37529 75545
1500 . 8.36X107% | 34851 | 75263 AS v, 2839" = 25.32(0.1)
1600 4.08X1075 | 32138 | 174982
1700 1.63X1074 | 29467 74703 ¢sHv o= 80315(x300)
1800 5.55X10"% | 26816 74425 !
1900 1.66X107% | 24178 74151
12000 . 4.41x107% | 21554 73880
2200 12.38X107% | 16347 | 73354
2400 9.58x107% | 11185 72854
2500 0.176 8620 72617
2600 0.309 6068 | 72388
21700 0.519 3520 72170
2800 0. 839 979 | 71962
12839 1.00 0 71884
2900 1.31 -1551 | 71766
_ Part III. _References
(For references not in list see General References.)
Ackerman, R.J., and E: G Rauh (1962) J. Chem. Phys 32, 448-52.

Vapor pressure (1360°- 1450 °K).

Ahlers, G. (1964) J.Chem. Phys. 41,
(1966) Rev.Sci.Instr. 37, 477-80.

Ahlers, G.

86-94.

Cp (2°- 20'°K)
Cpus-zom

Akhmatova, LA (1 967) Measurements Techmques 8, 14-1.
Cp (1463 - 1638°K).




Cu | | ' _. 25

Aoyama, S., and L. Kanda (1941).J. Chcrn..Soc.Japdnﬁ_Z_, 312-5.
Cp (84°- 274°K).

Avery, D. F., J. Cuthbert M. J D. Prosser, and C Silk (1966) United
Kingdom Atom1c Energy Authority, Harwell, England, Rept. No.
AERE-R-5094. Vapor pressure (1474°- 1839°K). |

Babeliowsky, T. P.J. H. (1962) Physica 28, 1160-9.
Mass spectrograph (1217°- 1314°K). - ,
Baur, E., and R. Brunner (1934) Helv. Chim. Acta 17, 958..
Vapor pressure (1768°- 2116°K).

| Berge, P., and G. Blanc (1960) J. Phys Radlum 21, 129A-133A.
Cp (93 - 673°K).

Bronson, H. L., . and H. M. Chisholm (1 929) Proc Nova Scotian Inst. Sci.
17, 44-5. Cp (293°- 553°K).

Bronson, H. L H.M. Chisholm, and S. M. Dockerty (1933) Can. J. Research
8, 282- 303 Cp (267°- 3718°K); H H273 (322°- 774°K). ‘ -

Brooks C. R W. E. Norem D. E. Hendrlx J. W. Wr1ght andW C. Northcutt :
(1968) J. Phys Chem. Solids 29, 565-74. Cp (313 - 1193°K).

Clune L. C. andB A. Green, Jr. (1966) Phys Rev. 144 525 8
Cp (2°- 4 K)

Corak, W. S ‘M. P. Garfunkel C B. Satterthwalte andA Wexler (1955)
Phys Rev 98 1699-707. Cp (1.2°- 4.2°K).

Crane L. T , and J.E. Zimmerman (1961) Phys. Rev. 123, 113-6.
Cp (1. 5°- 4.2°K).

‘Dixon, M.,.F.E. Hoare, T. M Holden and D. E. Moody (1965) Proc. Roy
‘Soc. (London) 285A, 561-80. Cp (1.2°- 4.2 °K).

Dockerty, S. M. (1933) Can. J. Research 9, 84-93. Cp (201°- 299°K).
Dockerty, S.M. (1937) Can. J. Research 154, 59-66. Cp (28°- 194°K).

Doerinckel, F., and M. Werner (1921) Z. Anorg. Allgem. Chem. 115,

1-48. H H293 (373°- 1074°K). E . {

Dokken, R.N., and J. F. Elliott (1965) Trans Met.Soc. AIME 233,
1351-8. AH

du Chatenier, F. 7. and 7. de Nobel (1966) Physica 32, 1097-1109.
Cp (1.3° 30°K). | f : .
du Chatenier, F.J., and J. de Nobel (1962) Physica 28, 181-3. |
Cp (1°- 30°K). | . - |

Edwards, J ‘W., H.L. Johnston, and W. E. Dltmars (1953) J. Am. Chem. Soc
75, 2467 -70. Vapor pressure (1143°- 1292°K). j




2 a  Cu
Estermann, I, , S.A. F r1edberg, and J. E. Goldman: (1952) Phys Rev.
87, 582-8, Cp (1.8°- 4.2°K).

Eucken, A., and H. Werth (1930) Z. Anorg Allgem Chem 188, 152-72.
Cp (84°- 215°K).

Fieldhouse, I.B., J.C. Hedge J.I. Lang, and T.E. Waterman (1958)

- WADC Tech Rept. 57-487. H,-Hg., (1362°- 1893°K).

Forster F “and G. Tschentke (1940)Z Metallk. 32; 191—5.
Cp (293 - 1173 °K).

Franck, J. P. " F.D. Manchester and D. L. Martin (1961) Proc Roy |
Soc. 263A 494-507.. Cp (0. 4 - 30°K). : '

Furukawa G T., W.G.Saba, and M. L Reilly (1968) NSRDS-NBS 18,
- Nat. Bur_Std (U.S.) No.18. Cp (0°- 300°K).

Giauque, W. F., and P. F. Meads (1941) J Am. Chem. Soc. 63, 1897~ 901
Cp (14°- 300 °K). | : .

Gmelin, E., and K. H. Gobrecht(1967) Z. Angew Physzk 24 21 4.
Cp (0. 4°- 30°K). :

' Grieveson, P., G.W. Hooper, and C. B. Alcock (1961) Tth AIME Met.
Soc. _Conf 341-52. Vapor pressure (1429°- 1846°K). L

Griffel, M., R. W. Vest, andJ F. Smith (1957) J. Chem Phys 21,
1267-9. Cp (1.8°- 4.2°K).

' Griffiths, E. H., and E. Griffiths (1913) Proc. Roy. Soc. A88, 549-60.
Cp (273° 371°K).

Harper, D. R., III (1915) Nat. Bur. Std. (U.S.) Tech. News Bull. 11,
259. Cp (287 320°K). |

Harteck, P. (1928) Z. Physik. Chem. 134, 1-20.
Vapor"pressure (1419°- 1463°K).

Hersh, H.N. (1953) J. Am. Chem. Soc. 175, 1529-31.
Vapor pressure (1242°- 1563°K).

Honda, K.; and M. Tokunaga (1935) Sc1 Rep. Tohoku Umv 23 816 34.1 co
Cp (298 4°K).

Huffstutler, M.C., Jr. (1961) Ph D. The81s Umv of Cahforma
Cp (19°- 295 K)

Isaacs, L. L. (1965) J.Chem. Phys. 43, 307-8. Cp' (1.5°- 4. 2°K).

Isaacs L. L., and T. B. Massalski (1965) Phys. Rev. 138, 134-8.
Cp(16-42K) ; L



C‘u‘ | :. vv 5 -

Jacdu F M J A Bottema and Ir. Rosenbohm (1932) Proc Acad Sc1

Amsterdam 35, 772-9. HT I-1273 (586°- 1232 K)

,I\eesom W. H. andH K. Onnes (1914, 1915) Commun Phys Lab. Umv
" Leiden- 13 126 Cp (15 22 K) 14, 1-13. Cp (15°- 89°K).

Kendall, W.B., and R. Hultgren (1960) Unpublished data.

H HBOO (315 "1310°K).

Klmkhardt H. (1927) Ann. Phy51k 84, 167. Cp (373°: 1073°K).

Kneip, G D Jr J. O. Betterton, Jr and J. O. Scarbrough (1963) Phys
Rev. 130 1687-92'. Cp (1.2°- 4. SK) :

Kok, J.A., and W. H. Keesom (1936) Physica 3, 1035-45. Cp (1.2° 20°K).
Kraftmakher, Ya.A. (1967) Soviet Physics Solids 9, 1458. Cp(550°-1215 K).

Krupkowskl A., and J. Galonka (1964) Bull. Acad. Polon. Sci. 12, 69-74.
Vapor pressure (1367°- 1523°K).. : _

Lehman, G. W. (1960) Rep. No. WADD TR 60- 581, Atomlcs Interna‘uonal
Canoga Park, Cal. Cp (421°K). :

Lucks, C. | F., and H. W. Deem (1956) WADC Technical Report 55- 496.

H H273 (460 1345°K).

Magnus A. (1910) Ann. Physik. 31, 597-608. HT (510 610 K)

Maier, C. G and C. T. Anderson (1934) J. Chem. Phys 2, 513-27.
Cp (53°- "294 °K).

Manchester, F.D.. (1959) Can. J. Phys 37, 989-1001. Cp (1.1°- 4. 2°K).

_Marshall,A. L., R.W. Dornte, and F. J. Norton (1937) J. Am. Chem. Soc.
59, 1161-6.  Vapor pressure (1268°- 1466°K).

Martin, D. L. (1960) Can. J. Phys 38, 17-24. Cp (20°- 300°K).
Martin, D..L. (1962) Can. J. Phys. 40 1166-73. Cp (16°- 90°K).
Martin, D. L. (1966) Phys. Rev. 141, 576-82. Cp (3°- 30°K)..
Martin, D. L. (1968) Phys. Rev., 170, 650-5. Cp (0.4°- 4°K).

McCormack, J. M., J.R. Myers, and R.K. Saxer (1965) J.Chem. Eng..
Data 10, 319- 20 Vapor pressure (1514°- 1707°K).

McLellan, R. B., and R. Shuttleworth (1960) Z. Metallk. 51, 143-44.
Vapor pressure (987°- 1357 °K).

Morris, J. P. , and G.R. Zellars (1956) J. Metals 8, 1086-90.
Vapor pressure (1605°- 1879°K). ' '

Myles, K. M., and J. B. Darby (1968) Acta. Met. 16, 485-92.
Vapor pressure (1265°- 1356°K). o




28 cu
Nernst, W. and F. A. Lindemann (1911) Z. Elektrochem 17, 817-27.
Cp (23 - 88 K). : _

Nesmeyanov A.H., L.AS Smakhtm D. Ya. Choporav and V.I. Lebedev
(1959) Zhur. FlZ Khim. 32, 342-8. Vapor pressure (1192 - 1360 K)

Norem, W. E: '(1965) Ph. D. Thes1s Univ. of Tennessee
Cp (568°- 1193 °K).

Oelsen W., E. Schurmann and D Buchholz (1961) Arch Elsenhuttenw
32 39 46 AH : 1

O'Neal, H R. (1963) Ph. D. Thes1s Umv ofCahforma,Berkeley, Cal.
Cp(011-101K) _

Osborne, D W. H E. Flotow, and F. Schreiner (1967) Rev. SCI Inst o
38, 15968 Cp (1°- 25°K). . . i

Osborne, D W., H.E: Flotow and F. Schreiner (1966) Ann. Acad. Sc '
. Fennicae, 210 35<9. Cp (1°- 25°K).

Pawel R.E. and E. E. Stansbury (1965)J Phys Chem Sohds 26
607-13. Cp (363 883 °K). '

Persoz, B. '(1940) Ann. Phys. 14, 2_37-301." Cp (287°- 640°K).
Phllllps N.E. (1964) Phys Rev 134, A385 91. Cp (0. 1°- 4. 2°K)

Ponslet A/ ,: and D. Bariaux (1966) Bull. Classe. Sci. Acad Roy Belg
- 52, 248-60. Vapor pressure (1223 - 1856°K).

Ramanathan "K.G., and T.M. Srinivasan (1957) J Ind. Res (India)
168, 2717-9. Cp(l 3--4 2K) v

'Rayne J (1954) Phys. Rev. 195, 1428-34. Cp (0.2°- 0. T°K).
Rayne, J. (1956)Austra11anJ Phys.9,189-97. Cp (1. 5°.4. 2°K).

Rorer, D. C . D.G. Onn andH Meyer (1965) Phys. Rev. 138
A1661- 8 Cp (0.3°- 4.2°K).

Ruer, R.;, ‘and K. Kremers (1929) Z. Anorg. Allgem Chem 184,

193~ 231 HT H293 (373°- 1123°K).

Sandenaw, T.A. (1959)USAEC Rept. No. LA-2307. Cp (4°- 1300 K)

Seekamp, H. (1931) Z. Anorg. Allgem. Chem. 195, 345-65.
H H291 (373°- 973°K).

Veal, B.VV.., and J. A. Rayne (1962, 1963) Phys. Rev. 128, 551-5;
130, 2156-9. Cp (1.4°- 4.2°K). - _
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_Copper-Silver

Part I. Discussion

Phases and Structures. Most determinations of the simple eutectic .
phase:diagram (Hansen 1958) agree within the following limits:

liquidus (+5°); eutectic (£1° 0. 1%); (Ag)-solvus (£0.1%); (Cu)-solvus
(£0. 2%). . Selected thermodynamic values agree with the phase diagram
within $150 cal/g-atom. :

Solid Alloys .Data for Téble 1 Were taken from:Cp measurements of -
Sargent, Isaacs, and Massalski (1966), 1.6°- 4. 2°K, xgy = 0.97-0. 99,
Selected values of Table 2 agree within 50 cal/g-atom with heats of

- formation determined by tin solution calorimetry of Oriani and Murphy

(1958), 895°K, xc = 0.03, 0.05, 0.989, 0.994; and Orr and Hultgren = -
(1960), 320°K, xcy = 0.11, 0.958, assuming Kopp's law of additivity
of Cp values. The AG values are readily calculated from the phase .
diagram. For the limited (Ag) and (Cu) solid solutions, Raoult's law
can be assumed for the principal component and Henry's law for the
solute without much error. The conditions at the phase boundaries

that Aa (Ag), AE(C“) and Aa(Ag)= AE(CU) are sufficient to determine

the Henr;lr%s law aéltivity coef?i%ients 1Ao§ both phases. AS was cal-

‘culated from AG and AH.

Liquid Alloys. Selected AH values are approximately 10-25 cal/g-atom
less endothermic than the direct calorimetric values of Dokken and
Elliott (1965), 1373°K, xcy = 0.5-0.9; and agree with those of Oriani
and Murphy (1958), 1373°K, xc, = 0.1-0.9, except above xc = 0.5,
where they are more endothermic by 10-80 cal/g-atom. AH values
from the direct calorimetric measurements of Kawakami (1930),

1473°K; xcy = 0.22-0. 80, scatter widely about the selected values.
Selected AGAg values agree within 5% with those determined by vapor
pressure measurements of Golonka (1965), 1237°- 1473°K, Xcy=0-1-0.9;
and agree above xcy = 0.7 with the vapor pressure measurements of
Edwards and Downing (1956), 1300°- 1560°K, xcy, = 0.14-0.95, but are
far more exothermic for xg;<0.6. AS was calculated from AG and AH.

'PDD July, 1968
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Low~Températur,e'Data for (Cu)-Pha'é‘e Alloys .

. Cu?Ag

" PartIL. Tables

TABLE 1.

. X
A : Cu
T, °K 0.97 - 0.98 0.99 - 1.00
g ' : Cp - .
1.6 . 10.000314.{ 0.000315 { 0.000316 | 0.000314:
2 0. 000427-| 0.000427 | 0.000428 | 0.000426%
3. 0.000816.1.0.000818 | 0.000819 | 0.000813*
4. 10.00142 | 0.00142 0.00142 0.00141 =
yx10% | 1.664 1.664 1.671 1.668

- *Values differ slight.ly from selected values {see Cu).

Integral Quantities for Solid Alloys at 1052°K -

TABLE

2

*Phase boundary

(1~x)Ag(S) +xCu(s) = Agl-xc'ux(s)

Xcy o | Phase AG | &H AS | AGXS| AS%S
0.05 | (Ag) | -215 | 287 | 0.477 | 210 |o0.073
0.10. -] -280 | 537 0.777 | 400 | 0.130

S 0.141%| . (Ag) | -288 | 716 0.954 | 562 | 0.146
N ' (£50) J(£50) | (+.1) (£50) |(x. 1)
0.951% [ -(Cu) -115 | 415 0.504 | 294 ] 0.115
0.98 . - 85 | 181 0.253 | 120 | 0.

058 |




(2]

- Cu-Ag

'TABLE 3

Integral Quantities for Liquid Alloys at 1423°K

_(l-x}Ag(I) +xCu(1) = Agl-‘x_cux(l)

xoy | 4G AH AS AGTE ASYS
0.1 TETS 155 U751 305 0. 105
0.2 - -879 748 1.143 536 0.149
0.3 -1026 921 1.368 701 0.154
0.4 @ | ~=1100 1004 1. 479 1803 0.142
0.5 -1119 1014 1.499 841 0.121

 (£50) (£50) - (+. 05) (£50) (%. 05)
0.6 | -1091 958 1. 440 812 0.102
0.7 -1013 829 1.295 714 0.081
0.8 - 869 629 1.052 546 0.058
0.9 - 611 352 0.677 309 0. 030
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Cu-Ag

TABLE 4

Partial %—Molar Quantities for Liquid Alloys at 1423°K

Agu') = Ag(in alloy)(_lv)

. R B = —XSs pos = —~XS
Xps __aAg g AGAg AGALg ‘AHAg ASAﬁr ,AsAg
1.0 1. 000 1.000 0 0 o | o0.000{ 0.000
0.9 | 0.912 1.014 | -259 39 88 0.244 | 0.035
0.8 | 0.841 | 1.052. -489 142 293 | 0.549 | 0.106
0.7 0.779 | 1.113 -707 302 549 | 0.882 | 0.174
:0.6 0.722 | 1.203 -921 523 818 [ 1.223 | 0.207
0.5 | 0.667 1.334 -1145 815 1126 | 1.596 | 0.219
. (+.01). (£.02) (£50) (£50) | (x100) | (x.1) (£.1).
0.4 | 0.610 1.525 -1398 | 1193 1508 | .2.042 | 0.221
| 0.3 | 0.537 1.790 | -1758 1646 | 1965 2.616 | 0.224
0.2 | 0.431 2.154 | -2381 | 2170 | 2541 3.459 | 0.261
0.1 | 0.266 2.656 | -3749 | 2762 3179 4.869 | 0.293
0.0 | 0.000 3.375 - 0’ 3440 3900 0 0.323
"Cu Compone_gt . cum = Cu(in alloy)(l)
= =XS T Y AR XS
*cu #Cu Tcu 8Gey 8Gey | AHey | AScu | ®Scu
0.0 0. 000. 3. 406 -0 3465 5500 00 1. 430
0.1 | 0.260 2. 600 -3809 2702 3750 5.312'| 0.737
0.2 0.422 2.112 -2437 2114 2570 | 3.518 | 0.320
0.3 0.535 | 1.782 | -1711 1634 1788 2.501 | 0.109
0.4 0.616 1.541 -1368 1223 1283 1.863 | 0.043
0.5 0.679 1.359 -1093 867 901 1.402 | 0.024
(£.01) | (x.02) (£50) (£50) | (£100) (£. 1) (£.1)
0.6 | 0.1731 1.218 -887 558 591 1.038 | 0.023
0.7 0.782 .| 1.118 -694 314 343 0.729 | 0.020
0.8 -0.841 | 1.051 -491 140 151 0.451 | 0.008
0.9 0.912 | 1.013 -262 36 38 0.211 | 0.001
1.0 1.000 1.000 0 0 0 0.000 | 0.000
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Copper-Aluminum

Part . Discussion

Phases and Structures. The phase diagram with 13 intermediate' phases . -

was taken from Hansen (1958) after modifications Suggested by Elliott
(1965), ‘and by Shunk (1969). Many features are still unresolved.
Pearson (1958, 1967) reports four metastable martensite phases and
lists the following phases: :

9,"-'A1~2Cu'z}'_‘ with the bc tetragonal (C16) prototype structure.
i, "AiC_u" , with an orthorhombic structure. |
ng,v'"AlCu,'._' , with an end eentered .6rthorhombic-structure.
t1, with a hexagonal structure related to D85, |

L. is probably monoclinic. '
€3, "A12Cu3 , probably has a pseudo cub1c structure.
.71-, with a structure related to v-brass.

Y2 ”'A14Cu9' , with the cubic (D83) prototype structure
X w1th a structure related to v- brass
B, w1th the bee (A2) structure 1sotyp1c with W,

asz with a structure conflictingly reported as fcc (Al) isotypic with Cu,
or as.a cubic (A13) structure isotypic with g-Mn.

The structure of € and 6 were not hsted

Solid’ Alloys Selected values of'Table 1 were taken from Oelsen and
Middel (1937), 293°,71423°K, x 0.15-0.91, who poured the liquid
metals together into a calor1meC%er at room temperature. Clearly an
equilibrium final state may not be attained. Kubaschewski and Heymer
(1960), 298°K, xc, = 0.50, 0.667, measured AH by direct reaction
calorimetry, at two compositions, agreeing within 10% with Oelsen
and Middel, whose other values they accepted. Cp measurements
of Ranzetta and West (1961), 733°- 973°K, x¢,, = 0.76, found

Cp = 7.17 cal/g-atom, invariant with T (which is improbable). Cp
measurements of Masumoto, Saito, and Takahashi (1955),

473°- 873°K, %, = 0.71-0.87, showed a small anomaly near 578°K,
which they attributed to short-range ordering.

Liquid Alloys. Selected values of Table 3 agree well with AG A] values
calculated from the emf measurements of Wilder (1965), 950°- 1373°K,
Xoy= 0.1-0.95; agree within 300 cal/g-atom with the values from
emf studies of Grube and Hantelman (1942), 1005°- 1160°K,

Xcu = 0.15-0.49; and within £150 cal/g -atom with values from the
vapor pressure measurements of eroyasu and Hiroshi (1969),

1373°, 1473°K, Xcy = 0.088-0.574. Desre (1962) determined the
distribution coeff1c1ent of Cu between Pb(l) and Al(l) and also between
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Bi(y)and Al(l) He obtained AGA1 values 500- 3000 cal/g atom more
exothermic than the selected values. Selected AH-values of Table 2 were
taken from the dxrect reaction calommetry of Yazawa and Itagaki (1969),
1373°K, xCu = 0.11-0.9. AH values from the direct reaction calorlmetry
of Oelsen and Middel (1937), 293°, 1373°K, xCu = 0.15-0.91 (see Solid ’
Alloys) and those of Kawakami (1930), 1473°K, x5, = 0.28-0.79 are

respectively 300-2300 cal/g-atom and 1700-3100 cal/g-atom more exothermlc'

than the _selecte_d' values. Temperature coefficients of ,vGrube and Hantelman
(1942) lead to AH values 300-1200 cal/g-atom less exothermic than the
selected values. Other quantities of Tables 2 and 3 were calculated w1th

: the aid of Gibbs-Duhem mtegratmn

Part II. Tables
TABLE 1

Integrai Heats of Formation of Solid Alloys at‘298°K

Ix.. | Phase AH. X Phase | AH
Cu v . - Cua .
0.33 6 -3200 0.66 |« -5500
0.51 N2 - -4790 0.78 | - (-3500)
]0.55 ¢ (-4950) 0.85 | (Cu) | -2285
~]o. 81 6 -5100 0.9 (Cu) -1825
| : 8 (x 800) (x 800)
o | TABLE 2
Integral Quanntles for Liquid Alloys at 1373°K -
(1- x)Al(l) *xCupyy = Al Cu
'xchf " AG AH ' AS AG*S | as*s
0.1 -1723 | - 459 0.921 | - 836 | 0.2175
0.2 -2969 | - 960 1.463 | -1604 | 0.469
0.3 | -3955 [ -1445 1.828 | -2289 { 0.615
0.4 -4700 | -1863 2.066 | -2863 | 0.728
0.5 -5170 | -2163 2.190 | -3278 | 0.812
(£150) | (£150) | (%.1) (£150) | (£.1)
0.6 -5289 | -2254 2.210 | -3453 | 0.873
0.7 | -4906 |. -1979 2.132 | -3240 | 0.918
0.8 -3927 | -1380 1.855 | -2562 | 0.861
0.9 -2361 | - 800 1.137 | -1474 | 0. 491
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Partlal Mo]ar Quantltles for quuld Alloys at 1373°K

Cu-Al

TABLE 3

A1 Com ponent

AI(I) Al(in alloy)u)

» : - = X8 = s XS
Ca| Pa | Y | SGa | 4G | 4Ha | %S | SOa
1.0} 1.000 [ 1.000 0 - 0] 07 .0.000 | 0.000
0.9 /0.889 | 0.988 | - 320 | - 32 | 29| 0.254 | 0.044}
0.8 [ 0.759 | 0.949 | - 753 | - 144 44 | 0.580 | 0.137
0.7 1 0.609 | 0.870 | - 1354 | - 381 -60 | 0.942 | 0.234
0.6 }0.441 | 0.735 | - 2235 | - 842 | - 391 | 1.343 | 0.328
0.5 ]0.266 | 0.532 | - 3611 - 1720 | -1055 | 1.862 | 0.484
| (£.02) | (£.04) | (£150) | (+150) | (£300)| (+.25) | (.25)
0.4 |0.116 | 0.290 | - 5873 | - 3373 | -2878 | 2.181 | 0.361
0.3 |0.028 | 0.095 | - 9709 | - 6424 | -5012 | 3.421 | 1.028
0.2 0.006 | 0.029 | -14062 | - 9670 | -5864 | 5.971 | 2.772
0.1 | 0.001 | 0.008 | -19307 | -13025 | -7415 | 8.661 | 4.086
0.0} 0.000 | 0.002 | - o | -16640 | -8625 ~ 5.838]
Cu Component _ Cuu) Cu(in allqy)u)

1 : = XS = - =~ XS
xCu ' aCu 2 'YCu AG-Cu ' AGCu AHCu ASCu ASCu
0.0 {10.000 | 0.042 | - o -8671 -4225 © - 3.238
0.1 ] 0.005 ] 0.052 | -14349 | -8067 -4849 | 6.919 | 2.344
0.2 | 0.013 | 0.065 ] -11833 | -7442 -4975 | 4.995 | 1.797
0.3 ]10.025 | 0.084 | -10025 | -6741 | -4675 | 3.897 | 1.505
0.4 | 0.046 | 0.115 | - 8396 | -5896 -4071 | 3.150 | 1.329
0.5 (0.085 | 0.170 | - 6728 | -4837 -3271 | 2.518 | 1.141

(. 005).] (+.01) (£ 150) | (£150) (£300) | (£.25) | (. 25)

0.6 [ 0.166°] 0.277 | - 4900 | -3506 | -1838 { 2.230 | 1.215

{ 0.710.352 | 0.503 | - 2848 | -1875 - 679 | 1.580 | 0.871

0.8 | 0.600 | 0.750 | - 1394 | - 785 - 259 | 0.827 | 0.383

0.9 10.839 { 0.932 | - 478 | - 191 - 65| 0.301.| 0.092
1.0 ]1.000 | 1.000 0 ) 0| 0.000 | O.
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~ Copper-Arsenic

Part I. Discussion

Phases and Structures. The phase diagram was taken from Elliott o
(1965), except for the peritectoid decomposition temperature of €. '
Heyding and Despault (1960) fix this at 598(+25)°K instead of 653°K.
Elliott (1965) overlooked the statement of this which occurs in the
body of the text and not in the summary. Juza and von Benda (1968) o
found v, "' As,Cug ", to be unstable below 668°K. Their summary,
unfortunately, does make this clear and would lead one to fix the
peritectoid at T = 623(+10)°K. Pearson (1958, 1967), lists seven .
structures in this system of which only three occur in the phase’ S
" diagram:. ' - '

" As3Cu,'", has an orthorhombic structure. It was found as a
mmeral but not in the phase dlagram study.

"AsCuz , is hexagonal "mineral or synthetic", not_found in the .
phase diagram.

v, "As,Cus", was tentatively identified as _tetragonal, However, -
Juza and von Benda (1968), found that this structure was metastable,
“produced by 'coo'lmg v faster than 3°K per minute. Their high-
temperature x-ray diffraction study showed that Y 1s really
" cubic; they fixed its composulon at "AsCug 5"

5, -“AsCus , has the tr;gonal (D09, ) structure isotypic w1th Cu3P
It__’is'.isostructural with the mineral p-domeykite. : :

a- domeyklte " AsCu;", has the bee (D8g) structure isotypic with
Cu,s8i¢ except that the 12(a) sites are vacant This structure
was found as a mineral but not in the phase diagram study.

" AsCug or AsCu,", with an orthorhombic structure was found as
the mineral algodonite, but not inthe phase diagram study.

€, ”ASCUg ¢'',has the hcp (A3) structure isotypic with Mg. This
phase has also been said to be identical with the mmeral algodonite.

Liquid Alloys. Selected values of Table 1 were taken from emf measurements
of Azakami and Yazawa (1969), 1073°- 1473°K, xcy = 0.695-0.899, and '
from the phase diagram. For xCu>0 83, Azakami and Yazawa's results .
are approx1mately 150 cal/g atom less exothermic than the selected = . |
values. ' The value of AG Cy at the liquidus (xcy=0.94) was calculated
assuming the (Cu) phase obeyed Raoult's law; the result was referred =
to Cu(“ assuming for Cu that AS_=2.30, invariant with T (see Cu). ;

PDD _February, 1970
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 : Part II. Tables - - = o o ' v
TABLE 1 |
Partial Molar Quantities for Liquid Alloys at 1273°K
_Cuu) = C»u(m» alloy)u) : ‘ o
. = -~ XS
*Cu cu | cu BGcy| %Gy
0.70 - 0.291 0.415 -3127 ~2225
(+.018) (+.025) (£150) (+150)
0.80 0.557 0.696 -1482 - 918"
0.90 0.828 0.920 - 478 - - 211
L0, 94x% 0.913 - 0.971 - 230 - 13
- *Phase boundary - |
{
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. Copper-Gold

Part I. 'Discussion

Phases.and Structures. The phase diagram was taken from Hansen
(1958) with modifications of temperatures from:Elliott (1965) and
Shunk (1969). Au and Cu form a completely miscible series of
disordered solid solutions; o has.the fcc (Al) structure isotypic
with Cu (Pearson, 1958, 1967).. At low temperatures, various
orderi_ng_s-'of the basic lattice are found; in some of them the cubic
symmetry is slightly distorted to tetragonal or orthorhombic
symmetry. Pearson (1958, 1967) lists the following ordered
'Structures : ‘

a "A_u-:,Cu" , with the ordered fce (L1 9) structure isotypic with -
AuCu,. '

af " AuCu I", wi‘th the Ordered fc tetragorial '(‘Ll o)proto_type , o

‘structure.
a’fp "AuCu II'", with a fc orthorhombic structure produced by an
antiphase displacement of a% :
a’, "AuCuzI", with the ordered fce (L1g) prototype structure.
~ Gantois (1968) claims evidence of a two phase region between
: andaatxcu- 0. 75.
ap, ' AuCus II', with an ordered fc tetragonal structure produced
' by an antiphase displacement of « 1- The region of existence of
this structure has not been adequately defined; it has.been found
at compositions near Xcy © 0.69 in a small range of temperatures .
ad301n1ng the two- phase region between o and a”. I

Solid Alloys. Low-Temperature Data. Selected values of Table la
agree with Cp measurements of Martin (1968), 0.4°- 2.8°K, x¢=0. 75.
Cp values of Rayne (1957), 1.5°- 4. 2°K, xcy = 0. 75, are 2-6% higher
for a7 alloys and 3-7% lower for o alloys, which would be consistent
with the supposition that he had less complete order and less complete
disorder in his samples than Martin. Selected values of Table 1b were
taken from Cp measurements of Hawkins (1970), 25°- 300 K xcu-o 50,
and Yoon (1970), 25°- 300°K, XCu = 0. 75,

'High-Temperature Data. AH values of Table 2 agree within +75 cal/g-atom"
with the tin solution calorimetric measurements of Hertz (1967), '

432°- 729°K, xcoy® 0. 50, Orr (1960), 320°, 720°K, Xoy® 0.10-0. 90;

Orr, Luciat-Labry, and Hultgren (1960), 318 872°K, xcy=0. 50, and
Oriani and Murphy (1958b),652°- 684°K, xc,= 0.50. Borelius, Larsson,
and Selberg (1950), 663°- 674°K, xcy = 0.5, measured the heat evolved
when a disordered sample was rapidly cooled below the critical tempera-
ture and equilibrated, thus obtaining directly the heat of ordering of the
alloy as a function of temperature. Their results agree with Table 2.

PDD, DTH April, 1970



Cu-Au ' ‘ 47

except at 675°K, where the selected values are less exothermic by v
100-150 cal/g-atom. Dependence of AH on T obtained from Cp measure-
ments of Hirabayashi (1951a), 420°- 700°K, Xcy = 0.36-0. 64, agrees
within £100 cal/g-atom with the selected values. Other quantities of
Table 2 were derived from the selected AH values and the ASSJc from

Table 1b, assuming ASO = 0..

Selected AH values of Table 3 agree with liquid tin solution calorimetric
measurements of Hertz (1966), 558°- 714°K, Xy = 0. 75; Rubin, Leach,
and Bever (1955), 273°K, %oy = 0.75; and Orr (1960), 320°, 720°K,
Xoy = 0.10- -0.90. Selected Cp values agree with the variation of the _
selected AH with T; they agree closely with Cp measurements of
Sykes and Jones (1936), 323°- 823°K, x, = 0.75, except at 800°K, -
where the measured values are about 8% h1gher Cp measurements of .
‘Hirabayashi, Nagasaki, and Kono (1957), 400°- 1150°K, Xoy = 0.75,
scatter about the selected values; those of Kuczynski, Doyama, and
Fine (1956), 490°- 1170°K, xc, = 0.75, are generally 10-25% higher -
than selected values. Above 800°K, measurements of the latter two
works cited show large, positive values of ACp (1-2 cal/deg. g-atom).
Since . Cp measurements at elevated temperatures are difficult, and
~ the two works do not agree with one another, these values were not
tabulated. AGggp was taken from Table 4 by interpolation. From
these selections the other values of the table were calculated. The
value found for AS st agrees w1th Table 1b if AS5 = 0. 066, which is
reasonable. - -

Selected AGCu_ values of Table 5 agree (+200 cal/g-atom) with the emf
measurements of Oriani (1954), 620°- 760°K, x, = 0.42-0. 78, and with
the SO equilibrium studies of Schenck and Keuth (1940), 803°K,

, Cq,' 0 14-0. 4. AGCu values from emf measurements of Chiche (1952),
874°- 1121°K, x, = 0.1-0.93 are 500-1000 cal/g-atom less exothermic -
than the selected values for x~, <0.525, and scatter about the selected
values at higher Cu concentrations, tending to be up to 250 cal/g-atom
less exothermic; those of Wagner and Engelhardt (1932) are about 50-900
cal/g-atom less exothermic; and those of Weibke and Quadt (1939) are
80-250 cal/g-atom less exothermic than the selected values. Values of
Balesdent and Dode (1954), 800°- 1150°K, x~,, = 0.19-0.49, measured by
studying the reduction of Cu,S by H, in the presence of Au, are 150-650
cal/g-atom more exothermlc than the selected values. Nesmeyanov,
Smakhtin, and Lebedev (1957), 1100°- 1300°K, Xcy = 0.0-1.0, measured
vapor pressures of both Au and Cu over Au-Cu alloys. Their AGAu values
agree well for Au-rich alloys (x~,<0.1), but are 400-2500 cal/g-atoms
less exothermic than the selected values for Cu-rich alloys. Their
Ach values are about 1000 cal/g-atom less exothermic than the
selected values. Au vapor pressure measurements of Hall (1951)

1003°- 1219°K, Xcoy = 0.0- 0.9, lead to AGA values which are 100- 3000
cal/g-atom less exothermic than the selected values.
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Selected AH values of Table 4 agree well with the liquid tin solution

calorimetric measurements of Orr (1960); and Oriani and Murphy (1958a),

691°- 708°K, xCy = 0.15, 0.5, and 0.75. AH values calculated by Oriani
(1954) from temperature coefficients of his emf measurements and by
the Gibbs-Duhem integration tend to be 200-250 cal/g-atom more exo-
thermic than the selected values. Other values in Tables 4 and 5 were
calculated with the aid of the Gibbs-Duhem integration.

Selected AGCu values. of Table 7 agree with the emf measurements of
Oriani (1954), 620°- 760°K, xp,, = 0.42-0.78. Emf measurements of
Weibke and Quadt (1939), 623°- 823°K, xcy = 0.15-0.95; and Wagner
and Engelhardt (1932), 662°- 878°K, xCy = 0.14-0. 92, are about
250-400 cal/g-atom less exothermic than the selected values for
XCu<0.71. Other quantities of Tables 6 and 7 were calculated with the
aid of the GlbbS Duhem integration.

Values of Table 8 agree with the measurements of d'Heurle and Gordon
(1961), 351°- 496°K, xcy = 0.275, who measured the heat evolved as a
function of time at various temperatures as their sample became ordered,
thus obtaining directly the heat of ordering as a function of temperature.
Hirabayashi (1951b), 290°- 590°K, = 0.26, made Cp measurements
on a sample slowly cooled and anneaged below the temperature of
disordering. AHgnq calculated from his Cp values agrees well with the
selected value, but his transformation temperature is ~ 50° higher

than that selected, suggesting that his heating rate was too high.

Liquid Alloys. Selected AéCu values of Table 10 agree (+350 cal/g-atom)
with the values calculated from the Cu vapor pressure measurements

of Edwards and Brodsky (1956), 1500°- 1600°K, xcy = 0.05-0. 95; with

the emf measurements of Oriani (1956), 1205°- 1310°K, xCy = 0.15-0. 85;
and with the mass spectrometric vapor pressure measurements of

Neckel and Wagner (1969), 1449°, 1754°K, xcy = 0.05-0. 95 except that
the values of Oriani (1956) at xc,, = 0. 22 and 0. 32 are 1000 and 1500
cal/g-atom less exothermic than the selected values. AGCu values
calculated from the oxidation decomposition pressure studies of Meier
(1935), 1273°K, xcy = 0.23-0.31, are about 400-450 cal/g-atom less

exothermic than the selected values, while mass spectrometric measure- -

ments of Hager, Howard, and Jones (1970), 1823°K, xCy = 0.1-0.9;

and Schmahl and Minzl (1965), 1273°K, xcy = 0.17-0. 35 are highly
exothermic. AGCu values were compared with selected values by
extrapolating to 1550°K where necessary, using selected ASCu values

of Table 10. Selected AH values of Table 9 agree well with the direct
calorimetric measurements of Yazawa and Itagaki (1969), 1373°K,
XCu=0.11-0.9. Direct calorimetric measurements of Kawakami (1930),
1473°K, xCy = 0.26-0.52, are 1000 cal/g-atom less exothermic than the

selected values. AHvalues calculated from the AG values of Neckel and Wagner
(1969) and from their temperature coefficients are much more exothermic than
the selected values for xcy<0. 7; and less exothermic athigher Cu'concentrations.

Other quantities in Tables 9 and 10 were calculated with the aid of the Gibbs-
Duhem integration. "
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Part II. Tables
| " TABLE 1
S Low Temgerature Data for Solid Alloyg.
Table 1a - S v
B Xoy=0: 75
T, °K 'I-Phase a-Phase
: , Cp |
0.4 | 0.0000641 0.0000754 !
0.5 1 0.0000809{ 0.0000936
1.0.1.0.000176 | 0.000186
2.0 .0.000472 | 0.000514
3.0 }0.00101 | 0.00113
‘ 4.0 10.00190 | 0.00217
c(electromc) 7'1‘ @’ -Phase: ¥ = 1.561(20. 03)X1074
- " @-Phase: v = 1.618(i0.'03)X10 m4
Table 1b ' '
S X0, 5050 XCu'O 75
- T,°K I-Phase ‘a-Phase|ag-Phase| a-Phase
_ ; Cp — Cp '
20 | 0.453 - 10.496 | 0.284 | 0.302
25. }.0.779 - !0.817 { 0.509 | 0.533
30 1.140  $1.173 | 0.771 | 0.801
40 1.854 (1.896 | 1.398 | 1.434
50 - | 2.507 '1{2.554 | 2.044 | 2.069
15 3.807 [3.852 | 3.349 | 3.409
100 4.566 | 4.570 | 4.234 | 4.261
150. 5.315 5.276 | 5.101 | 5.092
200 5.620 15.585 | 5.461 | 5.455
1. 250 5.797 {5.774 | 5.690 | 5.670
- 298.15] 5.920 [15.895 | 5.856 | 5.835
- XCy=0. 50 XCy=0. 15
1 'ari Phaseia-Phase o/I-Phase a-Phase
. SsfSy | 9.-791 | 9.886 8.880 | 8.945
AS-AS) | 0.155  10.250 | 0.100 | 0.165
H -Hy | 1325 1323 1258 | 1259
AHg-AHgl 14 16 2 3

49
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. | TABLE 2 » |
Integral Quantities for Solid Alloy as a Function of Temperature, xCyp=0.50 |

- 0. . +0.5Cu,_, = |
o 0 5Au(s) 0 Sgu(s) AuO.ScuO.S(s) | |
— T ) — = R
T,°K | 'Cp ?HT-Hst ST Sst ACp | AGT _ AHT . AST, o P
298. 15 5.920 | - O 0.000 |-0.025 | -2135 | -2089 |0.155
400 - 6.093 | 612 | 1.764 | 0.000 | -2151 |-2089 |0.155 )
500 6.226 | 1228 '3.139 | 0.000 | -2166 | -2089. | 0.155
520 6.252 | 1353 | 3.384 | 0.000 | -2170 | -2089 |0.155
540 6.276 | 1479 | 3.621 | 0.000 | -2173 | -2089 [0.155
560 6.480 | 1606 | 3.853 | 0.180] -2176 |-2089 |o0.155
580 6.773 | 1738 4.084 | 0.450 | -2177 |-2083 |0.163
600 7.161 | 1877 | 4.320 | 0.810]-2182 |-2071 [0.185] |
620 8.540 | 2030 4.570 | 2.171 | -2186. | -2045 |o0.227 R
640 | 10.991 | 2226 | 4.881 | 4.600| -2191 |-1977 |0.335 s
653(q~) | 12.280 | 2376 5.114 | 5.874 | -2197 | -1910 |0.440|
658 (o~;,)| 12.880 | 2439 5.210 | 6.469 | -2199 | -1879 |0.487
683 (g~,) 16.937 | 2808 5.759 |10.499 | -2220 | -1670 | 0.806
683(q) | 9.237 | 3143 6.249 | 2.799 [ -2220 | -1335 |1.296
700 8.640 | 3204 | 6.468 | 2.180 | -2236 |-1294 |1.346
750 7.080 | 3686 7.010 | 0.524 | -2324 | -1243 |1.442
800 6.571 | 4019 | 7.440 [ 0.000 [ -2379 {-1221 |1.448 o
900 6.693 | 4682 | 8.220 | 0.000] -2524 | -1221 )1.448 oL
° H = | = ' - ;
at 683°K AH, = 335(x50) Asa,,n_a 0.490(£0.073) .
~ !
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TABLE 3 '

Integral Quantities for Solid Alloy as Function of Temperature, xr,;=0.75 -

0. 25Aug) +0. 75Cu(g) = Aug 25Cuq, 75(s)

298.15 | 5.893 0 0.000 | 0.000 | -1759 | -1710 | 0.166
400 - | 6.085 610 ! 1.758 | 0.019 | -1776 | -1709 | 0.167
500 '6.320| 1229 | 3.141 | 0.111 | -1795 | -1705 | 0.180 |
600 7.590 | 19086 4.371 | 1.253 | -1815 | -1655 | 0.267
640 9.900 | 2242 4.912 | 3.515 | -1828 | -1573 | 0.398
653 . }12.100 | 2385 5.136 | 5.699 | -1836 | -1513 | 0.494
663(ay) |13.500 | 2512 5.326 | 7.089 | -1838 | -1450 | 0.586
663(a) | 7.611 | 2798 5.757 | 1.200 | -1838 | -1164 | 1.017
680 | 7.429 | 2926 | 5.948 | 0.999 | -1857 | -1146 | 1.045
700 | 7.275] 3073 6.160 | 0.819 | -1876 | -1128 | 1.069
750 . | 7.049 | 3430 6.653 | 0.539 | -1932 | -1094 | 1.117
800 6.981 | 3780 7.015 | 0.410 | -1987 | -1071 ! 1.145
o TABLE 4 |
Integral Quantities for Solid Alloys at 800°K
(1-x) Augg) +xCu(g) = Auy . Cy(y)

T ' v i Xs | xs |
Xoy AG AH as ! aG aS ;
0.1 - 844 - 290 0.693 '@ - 327 0.047 |
0.2 -1436 - 582 | 1,068 | - 641 0.073
0.3 -1890 - 854 | 1.295 | -919 | o0.081 |
0.4 -2208 -1074 | 1.417 -1138 | 0.080
0.5 -2379 -1221 | 1.448 -1277 0.070

- (+£200) (£75) (£.27) (£200) | (x.27)
0.6 -2385 ~1279 1.382 | -1315 1 0.045
0.7 -2184 -1189 1.245 -1213 1 0.031

0.8 -1720 | - 894 1.032 | - 924 0.037

0.9 -1004 | - 440 0. 705 - 488 0.059
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TABLE 5

Partial Molar Quantities for Solid Alloys at 800°K

Au Component

Au(s) = Au(in alloy)‘(a)

o = X8 .o = I aXs

Xpu | Bag ! Yau %Gy | BCay | BHpy ! E ASpu | BSay
1.0 | 1.000 .| 1.000 0 | 0o | -0 .| 0.000 | 0.000
0.9 | 0.898 | 0.998 {- 171-} - 3. 7 | 0.222 ; 0.012
0.8 | 0.779 | 0.974-|- 397 | - 42 - 11 | 0.482 { 0.039
0.7 | 0.632 | 0.903 |- 729 | - 162 - 101 0.784 | 0.076
0.6 | 0.465 | 0.775 |-1218 | - 405 - 322 ! 1.119 { 0.104
0.5 | 0.299 | 0.598 i-1919 | - '817 - 677 | 1.552 | 0.1175
(+.035) {(£.07) |{(£200) | (£200) { (+150) | (+.31) | (.31)

0.4 { 0.160 | 0.400 {-2915 | -1458 -1343 | 1.965 | 0.144
0.3 | ‘0.061 | 0.204 -4440 | -2526 | -2487 | 2.441 | 0.049
0.2 | 0.016 | 0.082 |-6526 | -3968 -4115 | 3.014 [-0.184
0.1 | 0.005 | 0.050 |-8417 | -4757 | -4666 | 4.689 | 0.114
0.0 | 0.000 | 0.045 | - w -4935 -3920 | % 1. 269

Cu Component” Cu(g) = Cu(in alloy),

R - | . =X8 - = . SXS'

*cu i ®cu ? Tou L Aci(;u 4Gey AHey A5cy | ey
0.0 | 0.000 | 0.128] - -3270 | -2780 © 0.612
0.1 | 0.013 | 0.130] -6905 | -3245 | -2956 | 4.936 | 0.360
0.2-| 0.030 | 0.148]| -5593 | -3035 -2867 3.408 | 0.210
0.3 | 0.055 | 0.185|-4598 | -2684 -2609 2.486 | 0.094
0.4 | 0.078 | 0.245|-3694 | -2201 -2237 1.865 | 0.044
0.5 | 0.168 | 0.335|-2839 | -1737 -1765 | 1.343 ! -0.034
| (£:02) | (£.04) | (£200) | (+200) | (+150) ; (+.31) | (+.31)
0.6 | 0.279 | 0.464|-2031 | -1219 -1237 0.993 | -0.022
0.7 | 0.465 | 0.664|-1218 | - 651 - 632 | 0.732| 0.023
0.8 | '0.722 | 0.902|- 518 | - 164 - 89 |.0.536! 0.093
0.9 | 0.893 | 0.992(- 181 | - 13 29 0.263 | 0.053
1.0 | 1.000 ] 1.000 0 0 0 0.000 | 0.000
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TABLE 6

53

o I_ntegral Quantitie‘sbfor Ordered Solid Alloys at 653°K

" Partial Molar Quantities for Ordered Solid Alloy:sAat 653°K

(1 ~x).Au(S) +xCu(s) = Au, —xcux(s)
X | Phase aG | ac*® | x Phase | 4G | aG™®
Cu . Cu »
0.448%| o--Ir | -2106 | -1213 | 0.514%| o**qp | -2202 | -1303
0.486% | q-op | -2172 | -1273 |} 0.561%| o’y |-2210 | -1320
0.491%| o*; -2179 . | -1280 | 0.720%| o°; |-1945 | -1175
0. 500 -2197 | -1298 {0.750 | -1836 | -1105
(£200) | (£200) || 0.761%| o7 | -1786 | -1073
0.510%| a7 -2199 | -1300 :
TABLE 7

Au Component Cu Component :
Ag(s) = Au(in alloy)(s) Cu(s)= Cu(in alloy)(s)
v . = = XS = XS
Xoy (Fhase] apy | Yau | 2Cau [%Can i 2cy | Yoy | 8%y %S¢y
0.448% o-rpi 0.399)0.722 -1193 | - 422 0.083: 0.185 | -3230 {-2188
0.486* ao--yr| 0.324) 0.630 -1464 | - 601 0.105{ 0.217 | -2920 |-1984
0.491% o’y 0.324] 0.636 -1464 | - 588 0.105| 0.215 | -2920 |-1997
0. 500 0.279] 0. 558 -1654 | - 7551 0.121 0.242 | -2740 {-1841
o (£. 04) |(. 08_) (£200) (£200){(£. 017)(x. 035)] (+200) (1200)
0.510% a’’r 0.238]) 0. 485 -1865| - 940 0.143) 0.281 | -2520 ;-1646 -
0.514%| o*-;p| 0.238] 0.489] -1865|- 929 0.143/ 0.279 [-2520 [-1656:
0.561% o°r1p{ 0.156] 0.355 -2413 | -1345| 0.206 0.367 | -2052 }-1300 -
0. 720% a’y 0.038] 0.135 -4245| -2593 1 0.445| 0.618 | -1050 |- 624
0. 750 0.022} 0.088 -4959 | -3158 | 0.542| 0.723 { - 794 |- 421!
0. 761% aq 0.018 0.074 -5246 | -3389 0.583) 0.766 ; - 700. |- 346,

*Phase boundary.

i
.
[
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TABLE 8
"Heat of Ordering of Solid Alloy, Xy = 0.275
Aug, 725 Y. 275 () T AV, 725 %0, 275 (a =)
T,°K AH
360 -315
400 -289
450 -178
483% - 37
500 - 16

(1-x) Au

*#Critical Temperature

TABLE 9

‘Integral Quantities for Liquid Alloys at 1550°K

+xCu

= Au _xCux(m alloy) ()

(2) (0 1

XCu' fAG", AH as aG*® | as*®
0.1 | -1519 - 343 | 0.758 | - 518 | 0.113
0.2 | -2461 -625 | 1.185 | -920 | o0.190
0.3 | -3089 - 839 | 1.452 | -1207 | o0.238
0.4 | -3453 - 980 | 1.595 | -1380 | o0.258
0.5 | -3572 -1044 | 1.631 | -1437 | 0.254

| z400) (£100) | (£.27) | (£400) | (£.27)
0.6 | -3453 -1024 | 1.567 | -1380 | 0.230
0.7 | -3089 - 915 | 1.403 | -1208 | 0.189
0.8 | -2461 -71 | 1.129 | -920 | 0.135
0.9 | -1519 - 408 | 0.716 - 518 0.071
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TABLE 10

- "V-Parti_al Molar Quantities for Liquid Ailbys at 1550°K

Au Cohipbr’i'ent

Au

= Au(in alloy)

(1) ()
. - ~XS - - -XS
*aul 2Au B TAu ' AGAu Au _AHAu ASAu v Ag:iu
1.0 |'1.000 | 1.000 0 0 ~ 0| 0.000 | 0.000
0.9 {0.883 | 0.982 - 382 | - 58 |- 30| 0.227 | o.018
[0.8 | 0.742 | 0.928 - 917 | - 230 | - 127 | 0.510 | 0.066
0.7 |0.592 | 0.845 - 1616 | - 518 | - 303 | 0.847 | 0.138
lo.s |0.445 | 0.742 - 2493 | - 920 | - 567 | 1.243 | 0.228
0.5 J0.314 | 0.627 - 3572 | -1437 | - 931 | 1.704 | 0.327}
' (+.04) | (+.08) (£400) | (+£400) | (x200) [ (£.3) | (£.3)
0.4 |,0.204.| 0.511 - 4892 | -2070 | -1406 | 2.249 | 0.428
0.3 |o0.120 | o.401 - 6526 | -2817 | -2002 | 2.919 | 0.526
0.2 | 0.061 | 0.303 -~ 8637 | -3680 | -2730 | 3.811 [ 0.613|
fo.1 }o.022 | 0.220 -11750 | -4657 | -3600 | 5.258 | 0.682|
0.0 {0.000 | 0.155 - ® -5750 | -4625 | o | 0.726
Cu Component - Cu(” = Cu(in alloy)(l)_
. . ~ :GX‘ S | oy - XS
*Cu _aCu Tcu ‘AGCu cu | *Hcu ASCu A§é§u
0.0 [0.000 | 0.155 - -5750 | -3725 0 1.306
0.1 |0.022 | 0.220 -11750 | -4657 | -3163 | 5.540 | 0.964
0.2 }0.061 | 0.303 - 8637 -] -3680 | -2614 | 3.886 | 0.687
0.3 {0.120 | 0.401 - 6526 | -2817 | -2090 | 2.862 | 0.469] -
0.4 [0.204 | 0.511 - 4892 | -2070 | -1600 | 2.124 | 0.303
0.5 |0.314 | 0.627 - 3572 | -1437 | -1156 | 1.559 | 0.181
 l+.04) |(x.08) ¢400) | (+400) | (£200) | (£.3) | (£.3)
0.6 |0.445 | 0.742 - 2493 | - 920 |- 769 | 1.113 | 0.097
0.7 {0.592 | 0.845 - 1616 | - 518 |- 449 | 0.753 | 0.044
0.8 [0.742 | 0.928 - 017 | - 230 |- 207 | 0.458 | 0.015
0.9 |0.883 | 0.982 - 382 | - 58 |- 53] 0.212 | 0.003
1.0 1.000 0 0 0 | 0.000 ) 0,000}

1.000
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' Copper-Beryllium

Discusssion

v’ Part 1.

Phases_and Structures. The phase diagram, from Hansen (1958),
Elliott {1965), and Shunk (1969), has been modified to-more accurate
solid phase ‘boundaries as given by Jacobson and Hammond (1968).

The eutectic of (3-Be) and § has been assumed without direct ;
experimental evidence. Pearson (1958) lists the following intermediate
phases: : ‘ - : : ‘

8,1 Be"”Cu" , with the ordered fcc (CIS) structure isotypic with
-~ CupsMg. However, Magomedova and Davydov (1966) report that
_"Be Cu' has a "hcp structure, like CuZng', (€-brass).

B’, "vy-BeCu", with'the ordered bcc (B2) structure isotypic with CsCl. "
B " 3-BeCu,", with the disordered bee (A2) structure isotypic with W.
B remams ordered as high as 743°K; its dlsordermg temperature if

any, is not known.

Solid Alloys Selected values of AGBe of Table 3 were derived from the '

emf measurements of Anfmogenov Smirnov, Ilushchenko, and Belyaeva b

(1962), 983°- 1108°K, xCy = 0.004-0. 98, corrected to agree with the ,'

phase d1agram The measurements scatter considerably and indicate - | ‘
‘ different solid phase boundaries. Other values of Tables 2 and 3 were -

calculated using Gibbs-Duhem integration.

Liquid Alloys. Selected values for Table 1 were calculated from 131envenu.I

Potard, Schaub, and Desré, (1968), 1623°K, xpge~1.00, who measured

the distribution coefficient of Cu between Be(y) and Pb(y). However, the' .

selected YCy, Xpp = 1.00 was used (see Cu-Pb) rather than the value,

- 3.18,: used by the authors. : -

Part II. Tables
" TABLE 1
Partial Molar Quantities for Liquid Alloys at 1623°K

Cuu) Cu(malloy)u) ‘ | . |

] - - X8
xCu aCu YCu AGCu AGCu
0.00 | 0.000 1.144 | -0 434

(£.2) 1(+600)

PDD. October, 1969 -
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| | TABLE 2 |
Integral Quantities for Solid Alloys at 1073°K
: (l—x)Be(a)*-xCu(s) = 'Bel-xcux(s)
X - | Phase AG AG,XS X Phase AG . AG™®
Cu S . Cu , :
-0.057* | (a-Be) | 1290 - 824 0.616% B -3407| -1987
' I ’ : 0.65 - | -3336f -1955
0.191% - - -3617 -2578 || 0.736% B . -3029] -1798
0.25 o -3795 ’ -2596 - ' ‘
0. 324% 3 -3751 | -2408 0.851% (Cu)- | -2189] -1292 .
' : |l 0.90% (Cu) | -1788| -1095
0. 509 B- -3609 | -2131 | | '
0.519% " B -3595 -2118 -
' U (+800) [ (+800)
TABLL 3
Par'tlal Mo]ar annntles for Solid Alloys at 1073°K
‘Be Component Cu Component
_ Be(a) = Be(ln‘_auoy)(s) .(s) = Culin al].oy)( )
' - = X8 N -xs]
*cu Phase 2Be | . "Be’ AG'Be AG'Be 2cu | Ycu A'GCu AGC
0. 000 |{(a-Be) 1.000{ 1.000 0 0 [0.000)0.000 - -18962
0.057«[{q-Be) 0.868} 0.921|- 300| - 175 0.000» 0.004 | -17668|-11560
0.191% & | 0.868] 1.073| - 300 152 |0.000 {0.001 {-17668(-14139
0. 25 0.164] 0.219] - 3850 | - 3237 [0.182]0.728 | - 3628(- 672
0. 324« 6 | 0.153}1 0.2277 - 4000 | - 3165 |0.220]10.678 | - 3231|- 828
0.509% B- | 0.153| 0.312 - 4000} - 2483 |0.220(0.432 |- 3231|- 1791
0.519% B-| 0.116] 0.241] - 4600{ --3039 {0. 286 | 0.553 | - 2664|- 1265]
(x.04) [(£.07) | (£800)] (£800) [(£.09) |(£.2) | (£800) (+800).
0.616%] B | 0.116{ 0.301| - 4600 | - 2559 |0.286|0.465 |- 2664(- 1631
0. 65 : 0.105} 0.299] - 48104 - 2571 |0.3060.471 | - 2543|- 1624
0. 736 B 0.020} 0.074 - 8400 | - 5561 jO. 59_7 0.811 | - 110‘2 - 448
0. 851 (Cu) ©0.020) 0.131} - 8400! - 4341 [0.5971[0.701 | - 110.2 -
0.90 0.007{ 0.073| -10500| - 5591 [0.681}0.757|- 820[- 595
1.00 (Cu) ~0.000} 0.000 - o -18000-11.000!1.0001 0 0

*Phase boundary

758
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Copper-Bismuth -

Part I. Discussion

Phases and Structures. The simple eutectic phase diagram was taken
from Hansen (1958) with improved precision of the liquidus from Nathans
and Lelder (1962) :

Liquid Alloys." Selected AGCu values agree within £100 cal/g-atom with
emf measurements of Lomov and Krestovnikov (1964), 1115°- 1215°K,
XCu = 0.045-0. 70; while they are less exothermic by 0-150 cal/g atom

than the values of Nikol'skaya, Lomov, and Gerasimov (1959), S

1150°- 1225°K, xCy = 0.063-0. 71, except at xcy = 0. 71, where their
value is more exothermic by 320 cal/g-atom. AGpg; values from the
vapor pressure measurements of Azakami and Yazawa (1967),

1173°- 1473°K, xcy = 0.2-0.8 when extrapolated to 1200°K using selected -
ASBl are more exothermlc by 50-150 cal/g-atom than selected values

ASCu 'values were calculated from the selected AGCu and the phase
~diagram; the remaining partial and integral values were calculated from
Gibbs-Duhem integration. The resultant AH values are in most cases

more exothermic by 0-200 cal/g-atom than the experimental values of
Oelsen, Schiirmann, and Buchholz (1961), 1416°K, Xoy = 0.1-0.9; while

the direct calorimetric measurements of Kawakami (1930), 1473°K,

xCy = 0.24-0. 77, scatter (+200 cal/g-atom) about the selected values
except for xgy > 0.5, where they are more exothermic by 0-350 cal/g-atom.

Part II.

Tables

' TABLE 1

Integral Quantities for Liquid Alloys at 1200°K

| (=x)Bi () +xCugpy = Bl Curia
xcﬁ' - AG AH AS AG*S AS*S
£ 0.1 -522 468 0.825 254 0.179
0.2 -738 806 1.287 455 0.293
0.3 -849 1052 1.584 608 0.370
0.4 -895 1207 1.752 | 710 10.415
~ (£100) (£200) (. 2) (£100) (t. 2)
0.5 -894 1280 1.812 759 0. 435
0.6 -854 1295 1.791 751 0. 454
0.7 =712 1224 1.663 685 0.448
0.78% |  -6175 1073 1,457 581 0.410 |

*Phase boundary

PDD September, 1968
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TABLE 2

Partial Molar Quantities for Liquid Alloys.at 1200°K

*Phase boundary

A. Bi Compogeht Bi([) = Bi(in allqy)u)
o o - ¥ =XS = A : XS
*Bi i | Ymi | 4Gp; | 4Gp; | AHp;| 45p; lASBi
1.0 | 1.000 | 1.000 of 0 0 { 0.000 | 0.000
0.9 | 0.912 | 1.013 | -225 | - 26 77 | 0.252 | 0.043
0.8 | 0.834 [ 1.043 -431 101 227 | 0.548 | .0.105
0.7 | 0.769 | 1.099 -625 226 451 | 0.897 | 0.188
0.6 0.712 | 1.187 -810 | "408 | 1762 | 1.310 | 0.295
(+.01) | (£.02) (£100) | (x100) | (£300)| (x.26) | (t.26)
0.5 0.658 | 1.315 | -1000 653 | 1055 | 1.712 | 0.335
0.4 | 0.600 | 1.500 | -1219 966 | 1439 | 2.215 | 0.394
0.3 | 0.535 | 1.783 | -1492 | 1379 | 2128 | 3.017 | 0.624
0.22% | 0.473 | 2.149 | -1787 | 1824 3020 | 4.006 | 0.997

B. Cu Compq'ngnt Cu“) ='Cu(in alloy)u)
" -~ ~X8 - ATy = =XS
Xcu | %cu | You | ®Scu| %Ccu | ey %Scu | AScy
0.0 0,000 | 3.236 [ -0 | 2800 5608 o0 2. 340
0.1 0.262 | 2.624 | -3191 | 2300 3981 | 5.977 | 1.401
0.2 0.439 | 2.193 | -1965 | 1873 3124 | 4.241 | 1.043
0.3 0.563 | 1.875 | -1372 | 1499 | 2452 | 3.187 | 0.794
0.4 -0.652 | 1.629 | -1022 | 1163 1876 | 2.415 | 0.594
(£.01) [ (£.02) (£100) | (x100) | (£300){ (t.26) | (+.26)
0.5 0.719 | 1,437 -789 864 1506 | 1.912 | 0.535
0.6 0.774 | 1.290 -610 608 1200 | 1.508 | 0.493
0.7 0.823 | 1.176 -464 387 834 | 1.082 | 0.373
0.78* | 0.860 | 1.102 -361 | 231 524 | 0.738 | 0.244
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Phases and Structures.

investigation, is from Hansen (1958).
¥ has the hexagonal (D24) structure 1sotyplc with CaZn5
Sohd Alloys. : Selecvte'd values wer,e-taken from the measurements of

Chiotti, Curtis, and Woerner (1964), of the equilibrium between v, -
Combining these results with the thermodynamic

(Cu), Hz( ). and CaH,.

oropertles of CaH, determined by Curtis and Chiotti (1963), the listed
properties were calculated. The selected values were taken from thelr
equation, and differ somewhat from the tabulatlon of Chiotti et a1

Part L

Cu-Ca

-Coppe r--_Ca] cium

Discussion

. are: mconsxstent with one another

Part II.

Tables

‘The phase diagram, wh1ch needs further
Pearson (1958) reports that:

Integral Quantities for y-Alloy, xé‘, = 0.

PDD F‘ebruary;

"= Ca

0. 15Ca +0. 85Cu<s) 0.1 uo. 85(y)
T, °K AG AH AS
800 -1862 =1742 - | 0.150
900 -18717 -1742 0.150
1000 -1892 . -1742 | 0.150
(£300) | (+500) | (+.3)
1969

'
i
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Copper -Cadmium

Part I. Discussion

Phases and Structures. The phase diagram of Hansen (1958) has been
modified by moving the Cd-rich boundary of the y-phase to x¢ = 0. 34,
in accord with the work of Nowotny and Blttner (1950) ‘Pearson (1967)
reports the followmg phases: -

, 'CdyCcu', with a. complex hexagonal structure
Y, "Cdg Cu5 , with an ordered bece (D82) structux e 1sotyp1c with y- brass.

5, l'Cd3 Cug" ,' was variously reported as havmg a complex cubic and a
- ‘complex tetragonal structure Samson (1 967) showed it to be
def1n1te1y cublc.

3, "CdCuz with a hexagonal (C38) structure isotypic with MgNi,.
Solid Alloys. Selected values of Table 1 were derived from 'enthalpy

measurements of Kubaschewsk1 (1941), 700° - 1000°K, xc, =0.385,0.400,
and from Table 2. Selected AGCd values of Table 3 were chosen to agree

with the phase diagram and with liquid values (Table 5); they agree within. -

200 cal/g atom with values calculated from Cd emf measurements of
Vecher and Malets (1967), 373 - 583°K, xcy = 0.27, 0.30; and Vecher
and Golikovka (1966), 623° - 773°K, Xcy = 0.60-0.95; and with Cd vapor
' pressure measurements of Borg (1861), 520°- 650°K, Xoy < 0.26-0. 68,
except at XCu = 0.399, where the latter's measurements lead to a value
‘more exothermic by 600 cal /g-atom. AG and AGg, values were
obtamed by Gibbs-Duhem integration of AGCd values. Selected AH
values of Table 2 were taken from measurements of Kleppa (1956),
723°K, xcy = 0.38-0.66; in referring to Cd(g) as the standard state

it was assumed that AH=1480 cal/g-atominvariant with T. LS was
calculated from AG and AH. Bromine water solution calorimetry of
Biltz and Haase (1923), 298°K, xcy = 0.40, gave a value of AH less
exothermic than the selected value by 800 cal/g~atom. Vecher and
Malets (1967) reported AH = -980 cal/g-atom for € at xcy = 0.25.

Liquid Alloys. Selected values of AéCd of Table 5 agree well with Cd
emf measurements of Nikol'skaya, Otopkov, and Gerasimov (1957),
848° - 923°K, x~., = 0.05-0.54; Riccoboni, Genta, Fiorani, and Valenti
(1954),-800° - 8' éj"K Xy = 0.24-0. 54; and with Cd vapor pressure
measurements of Azakami and Yazawa (1968), 873°- 1123°K,

Xoy T 0.14-0.82, except for a single composition, XCu 0.53, where
the latter's value is less exothermic by 140 cal/g-atom. Cd vapor

: pressure measurements of Jellinek and Rosner (1931}, 816°- 1001°K,

u = 0.10-0.60, scatter.and give values of A5G g which tend to be les

cxothermlc by 100-600 cal/g-atom. Other quantities for Tabn.s 4 and )
were derived by Gibbs-Duhem 1integration.

PDD April, 1969 : !
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PartIl. Tables

Bt A SR IR ARSI L S £+ S
i

hase boundary

 TABLE 1
Temperaturé be-gendence of Quantities féx_‘_ﬁgiphase _Al_l('._)y, xCu - 0.40
o 00Cd gy 0-8Cu ) = Cdy 6Clg L gs)
- :ZO'GCd(f) +0..4Cuu | = C(_iO.chO..é}uv)
‘e O e . T i QL V ~
TOK | Cp |Hp-H, | S8, | 4G | oH | 85
298.15 _6.056 0 0.000 | -1069 | -1089 | ~0.066
400 ?-6..'317 630 1.814 -1063_ -1089 | -0.066
500 | 6.636 | 1276 3.255 | -1057 | 1086 | =0.058
580 ,':7';005 1821 4.265 [ ~1054 | -1073 | ~0.033
600 ] T.115 1962 4,502 | -1048 | ~1066 } -0.030
700 - |'8.030 | 2714 5.659 | -1051 | - 996 | 0.079
v 800 ?',"'9.604 3589 .6.826 | ~1069 | - 807 . 0.328
1 836(s) (10.347 3948 7.265 | -1082] - 695 | 0.463
836(¢) | 8.800 6185 . 9.941 }-1207} - 605 0.720
873 8.800 6511 10,322 | ~-1230] - 533 | .0.799
1000 8.800 | 17628 11.515 | -1346| - 301! 1.045‘
. TABLE 2 -
- Integral Quantities for Solid Alloys at 580°K
(l-x)Cd(S) + xCu(s) = C_Zl‘d1 -xcux(_s)
oy |Phase | oG | ‘aH | os aG*® | as™®
0.250% | € |- 185 ~137
0.340%| v - 996 ~256
- 0.383 -1053 -1173 }-0,207 -286 1-1.529
0.400 ) --1054 | ~1073 [-0.033 -2178 -~1.371
0.425% | v -1034 - 927 0». 184 ~248 -1.171
‘ : (£100) | - (£50)} (£.2) (£100) (x.2)
0.559%| & - 860 - 69 ‘
0.572 | - 841 | - 817 0.041 | - 54 |-1.315
0.581%| & |- 825 1 -a
0.667 B - 666 - 596 | 0.121 67 | -1,143
:;:P o




76 Cu-Cd
TABLE 3
Partial Molar Quantities for Sohid Alloys at 580°K
- Cd Component | Cu Component
. Cd(s) = Cd(in allox)(.s) Cu(s.’;: = Cufin a.lloy)(s)
- Phase| v a6 [ad* | a. | v. |ad. |aG*®
Yoy |F1as8€ 30y | Yeq|2YcalMcd| *cu | Ycu | TMcu|™Mcu
0.340%] 7y |.0.841] 1.274|- 200| 279 | 0.110| 0.323]-2540 |-1296
0.383 0.458) 0.742]~ 901 | -344 { 0.324| 0.846|-1299 |- 193
0.400 1 0.360} 0.600|-1178| -589 | 0.471| 1.177|- 868 | 188
0.425 Y 1 0.253) 0.439 ~-1586 | -948 0.779] 1,834~ 287 699
(r.04) (£.07) {(£200)} (£200){ (£.12) {(£.28) |(£200)]| (x200)
0.559%| ¢ - | 0.253]0.573|-1586| -642 | 0.779| 1.394|~ 287 | 383
0.572 . }.0.215] 0.502]-1772} -79%4 0.8831 1.543[~ 144 500
0. 581 _ 5. -0.192] 0.459}-1900} -897 | 0.9581 1.649{~- 50 576 1
TABLE 4
‘Integral Quantities for Liquid Alloys at 873°K
. (1~x)Cd(“ + xCu(“ = Cd(l-x)cux(l)
v 1. , XS : XS.
xCu AG _AG : xCu_ AG AG
! 0.1}~ 526 38 0.596* |-~1328 | -157
1'0.2 |-835 | 33 |- R
1-0.3 | -1065 )
0.4 {-1230 -~ 63
0.5 |-1321 -119
(£50) (£50)
TABLE 5
Partial Molar Quantities for Liquid Alloys at 873°K
- Cd Component Cu Component
E ,Cd'(f) .= Cd(in alloy)u) Cu(“ = Cu(in alloy)u)
. s = XS = <XS.
*cu 8%ca | Yca|®Sca [%Cca| 3cu| "cul®Scu |%Ccu
0.0 1.000 1.000 0 0 | 0.000 1.43¢ | - 626
0.1 0.912 1.013| - 160 23 0.110 1.103 | ~3824 171 -
0.2 0’.83_8 1.047} ~ 307 80 0.183 0.913 | -2949 -157
0.3 0.761 | 1.087| - 475 | 144 | 0.245 | 0.815 | -2443 | -354
0.4 0.664 | 1.107]( 710 176 0.314 0.785 | -2011 ~421
0.5 0. 542 1.083| -1064 138 0.403 0.805"] -1578 | -376
(i.Ol) (£.02) (x50 (x50){ (£.01) | (£.02) ~(£50) | (£50)
0.596% | 0.404 | 0.678) -1572 | -675 | 0.512 | 0.859 | -1162 | -264

*Phase boundary
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Copper-Cobalt

~ Part]l. Discussion.

Phases and Structures. The phase diagram, from Hansen (1958) and
Elliott {1965) has been adjusted 1o agree with solid solution boundaries
determined by Old and Haworth (1966; and (3-Co) solidus boundaries
from the thermodynamic caiculations of Dench and Kubaschewski
(1969).". The o¢-Co-3-Co transition T is lowered by addition of Cu, but
its value remams very uncertam.

Solid Alloys. The selected values df Table 1 were taken from Cp meas-.
urements of Crane and Zimmerman (1961), 1.5°- 4.5°K, Xy =0.974-1.00,

and agree approx1mate1y with Qp measurements of Du Chatenier and.

- De Nobel (1966), 1 - 4°K, XCu 0.999-1.00; and with Tournier, Veyssie,

and Weil. (1962), 0.7°- 4.5°K, XCy * 0.978-1.00, which show similar
trends. The AH values of Table 2 were taken from direct reaction calori-
'metry of Dokken and Elliott (1965), 1473°K, Xcy = 1.00-0.95. Selected
.values of Table 4 were taken from emf studies of. Dench and :
: I\ubaschewskl (1969), 1023°- 1548°K,x(,, = 0.02-0.15; and AHC from their
temperature coefficients. For AGe,,» Raoult's law was assumed for the
(Cu) phase; other values were calculated from Gibbs-Duhem integration.
Part II. Tables.

~ TABLE 1
Low-Temperature Data for (Cul-Phase Allovs
_ : ’ XCu : v
T, °K 0.974 | 0.984 | 0.994 | "1.000*
- Cp ' '
1.5 0.00176 .| 0.00105 |[0.00035 0. 00031
2 - 0.00232 |0.00138 |0.00050 0.00046
3 0.00335 |0.00199 |0.00093 0.00084
4 0.00422 |0.00248 |0.00154 0.00140
¥yX10% |- 11, 95(%.2)] 7.15(£.5)] 2.10(¢.2)] 1.85(%. 2)

*Values for pure Cu trend from 5% higher than selected
values at 2°K t0 5% lower at 4°K (see Cu). They are
tabulated for purposes of comparison.

TABLE 2
Heats of Formation of Liquid Alloys at 1473°K

(l—x)Cou) +xCuu) = Col_xCuxu)
Cou) Co(in alloy)(p Cuu.} = Cu(in alloy)u)
*Cu AH AHCO AHCu
1.00 0 8000 ' 0
0.95 374(x150) ] 7000(+£3000}| 25(£10)

'PDD December, 1968
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**Phase boundary

81
_ _ "TABLE 3
- Integral Quantities for Solid Alloys at'1300°K -
- 1-x)Co, . + = ~u
| (1-x) %) xCu}(B) Co, -‘xcux(ﬁ)
X Ph'ase‘._ ~AG : AGxSv X Phase | AG :AGXS
e_Cu - R - Cu o
0.05 |(i-Co)| -121 391 | |
0.093%{(3-Co)| . -136 664 0.947% | (Cu) | -141 | 395
1 (#100) | (+100) ]
*Phase boundary '
TABLE 4
Partial Molar Quantities for Solid Alloys at 1300°K
Co Cdmponer}'_i‘t. Co(_B).'? Co(in a'lloy)(iﬁ)
I o= | aXS - | .a =X8
o Phasf 2o YCo -AGCo AGCO A‘HCo ASCo ASCo
1,00 |[(g-CoJ1.000| 1.000] 0] O 0 | 0.000 | 0.000
0.95 .1 0.968] 1.019] - 84 48 69 0.118 0.0186
0.907%[(5-Co}0.949! 1.046| -135 | 117 ; 191 | 0,251 | 0.057
1 [(£.02) | (£.02) | (£50); (£50)] (£50) | (+.04) | (+.04)
0.053%| (Cu) {0.949[17.906} -135 | 7453 - - -
0.000 (Cu) 10.000[17.906! - o 7453 - - -
Cu Component | : Cu(B')‘ = Cu(}m alloy)(.B)
i I - = XS
¥ou |Fhase | ao, | Yoy | 4Ccy| AScy
0.00 [(B-Cu)| 0.000]33.971| - « | 9108
‘0,05 : 0.725]14.500| -832 6907
0.093*(R-Cu)| 0.94710.183] -141 5995 |-
| (£.04) | (£.43) | (¥100) | (£100)
10.947%| (Cu)-| 0.947| 1.000| -141 0
1. 000 (Cu) 1,000 1,000 0 0
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Copper-Chromium

Part I. Discussion

Phases:and Structures. The phase diagram was taken from Hansen
{1958) with more precise values for the eutectic and (Cu) phase boundaries
from Elliott (1965), and T_ = 2133°K  for Cr from the 1968 IPTS.

|

Solid Alloys. Du Chatenier and De Nobel (1966), 1°- 8°K, x,+0.9944-1.00;
and Du-Chatenier and Miedema (1966), 0.04°- 10°K, Xoy = 0.9944, 0.9993;
quenched liquid copper alloyed with small additions of Cr. - They found

the Cp of these probably two-phase solid alloys were considerably

“higher than the Cp of pure Cu below 8°K; the electronic vy = 4.3X107* for =
all the alloys compared with 1. 66X10~* for pure Cu. Results were not
tabulated. - ' '

PDD December, 1968
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Part I. Discussion

Phases and Structures. The phase diagram is from Hansen (1958), with
mox ¢ accurate boundaries from Elliott (1965) ) and Klement (1963). The
(y-I'c) solidus was taken from ‘Bochvar, Ekatova, Panchcnko, and ,
Sidokhin (1968). The (+ -I"e) (Cu) boundary was taken from Specich, Gula,

and Fisher (1966). There are no intermediate phases.

Solid Alloys. (Cu)-Phase. Selected values of Table 1 were taken from
Cp measurements of Franck, Manchester, and Martin (1961), 0. 4°- 30°K,
Xpe = 0.0005, 0.0013, 0.0024, who found small iron impurities greatly |
mcrcabcd Cp below 10°K but had ht‘cle effect above (see Cu).

Liquid A]loys Selected AGC values were taken from vapor pressure

~measurements of Morris and Zellars (1956), 1730°- 1850°K, x=0.03-0.88

Several determinations have been made of AGC?l at xpe = 1, which give
values less endothermic than the selected value of 8160:

~XS

Source . : ‘ _ u AG L g™
Onillon (1967) 1823 - 1923°K, xFe"'l

Vapor composition versus 11qu1d comp051t10n : " 7630
Langenberg (1956), 1873°K, XFe"’l : : ,

Distribution coefficient between AFeu ) and Pb‘(l ). 7880
Koros-and Chipman (1956), 1873°K, xpe~1. ,

Distribution coefficient between Fe(y) and Ag(y )- 7510
Chou (1947) 1873 K, xFe~1

D1str1but10n coeff1c1ent between Fe(y) and Ag(g). - 8010

AG and AG Fe values were calculated by GlbbS Duhem integration of the

selecmed AG Cu-

Selected AH values agree closely with the direct calorimetric measure-
ments of Woolley and Elliott (1967), 1873°K, xpe = 0.85-1.0, and with-

- in £50 cal/g-atom with the calorimetric measurements of Podgornik

(1961), 1873°K, Xme = 0.1-0.9, except for being 225 cal/g-atom less
endothermic at xpe.= 0. 1; and with the dynamlc drop calorimetry of
Oelsen Schurmann and Florin (1961), 1873°K, xpe = 0.21-0.81,

PDD June, 1968 -
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except that the latter's valueb were less endothermlc at Xf‘e

0.51 by 125 cal/g-atom.

thermic than selected ones.
calculated from the bclected values

Part II.

Tables

TABLE 1

0.21 and
From the dependence of AH on'T, Oelsen, et al.
were able to-calculate values -of AG which were only 0-60 cal more exo-.
The other values in Tables 2 and 3 were

Low Temperature Data for (Cu) Phase XFe = 0.0024

T,°K . Cp g;ﬁK _Cp
0.4 0. 00029 10 0. 0141
1 0.00070 15  0.0445
2 0.00114 f| 20 0.112
3 0. 00159 25 0.232

4 0.00219 30 - 0.410
5 0.00309

'TABLE2’

Integral Quantities for quuld Alloxs at 1823 K

(1 \)Cu( ¢) +xFe(” Cu L-x Fex(l)
x. | aG AH AS AGTS as™®
Fe . S v . L
0.1 | -443 804 - 0.684 | 135 0.038
0.2 | -560 " 1387 1.068 1253 - 0.073 |
0.3 | -624 1789 . 1.324 1589 ©0.110
0.4 | -663 2033 . 1.479 1775 0.141
0.5 - -874 2132 1.540 1837 0.162
‘ | (£100) (£100) (+0. 08) (£100) | (£0.08)
0.6 -662 | 2093 1.511 1776 0.174
0.7 -632 1917 1.399 1581 © 0.185
0.8 | -580"~ 1562 1.175 1232 0.181
0.9 -465 950 0.777 712 0.131




Cu-Fe .

TABLE 3

P‘a.‘r_ft'izal Molar Quantities for Liquia Alloys at 1823°K -

89

A. Cu Component -C;i'(l ) T Cu(in alloy)
' : - 1 ~XS - ) = =XS
*Cu *cu You AGCu' AGCu ' AHCu ASCu ASCu
1.0 |.1.000 } 1.000 0 0 0 0. 000 0. 000
0.9 0.929 | 1.032 -267 114 118 ©0.211 0.002
0.8 0.896 | 1.120 -397 411 409 0.442] -0.001
0.7 0.878 | 1.254 -471 821 | 830 0.713 0. 005
0.6 0.857. | 1.428 =560 1290 1355 1.051 0.035
£ 0.5 0.829 1.657 | -681 [ 1830 | 1982 |  1.461 0.084
(£.01) | 1(£.02) ] (x100)] (£100)| (£200) | -~ (£.12) (£.12)
0.4 ] 0.804 | 2.010}  -790 | 2529 2714 1.922 0.102
0.3 | 0.780 | 2.598 | '-902°| 3459 3702 2.525 0.133
0.2 | 0.728 | '3.641 | -1149 | 4682 5312 3.544| = 0.346
0.1 0.557 | 5.575 | -2117 | 6225 7897 |- 5.493| 0.917
0.0 0.000 | 9.512 -0 | 8160 | 11370 | 0 1.761
B. Fe Component Feu y = Fe(in alloy)(l )
c = =X8s byl = =X8
“Fe ®Fe Yre |“Cpe | “Cre| ®Pre | ®Spe | “Spe
0.0 0.000 | 10.570 |- 8550 | 9300 o 0.411
0.1 | 0.573 5.728 |-2019 6323 6978 4.9351 0.359
0.2 0.716 { 3.582 |-1208 4622 5299 3.570| 0.371
0.3 0. 763 2.542 |- 981 | .3380 4028 2.748 | 0.355
0.4 0.798 1.996 | - 816 2503 3049 2.120] 0.300
0.5 | 0.832 | 1.663 |- 668 | 1843 2282 1.618 | 0.241
(% 01) (£.02) | (¥100) | (x100) | (x200) | (+.12) | (+.12)
0.6 | 0.853 ' '1.421 |- 577 | 1274 1678 1.237] 0.222
0.7 0.867 1.239 | - 517 775 | 1152 0.916 ] 0.207
0.8 0.886 | 1.107 |- 438 370 624 0.583| 0.139
0.9 0.925. 1.028 | - 282 100 178 0.253 | 0.043
1.0 {.1.000 | 1.000 | 0 0 0 0.000| 0.000
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Part I. Discussion

Phases and Structures. The phase diagram was,taken from Hansen
(1958) as modified by Kittl and Massalski (1965), T<900°K,

XGa = 0.18-0.30. Pearson (1958, 1567) lists the following inter-
mediate- phabes . ' '

B, with the bce (A2) structure isotypic with W;
¢, with the hcp (A3) structure isotypic with Mg;

,.7 and vy, With the cubic (D8 ) structure isotypic w1th A14Cu9 The
two phases are dlstmgulshed from thermal analysis and from
a slight inflection in the lattice constant versus T;

v2 and vs, With the bece (Db82) structure isotypic with y¥-brass.  The
two phases are distinguished by changes in intensity of weak
diffraction lines; they are separated by a two-phase region;

"6, also called "¢" and "CuGa,'", with a tetragonal structure; Pearson
quotes xGa~0. 58, but Betterton and Hume-Rothery are p051t1ve that

XGa~0.665. _ ,
In addition, Kittl and Massalski (1965) give the phase

¢’, with probably an ordered structure which is a distortion of the
' (DO, g), NisSn type.

Solid Alloys. Selected values were taken from liquid tin solution
calorimetry of Kleppa and King (1962), 298°K, XG o=0.068-0.177.

Part JI. Tables
- Heats of normatlon of (Cu)-Phase Alloys at 298°K
(1- x)Cu( )+xGa( )— Cu Ga

x(s)
xGa AH | L\.ch AHGa
0.05 i -700 -32 ] -13383
0.10 -1335 -134 | -12144
0.15 -1900 -319 -10858
0.177% -2170 -4617 -10092

(£50) (+100) (£500)

*Phase boundary

PDD February, 1969
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a6 Cu-Ge

Copper-Germanium .

Part I. Discussion

Phases and Structures. The phase dlagram from Hansen (1958) has been
modified to the more accurate liquidus boundaries from Elliott (1963)
Pearson (19:38 1967) lists the following intermediate phases.

¢, ucusGe‘ , with the hep (A3) structure isotypic with Mg.
€, “CUjGé”
€1, ”C\.i;;GQ”

€3, ''CusGe', with abece (A2) structure isotypic with W.

, has a'trigohally distorted bcec (A2) structure.

, has an orthorhombic structure 1sotyp1c with B-Cu;Ti.

In addition "CuGe" with a hcp (A3) structure isotypic with Mg has been
n.ported :

The extrernely low SOlubilltles of Cu in (Ge)'have been measured by
Dorward-and Klrkaldy (1 968) Hall (1 957) and Thurmond and Struthers
(1953).

Solid Alloys. Selected values of Table 1 have been taken from Cp
measurements of Rayne (1958), 1°- 4.2°K, xgo = 0.004-0.109. Selected
AH values, of - Table 2 were taken from tin solution calorlmetry of Kleppa

and I\mg (1962) 298°K, xge = 0.043-0.162.
Part II. Tables
" TABLE 1
o Low-Temperature Data for (Cu)-Phase
- “Ge
T°K 0. 00 | .Q.oosj 0.01 | 0.05 | 0.10
, Cp '
1 . 000175 .000180| .00183 . 000190 .000196
.2 . 000419 . 000429 .000434| .000453} .000478
3 .000799 .000814f .000821} .000864| .000935
-4 .00138 .00140 . 00141 | .00149 . 00165
yXlO4 1.641(+.03){1.687 1.711 © 11.778 1.811
- ' TABLE 2
: Heats of Formation for (Cu)-Phase Alloys at 298.15° I\.
+ = .
(1- x)Cu( ) xGe( ) Cu Ge <(s)
X Ge AR
0.05 -210
0.10 ;| -430
0.116%] -512
£50)

PDD April,

1969

!

*Pnasc boundary
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Copper-indium

Partl. D:zcussion

Phases and Strucwures. . The phase diagram was taken from Hansen (1958).
Pearson. (1958) lists the following intermediate phaseS“

3, '*Ctth"", with the bee (A2) structure 1=otypm w1th W.

v, has a comple\ cubic (D81 3i struciure 1sotypic with FesZn,, Cu5Zn8,
or Cug.i‘xl4

5, with a complex structure resemb.ing (D8l _3) which has been variously
‘described as cubic, tetragonal, or hexagonal, (see Shunk, 1569).

n, "Cu,In", has a hexagonal (B8,) structure isotypic with Niyln.
The structure of the ¢ phé.se has not been reported.
Solid Alloys. Selected values of Table 1 were taken from liquid tin solution

calorimetric measurements of Kleppa (1936) 723°K, xIn=0 089-0.375;
0.92-0. 98 '

Liquid Alloys ‘Selected AG In Values of Table 3 were taken from the emf .
~studies of Azakami and Yazawa: (1969), 973°- 1273°K; xIn-O 2-0.8, who
have reported emf versus temperature curves. Selected AH values of
Table 2 agree well with the direct reaction calorimetric measurements
of Yazawa and Itagaki (1969), 1373°K, xj, = 0.10-0. 90, and with liquid
tin solution calorimetric measurements of K;eppa (1956). Other
quantities of Tablies 2 and 3 were calcula: ed with the aid of Gibbs-Duhem
mtegratlon : -

Part I.'I.. Tabies

TABLE 1 |
" Heats of Formation cf Soiid Aiioys at 723°K
«‘I—X)Cu-(s) -.»xm(s. = Cu1 xInx(s)
X, Phase AH
In _
0.05 o 0
0. 30 6 -2040
0. 34 . N -1900
0.39 ) n -1800(£50)

PDD January, 1970



- Cu-In

100
| . TABLE 2 - |
Inturral Quantities for Liguid Alloys at 1073 K _ .
(1- \)Cu +>s1nu) Cu1 xl x(l;
|, | ac|oan 58 | ag™®® | as*®
[0.175%| -1661]-774 | 0.827 |-672 |-0.095
0.2 -17671 802 | 0.899|-700 |[-0.095.
1.0.3 -1991 | =749 | 1.157 | -688 |-0.057
0.4 -2005 | -497 | 1.4051{-570 | 0.068
10.5 -1891{ -240 | 1.538 | -412 0.160 |
- (£150)[(£150) | (. 14) [(£150) | (x.14)
0.6 21689 |- 74 | 1.505 | -254 | 0.168
0.17 1421 23 | 1.346 |-119 0.132
0.8 -1088 70 | 1.075 |- 21 0. 085
0;9 _4 669 66 | 0.6851. 24 0.039
| TABLE 3

Part1a1 Molar Quantities for Liquid Alloys at 1073°K
Cu Component . Cu( = Cu(in alloy)( )

o - -XS = =XS

*cu aCu Tou. | AGCu ' AGCu _AHCu - A8y 50y
0.825%| 0.680 | 0.824 | - 823 | - 413 | - 508 | 0.294 | -0.088
0.8 0.620 | 0.775 | -1020 - 544 | - 645 | 0.349 | -0.094
0.7 . | 0.453 | 0.647 | -1690 | - 930 .| -1269| 0.392 | -0.316
0.6 0.349 | 0.582 | -2243 -1154 | -1622| 0.579 | -0.436
0.5 0.282 | 0.563 | -2702 -1224 | -1309} 1.298 | -0.079
(£.02) | (+.04) | (£150) (£150) | (£300)} (. 35) (£.35)

0.4 0.233 | 0.582 | -3109 | -1155 | - 853 2.102 | 0.281
0.3 0.192 | 0.640 | -3520 - 953 | - 468 | 2.844 0.452
0.2 .} 0.151 | 0.753 | -4037 - 605 | - 16| 3.747 | 0.548
0.1 0.096 | 0.958 | -5002 - 92 | 296 4.938 |  0.362
0.0 0.000 | 1.328 | - 606 | 1010 ® 0.376

In Component In(”:In(in alloy)u)
= - XS =~ ' - . =XS

*1n ®In " AG, | 8G | AH | A5 | A5,
0.173%| 0.072{ 0.412 | -5609 -1892 | -2028 | 3.337 | -0.127
0.2 0.107} 0.537 | -4756 -1325 | -1427 { 3.102 | -0.095
0.3 0.283 | 0.943 | -2692 - 125 465 | 2.942 0. 550
0.4 0.462| 1.154 | -1648 306 1192 | 2.647 0.826
0.5 0.603] 1.206 | -1079 399 829 | 1.1778 | '0.401
(£.04) | (£.08) (£150) (£150) | (£300) | (£.35) (£.35)

0.6 0.706} 1.177 | - 743 346 445 | 1.107 0.092
0.7 0.783 1 1.118 | - 521 239 233} 0.703 | -0.006
0.8 0.848 | 1.060 | - 35 125 91 | 0.412 | -0.032
0.9 0.916{ 1.018 | - 188 37 40 | 0.212 0. 003
1.0 1.000 | 1.000 0 0 | 0.000 0. 000

Phase boundary
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Copper-diagnesium

Part I. Discussion

Phases and Structures.. The phase diégram wés taken from Hansen
(1958) with more accurate (Cu)-phase boundaries from Elliott (1965).
Pearbon (1938 '1967) hsts two mtermedlate phases. :

3, ”Cu Mfr”, with the ordered fee (C15) prototype structure. There
is some ev1dence that dlsordermg occurs above 600 K (see Solid
AllOVb)

Y, "CuMgg "', with an ordered orthorhombic structure.
Solid Alloys. Low-Temperature Data. Selected values of Table 1

were taken from Cp measurements of Slick, Massena, and Craig
(1965), 1.7°- 4°K, xpp4 = 0.333.

High-Temperature Data. Selected values of Table 2 agree with the
enthalpy m;asurementa of Schubel (1914), 291° - 773°K, xy1o = 0.333,
~and Schimpff (1910), 83°- 373°K, xpp = 0.333,70.667. At 600°K and
above, ACp becomes’ pos1t1ve, possib %y indicdting disordering; drop
calorimetry is not a precise method for determining enthalpy under
these conditions. AHgy¢ values were obtained from liquid tin solution
calorimetry of King and Kleppa (1964), 298.15°K,. x)\g = 0.333,0.667.

Selected AGM values of Table 4 were calculated from emf measure-
ments of Eremenko, Lukashenko, and Polotskaya (1968), 673° - 873°K,
XpMg = 0.175-0.585. Mg Vapor pressure measurements of Smith and
Christian (1960), 675°- 1020°K, XpMg = 0.12-0.89 lead to values of
AG , which are less exothermic by 960 cal/g atom than the selected
values for x,, <0.33, and 2240 cal/g-atom more exothermic than the
sizlected values between 0.33 and 0.667. Their results would imply
that ¥ was more stable than 8, whereas 8 has much the higher melting
point. Smith and Christian's results were therefore not accepted.

. “m the selected AGy o values and a value of AGey from the phase
bouadary of the (Cu)-phase, assuming Raoult’s law, the remaining
Gibbs energies of Tables 3 and 4 were calculated. From the

selected AGr50 and AHS , and the heat content data, the re'maining
AG, AH, and AS values of Table 2 were calculated.

Liquid Alloys. Selected AGM values of Table 6 agree (+150cal/g-atom)
with the I \’Ig vapor pressure measurements of Sieben and Schmahl (1966),
865° - 1200°K, XM g = 0.22-0.94, and with the phase diagram. The Gibbs-
Duhem integration constant was obtained from the phase diagram, assuming
Raoult's law for acy in the (Cu)-phase. Temperature coefficients of )
Sieben and Schmahl agree well (£0.1 eu) with selected ASMg, except they
scatter more (£0.8 eu) for X\/Ig<0 4. Selected values also acrree with the

phase diagram.

PDD, SIN June, 1969
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Cu-Mg
Part II. Tables
~ TABLE 1
- Low-Temperature Data for B-Phase‘Alloy,’ ng = 0.333
T.°K |  Cp |
2 0.000598
3 0.00109
) 4 | 0.00182 |
R . o= vy o= 2. +0. -4
f’c'(el_ect;ronic) YT 7= 2.48(20.01)x107¢
o  TABLE 2
Teihperature Dependence of Quantities for Sovlidv Allovs
(1-x)Cu ) +xMg oy = Cuy Mg, ()
— [Cp [ EE TSpS, ] ace G AH | &S
T,°K e " (B-Phase) ng=0. 333 |
298.15 5._810 0 0.000 |-0.067,; -2715 | -2670 |0.152
' | _ _ (£200) | (£50){(+.7) -
500 | 5.996 | 601 | 1.732 |-0.111| -2729 | -2679 [0.125
500 » 6.238 1212 3.095 -0.062 1 -2742 -2689 {0.105
600 '6.570 1851 . | 4.260 0.083 | -2752 -2690 [ 0.103
700 ' 6{ 985 2529 5.304 |O. 325 1 -2762 -2669{0.133
750 1. 1-99- 2884 - 5.793 | 0. 4_52 | -2769 -2649 | 0.160
800 :7.417‘ 3249 6.265 1 0.574 =2779 |- f2624 0.194
- (vy-Phase) ng=0. 667
‘ 298.15 -2280
373 441 |

750
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TABLE 3

- iutegral Quantities for Solid Alloys at 750 K

(1- })Cg(s) f.\Mg(s) = Cu(1~x) gy (s)
\Mg Phase AG AQXS
0.041%| (Cu) | - 398 |- 141 ,
{0.328%¢] g | -2732 [-1789
0. 333 | <2769 |-1820
10.357%| B | -2820 [-1848
- . (x150) | (+150)
0.667 | y | -2139 |-1190
TABLE 4

Pdrtlal Molar Quantltles for Solid A”oys at 750°K

%

Phase boundary

Cu Component Mg Componem
C-u(s)= Cu(in alloy)( ) Mg(s)=Mg(1n alloy)(‘\ :
S =~ | ./XS ~ A& AGXS |
Phase any Ycu AGCu_AGC %Mg /Mg "GM;_{ GTV[g
0. (Cu)! 0.959 '1.000}- 62 0 [0.004 [0.099 | -8203 {-3442
0. B-| 0.959[1.427|- 62 530 {0.004 {0.012 | -8203 | -6541
0. ©0.650 | 0.975{- 641{- 37{0.009]0.027|-7031 |-5392
0. ;3 0.089 110.139]-3604|-2946 {0.391 |1.094 | -1407 129
(. 008)i(+. 012) (¥150)] (+150)f+. 039)+. 11) | (¥150)| (+150)
TABLE 5
Integral Quantities for Liguid Alloys at 1100°K
+
(1- x)Cuu) XM'”(!) Cu(1 X)M"x(ﬁ)
| x AG | aH | as | aG™® | as™®

0.168%} -2072 |-1643 |0.390}-1083 ] -0.509

10.2: -2316 | -1841 | 0.432 | -1222| -0. 562

10..3 -28651-228510.5271-1529§ -0.687

0.4 -3123 | -248510.5801}-1652} -0.757

10.°5. -3131 {-2465{0.605|-1616| -0.772

(£300)| (£500)|(x. 54) | (£300)| (%.54)

lo. 6 -2916 | -2265 | 0.591 | -1444 | -0. 746

.0.7}' -2501 }-1933(90.516]-1165] -0.698

0.8 -1905{-1492 [ 0.375{ - 811} -0.619

0.9 -1124 1 - 9081 0.1971 - 4141 -0.449
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. TABLIS G
" l’qrual Molar Quantlhes fov‘ quuld Alloys at 1100

Cu Co‘mponent - »(” = Culin auoy)u)
x| aa U va. | AG. |aGE | AR a5 | aSFS
Cu - Cu. Cu Cu | " Cu S Cu Cu Cu
10.832%|.0.725 | 0.872 701 |- 299 - 542 | 0.144 |-0.221
0.8 | 0.661 | 0:826 |- 904 |- 416 |- 695 | 0.189 |-0.254
0.7 - | 0.465 | 0.664 |-1674 {- 894 |- 1327 | 0.315|-0.394
0.6 | 0.302" | 0.504 |-2613 |-1496 |- 2145 | 0.425 [-0.590
05 | 0:.187 | 0.373 |-3670 |--2155 |- 3058 | 0.558 |-0.819
[ (£.024) J(+.048) | (£300) | (£300) |- (£500) |(z.54) | (£.54)
0.4 - | 0.110 | 0.275 |-4829 | -2826 |- 3902 | 0.843 |-0.978
0.3 .| 0.063 | 0.209 |-6054 |-3422" |- 4642 | 1.283 |[-1.109
0.2 1'0.034 | 0.171 |-7374 | -3856 |- 5475 | 1.726 [-1.472
0.1 1 0.015 | 0.154 |-9127 | -4094 |- 7206 & 1.747 |-2.829
0.0 | 0.000 [ 0.000 |- oc. |-4168 |-11762 | oo -6. 904
Mg Component , Mg(” = Mg(in alloy)u)

: » = =XS = < XS .
ng__ aMg YMg AGMg AG AHMg ASME AS“U
.168%| '0.017 | 0.103 | -8862 -4965 -7095 1.607 |-1.938
.2 ] 0.026 | 0.131 | -7966 | -4448 | -6419 1.406 {-1.792
.3 |.0.076 | 0.252 | -5643 | -3011 | -4520 1.021 |-1.372
.4 | 0.169 | 0.422 | -3889 | -1886 [-2995 0.813 |-1.008
.5 | 0.306 | 0.611 | -2591 | -1076 | -1873 0.652 | -0.725

-~ (£.04) | (+.08) | (£300) | (£300) | (£500) | (+.54) | (+.54)
.8 +0.472 | 0.787 | -1640 { - 523 | -1174 0.423 |-0.592!1
.7 | 0.639 | 0.513 | - 978 |- 198 [ - 772 .| 0.187 |-0.522!
.8 0.782 | 0.978 | - 538 | - 50 | - 497 0.037 }-0.4086
.9 1 0.898 | 0.998 1 -235 |- 5 | - 208 0.024 !-0.185

.0 - 1 1.000 1 1.000 | 0 0 0 0.000 | 0.0800

hase boundary
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-Copper-Manganese .

" Part 1. Discussion

Phases and Strucwres. The phase diagram, from Shunk (1969), has
been altered lowering the transformation T, -8 of Mn by 20°K to agree
with selected values, The o-phase has the Lcc (A1) structure

isotypic with Cu. At high Mn concentratiens ¥ quenched to room
temperature distorts shghtly to a fc tetragonal structure. The ~v*
and v~ phases indicated aré thought to be ordered structures of

¥, but this could not be confirmed by X- ray diffraction because of

the nearly equal atomic numbers of Cu and Mn.

QOhd AlloL Low Temperature Data. Selected values of Table 1
were taken from Cp measurements of Ho (1965),
0.07°-"1. 2K XMnp = 0. 00057 0.939; 0.06°- 4. 2K XMnp = 1.00.

Ho found a prorounced rise in Cp at the lowest temperature, resulting
in minima in Cp at 0. 1°- 0: 8°K, depending on the concentration. Th:s
‘result, not found in pure Cu was no doubt due to nuclear contributions.

Cp measurements of Du Chatenier and Miedema ¢! 965),

0.06°- 10°K, x = 0.0015, 0. 0115 found minima at approximately the
same tempe ratures though their Cp values only roughly agreed with
those of Ho (1965)

Cp measurements at numerous compositions up to 10°K seemed to .
change regularly with composition, so that Tables 1b and lc were derived
at smoothed compositions. Selected values of Table 1b agree well with

Cp measurements of Zimmerman and Sato (1961)
1.5% 4.2°K, x)Mp = 0.11-0.96; and of Zimmerman and Hoare (1960)

2°- 4°K, XM = 0.0058-0.114; 2°- 15°K, xpMp = 0.0016, 0.0055; but

are slightly Jower than those of De Nobel and Du Chatenier (1959),

1.6°- 20°K, xpip = 0.0013; Du Chatenier and De Nobel (1966),

0.1°- 10°K, xpqpn = 0.00-0.0115. Selected values of Table lc agree
withinafew percent with Cp measurements of Du Chatenier and

"De Nobel (1966}, De Nobel and Du Chatenier (1953), and with those of
Zimmerman and Hoare (1960), with the following exceptions: values

of Du Chatemer and De Nobel (1966) are about 10% lower near

XMnp = 0.01 and 5 °K. Cp measurements of Du Chatenier and Mledema .
(1965) are about 10% higher at 5°K than selected values. |

-All workers found that small additions of Mn to Cu greatly increased
Cp, the result becoming less prominent at higher temperatures. . The
cause for this is not clear: Zimmerman and Hoare (1960) attributed it
10 an antlfe"romagne tic transformation.

PDD _J“ul-_y, 1970
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Hlich-Temperaturc Data. Selected values of Table 2 wei‘e taken
from Cp measurements of Scheil and Normar (1960), 293°- 823°K,

Xain=0. 231. The} attriuted the small anomaly near 523°K to
"short-range ordering’; more likely it iz ccnnected with the ordered
v phase., Cp measurem:nts of Hirano, Maniwa, and 1akag1 (1958),
273°- 573°K, xp1p=0. Sol, J.743, 0.817; ‘and heat cori.at measurements
of Naylor (1946), 723°-1123°K, XMn =0.28-0.91, were not evaluated:
because they involved the two-phase region, makmg initial or fmal
states uncertaln. ‘

- Se lected AG—VI values of Table 4 agree within 200 cal/g atom wiin
emf measurements of Peters and Wiles (1963), 1091°- 1119°K,
Ny Mn” = 0.20-1.00, cxcept for one experimental point (xzr,= 0. 297)
which is less exothermic by about 400 cal/g atom. AGarp values
derived from Mn vapor pressure measurements of Krenzer and
ool (1969), 1043°- 1323°K, XMn = 0-13-1.00 are less exothermic
by 70-450 cal/g atom for xy;,<0.25 and more exothermic by
about 200-550 cal/g atom for Xpp>0.25. It should be noted that
Krenzer and Pool (1869) erred in extrapolating some of their values
for fcc y-phase to xpp, = 1.0. Since they used 8-Mn for their
standard state, extrapolation of the v-phase should lead to
ang>1.00, with corresponding changes in Gibbs function plots.
They are aware of the difficulty, but state that they have
"followed experimental data', which unconvincingly violate the laws
of thermodynamics. They suggest their experimental data may be
~wrong because of surface depletion, but this is less likely at high Mn
conteats. Values of AGM derived from emf measurements of Eremenko,
Lukashenko, and Sidorko (1964, 1968), 923°- 1123°K, x,, =0.06-0.82
are more exothermic than selected values by 50-250 caMd atom for
most compositions but as much as 900 cal/g atom for xpn<0- 25.
Values of AGyy, at 1163°K derived from Mn vapor pressure measurements
of Evseeva and Evseev (1963), 1163°, 1211°K, Xyqp = 0-1-0.95 are in
rough agreement with the selected values but extrapolating to 1100°K
using their temperature coefficients gave absurd results. The value of
\G\In at X\ = 0.885 was taken from the phase diagram. Conversion
.0 the Y- Mn standard state was made assuming for Mn that ASB " 0.37,
invariant with 1.

Sclected &H values of Table 3 we're taken from the liquid tin solution
czlorimetric measurements of Pratt and Bryant (1969), 320°K, XM 0.1-0.9.
Temperaturé coefficients of Eremenko et al. (1964, 1968) lead 10 :
improbably large endothermic values for AH and AS.

Jdauid Allovs. Selected values of Table 6 were derived from Mn vapor
sure measurements of Spencer and Pratt (1968),-
Q

- 1596°K, x,, =0.05-0.85.

C"JUJ
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Part II. Tables .
'TABLE1 o
: _‘ Low-Temperature Data for v-Phase Alloys
Vable i1a L : v o
- T, °K ‘
008 | ©0.10 | 020 i 0.5 | "0.80 | 1.00
xhln Ti o . : _ . Cp . o -
0. 000 = 0,0000133 0.0000166 0;0000333 0.0000845| 0.0001390.000177
0. 00657 O;OOQiS._ 0.00016 0.00017 0.00037 0.00062 | 0.00077
0.0014 0..00033 0.00025 0.00019 . | 0.00037 0.00058 | 0.00072
0.0059 0f00114 0.00077 '0‘00031 ‘ 0,00034 ] 0.00051 | G.00063
Q.0107 0:00243 { 0.00166 0. 00055 0..00041 ‘0.00058 {0.00071
0.0319 0t00614 - 0.00406 0.00118 1 0.00055 0.00068 {0.00081
0.435 | . |~ | 0.00617 | 0.00144 |0.00115 |0.00121
0.586 1 0.00591 -] 0.00178 | 0.00177 | 0.00200
0.939 5" _ : . 0.00267‘ 0.00165 0.-00222 | 0.00269 |
1.000%{ 0.0100 0¢00653 . 0.00202 0.00135 . | 0.00186 | 0.00227
Table b | L
— T°K____
2 { 3 | 4 |
Kyro ) Cp - X1 Ov‘(:!:. 1)
‘0.00*' '0.000423 0.060806 0.00139 1.66
0.10 | 0.00248 | 0.00415 | 0.00636
_ O;ZOf 0.00166 1 .0,00275 | 0.00416
0.30 | 0.00129 | 0.00230 | 0.00376 5. 45
1 0.40 0.00162 - | -0.00269 0. 00407 - 7.40
-10.50° 0.00225 0.00372 1 0.00550 10.45
. 0;60_ 0.00400 0.00606- | 0.00816 19. 86
0.70[ 0. 00497 0.00777 0.0110 - 24.00
0.80 0.00546 0.00852 | 0.0120 - 26.45
0. 80 0.00525 0.00795 - 0.0113 24.25
1.00%x{ 0.00452 0.00696 0.00864 21.99
Table lc : ' B
I
5 | 10 | 15 | 20
*Mn 3 Cp
'0.690* 0.00225 0.0133 0.0439 0.110
0.001 | 0.0036 | 0.015 0.116
0.005 0. 0084 O.Q21 v 0.052
0.01 0.011 0.028

“Seiected values (see (Cu)
C ol Eor v-Mn
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TABILE 2

Hl oh-" lcmncrature Data for v-Pha

. 769 +0. 231 ‘ :
| _ Cu( ) 0.231 an) | u00_769M*1 .
T,°K Cp ACp T,°K | Cp ACE |
1298.15 6.05 0.02 1523 7. 40 0.85
400 6.30 0.02 550 7.01 0.39
473 6.56 0.11 6G0 7.05 0.33
-‘500' 6.88 0.37 il 700 7.15 0.23
T TABLE 3 |
Integrai Quantities for y-Phase -.1loys at 1100°K
1-x)C + xM; = '
| A0 DMy T My
x| aG aH | as AGX? as™
0.10 . |- - 755 240 0.904 - 45 | 0.259
0.20 | -1105 456 1.419 - 12 0.425
0.30 {. -1270 608 1.707 66 . | 0.493
0.40 . -1299 701 1.798 172 | 0.481
0. 50 - -1226 764 1.809 | 289 0.432
. (£350) | (x100) | (x.33) | (£350) (£.33)
0.60 -1072 | 871 1.766 399 0.429
0.70. - 860 1009 1.699 475 0.485
'0.80 |- - 615 | 1096 1.555 479 - | 0.561
'0.885%] - 396 720 1.014 384 0.305
0.90 625
TABLE 4
Partlal Molar Quantltles for y-Phase Al loys at 1100°K
Cu Component Mn Component
| | Cu(s) = Cu(in_alloy)(‘fy) Mnﬁ/) = Mn(in alloy}(_y)-
x ~ = XS A— ‘ = XS
\M n %Cu YCu AGCu v AGCu, ®Mn _YMn GMn AGMn
0.00 1.000 | 1.000 0 0] 0.000(0.669 |- -230
0.10. | 0.883 ] 0.982})- 271 | - 411 0.096(0.964 |-5114 ; - 81
10.20 0.776 | 0.944 |- 613 -125} 0.245[1.224 | -3076 442
0.30 | 0.633| 0.9041-999 ¢ - 219] 0.419]1.396 |-1902 | 730 |
0. 40 0.526 | 0.876}-1406 { - 285} 0.59411.485-1139 864
10.50 0.437 ) 0.8741-1809 ; - 294 0.7451.491 |- €23 | 872
P (+.07) | (£.14) {(£350)! (+350)} (x.11) {(£.22) | (£350) |(£350)
{ ' . { Caes
0. 80 0.367 | 0.917 }-2152 : - 189} 0.861|1.436 - 326 790
0. 70 0.319 | 1.0641-2496 1 1356 0.930)1.328 |- 139 621
S. 80 0.299 | 1.494}-2641 ; 877§ 0.9521.190 |~ 10% 380
0.885% | 0.290 | 2.526-2702; 2026 0.957}1.081 {- 96 171

[y

*Phase boundary
“*Measured at 32Q°K, phase is unstable at 1100°K..
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s TABLE 5
Integral Quantities for qund Alloys at 1500 K -

- g‘l x)Cu.u) +an(“ Cu,l x) Deg)
SR ~X5 { | _ | anXS
\Mn ’ AG : AG XMn AG ) AG
0.1 | -1082 | -113 0.6 1-1377 | 629 .
0.2 -} -1555 ; - 64 i 0.7 | -1099 | 722
0.3 ©1i-1724 | 97 ' 0.8 | - 785 707 |-
0.4 71 -1714 292 0.9 | --458 513
0.5 | -1591 | 476 il 0.96%| - 226 275
_ (thO) (£100) ﬁ P (£100) ; {=100)
. . TABLE 6 |
Partlal Molar Quantities for: quuld Allgys at loOO K
Cu Component o1 7 - Mn Component
(l) = Cu(m alloy)u) Mn (1) Mn(ln alloy)(“
- L A XS : = ~ XS
“ua| 2cu | Teu | %Gcu | 26cul | "ma | 2Cua | %G
0.0 [1.000{1.000{ . O ol 00,0001 0.511f - -2000
0.1 {0.875|0.972} - 400 | - 86 } 0.089 | 0.887]| -7219 | - 356
0.2 |0.724]0:.905| - 964 | - 299 ! 0.268 | 1.342] -3920. 877
0.3 10.59810.854} -1532 | - 469 § 0.482 | 1.608| -2173 1416
0.4 }0.511}0.851] -2004 ; - 481 { 0.651 ] 1.627] -1280 1451
0.5 {0.440|0.879| -2450 | - 384 | 0.782 | 1.565| - 731 | 1335
(£.015)((£. 03) | (x100){ (£100)} (z.025)| (%. 05) (£100) | (£100)
0.6 |0.380[0.951| -2882 | - 151 || 0.882 | 1.470| - 374 1149
0.7 |0.340}1.133| -3216 373 | 0.938 | 1.340) - 191 8§72
0.8 |0.327]1.637| -3328 1469 | 0.951| 1.189| - 149 516
| 0.9 |0.301{3.011| -3577 | 3286 | 0.964 | 1.071} - 109 205
0.96%0.250 | 6.261{ -4127 5468 | 0.987 | 1.028¢ - 41 51
= —Enil : _

hase boundary
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Copper-Molybdenum

Part I. Discussion

Phases’ aiﬁ_dvl"Structur.es. Hansen (1 958) reports a com'plvete miscibility
gap in'the liquid state and vanishingly small solubility of Mo in (Cu). "
Elliott (1965) reports a solubility of Cu in (Mo) at 950°C of about 1. 5wt.%.

Part II. Tables -
No the"rmod'jmé.mic_da-ta were found for this sysfei‘n. :
Part ITL. - References -

- (For references not in list, see General References.)

'P_'.DD January, 1971
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Copper-Nickel

Part I. Discussion

Pnaqeb and Structures. The phase diagram, from Hansen (1$38),
shows complete’ miscibility in the solid and liquid states. The liquidus
- is well established, the solidus probably is too low. Elford, Miiller,
and Kubaschewski (1969), calculated from thermoaynam;c data that

tm re should be a miscibility gap below 600°K. '

'Sohd Alloys Low Temgerature Data. Below 4°K Cp measurements
were found for numerous composnlons Since they agreed reason-.
ably well, it was possible to driaw credible Cp versus xy; curves,
obtaining the smoothed values of Table 1. For compositions

xNi = 0.35 to 0. 55, Cp values are anomalously high, reaching a
maximum at xNj = 0.43-0.45, and Cp/T increases as the tempera-

~ wre decreases. The selected values of Table 1 agree within a few .
percent with the Cp measurements of Dixon, Hoare, and Holden (1968),
1.2°- 4.2°K, xp;i= 0.0-0.9; and Gupta, Cheng, and Beck (1964),

1.3°- 4.2°K, xyj = 0.45-0.90. Cp measurements of Keesom and -
Kurrelmeyer (1940), 1°- 20°K, xyj; = 0.216-0.816, are higher by 0-6%
and show a pronounced anomaly at 2°K not found by the others;
Manchester (1959), 1°- 4, 2°K,'xNi = 0.313, whose own values are
lower by 10-30%, believes this anomaly may be due to desorption of
He. Values of Guthrie, Friedberg, and Goldman (1959),

1.3%- 4.2°K, xyj = 0.108, 0.265, 0.37, are higher by 0-9%.

Cp values of Keesom and Kurrelmeyer (1840), above 5°K are shown
in Table 2 and agree with Table 3. Values of Table 3 were taken
from Cp measurements of Eucken and Werth {1930),

15°- 202°K, xnj = 0.42, whose values were extrapolated to agree
with Table 4. Values of Table 4 were taken from Cp measurements
of Honda and Tokunaga (1935), 297.9°K, xnj = 0.0-1.0, except that
their measurements at xNj = 0. 522 and 0. 574 are about 4% lower
than the smoothed curve, which also agrees with Table 5. Yece and
Zlmmerman (1966), 0.05-0:15° I\ Xnj = 0.43. and Ho, O'Neal, and
Phillips (1983),.0.3°- 4°K, xyj = 0. 43, have measured the Cp of
commercial constantan.

High-Temperature Data. Selected values of Table Swere taken from Cp
measurements of Pawel and Stansbury (1965), |

323°- 883°K, xnj = 0.520, 0.764. 0.907, 1.000; and Grew (1934),

83°, 196°, 293°- 670°K, xy; = 0.801, 0.881, 0.944. At the measured:
compositions, except xnj = 0, 764, the maximum Cp anomaly occurs at

PDD. October, 1969
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the magnetic Curu temperature. At x =0. 764, the maximum Cp
iies about 60°K higher than the selected t‘ume tempcrature “The -
reason for this is not clear, except that the composition is in a
range found not.to give reproduc1ble results by Elford, Miller, anc
‘\ub 1schews1\1 (190)) :

Sclected ..SH valugs agree well (£100 cal/m"’om) with the dlrect react10n|
cu-or‘.metry of Eliord, Muller and Kubaschewski (1969), '
773°-1273°K, xNi=0.1-0.9, and with the tin solution calorimetry of |
Oriani and Murphy (1960), 913°K, xN;j70.03-0.94. Eliord, et al.
found that in the composition range xyj=0. 5-0. 8 the values sca+tered
widely, being as much as 650 cal/g-atom lower than selected ones.
They made Cp measurements at xyy;=0. 7, finding the values very high
and scattered. - After annealing the alloy for 11 weeks at 773°K, they
found lower, more consistent Cp values. They concluded that the’
deviations Were_fcziused by nonequilibrium effects, and selected '
interpolated values, which also agree better with work of others. Their
Cp values, even after the long anneal, are higher than interpolated values
by more than 10%, so they have not been tabulated.  Oriani and Murphy's
values of AH were also lower than selected ones in the rangexNj=0.5-0.8.

Tin solution calorimetric measurements of Leach and Bever (1959),
273°K, xNj=0.12-0.40, yielded more endothermic values by as much as
600 cal/g-atom; this could be reconciled only by an average ACp=-0. 85.
Direct reaction calorimetric measurements of Kubaschewski, Dench,
and Genta (1958), 995°K, xp;=0.5,0.6, give AH values which are
75-100 Cal/g atom more endothermlc than selected values

Selected AGNI values of Table 7 agree ulosely with emf{ measurements.

of Rapp and Maak (1962), 973°, 1273°K, xNj=0.1-0.9; values of Nanis'
(1954), 973°K, xp;=0.01-0. 77, which scatter widely, are less endother-
mic by 0-900 cal/g-atom. Other values of Tables 6 and 7 were calculated
from selected AH, and AG ; values. The emf values reported by Vecher
and Gerasimov (1963), 873 - 1023°K, xNj = 0.10-0.93, modifying
slightly earlier measurements of Gerasimov, Vecher, and Geiderikh
(1958), 883°- 1038°K, xyj = 0.07-0. 90, yield values of AGg, which are
more endothermic than selected values by 40-140 cal/g-atom, except for
xNi >0.8, where they deviate in the same direction by larger amounts.

- Temperature coeificients of Rapp and Maak (1961) and Vecher and
Gerasimov (1963) lead to values of AH which agree with selected values
\\whwn 50 cal/g- atom

Liguid Al]oys. Selected AG(, values of Table 9 agree (x100 cal/g—' tom)
with the Cu vapor pressure measurements of Schultz, Zellars, Payne;
and Foerster (1964), 1796°- 1866°K, xy: = 0.05-0.90. Elford, et al.
(1969), from thermodynamic values for the solid zlioys, the liquidus of
the phase diagram, and assuming ideal entropy for the liquid alloys, were
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able o calculate AG™S values (abSUITLE(.. AH)over the entire ¢oncentration :
ange which were more endothermic than the selected values by iess than .

1*»0 cal/g- atom. ‘Considering e\penmemal uncertainties and the '
assumptions necessary, this should be regarded as good agreement.
We have chosen to tabulate the experimental values. “Selccted AH values
of T'able 8were 1aken from the direct Calorlmetmc measurements of
Dokken and Elliott \1963) 1473°K, XNi = 0.00-0.15, and Benz and Elliott
(-Qu-}) 1473° K xxjj = 0.007-0.088. .. Von Samson-Himmelstjerna (1936),
1773°K, xpg = 0:00-1. 00, measured heat contents of hquld alloys by
pouring them into a calorimeter at room temperatu“e Eliford, et a
(1909), analyaed the data, finding, with the aid of reasonable
assumptions, that AH = 2360xy;(1-xyi), in good agreement with the
selected values -However, the method is somewhat crude and this
usult was not used. El'Khasan, Abdel-Aziz, Vertman, and Samarin
(1966), 1773°K, xni * 0.18-0.90, found large exothermic values of AH
{maximum -1890 cal/d atom), in agreement, they report, with earlier ‘
work by cryvalm, Esin, and Nikitin (193 8,,\¥but the result is not in
accord with other data. A graphite resistance tube was used for “heating;
possibly this contammdtk.d the Ni with C. '

Part IL, “Tables

, : TABLE 1
o Low Temperature Data for Sohd Alloysv
. ] a0
X 1 i 2 3 { 4 x10%
- _ . Cp (. 1)
! 0. 0% .0;000177, - 0.000423 | 0.000806 | 0.00139 | 1,66(x.01)
0.1 -0.00024 0.00054 0.000948 0.00153 2.31
0.2 0.00035 0.00075 .| 0.00125 0.00190 } 3. 40
0.3 0. 00058 0.00120 "0.00189 0.00268 | 5.78
0.4 | 0.00135 0.00240 0.00319 0.00421
0.45 0.002867 0.00430 0.00597 | 0.00798
0.5 {:0.00212 0.00380 0. 00560 0.00770
0.8 -0.00156 0.00313 10.00474 0.00638 15. 56
0.7 "_0~00149_ 0.00302 0.00461 0.00632 14.88
0.8 "0.00155 0.00315 0.00486 0. 00672 }15.43
0.5 | 0.00167 0.00338 0.00516 0.00706 | 16.65
LlaO’"fl 0.00168 0.00340 0.00518 0.00704. | 16.80

“Irom selected valiues
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TABLE 2

Low- Temperature Data for Solid Alloys

(According to Keesom and Kurrelmeyer)

T,?K: o 000*. | 0.216_ [' 0. 42 | o0.62° | 0.816 | 1.000% _
5 -0..'00225 - 0.00382 -0.00933| 0.008821 0.00891 | 0.0091
10 0.0133 0.0168 | 0.0248 | 0.0249 | 0.0239 0.023
15 [0.0439  *[0.0483 | 0.0527 | 0.0557 .| 0.0511 | 0.0434
20 10.110 0,107 0.0990 ! 0.108 0.096‘5 0.0770
1XIO41.660t01)4.57(iJ)16.6tt2) 15.2(+.1) {15.8(+.1) [16.8(+.1)
*From selected values. '
| TABLE 3
- Low- Temperature Data for Solid Alloys le 0.42
T,’K| Cp T,°K Cp
. 5 10.00933 || 50 |1.206
~10. 10.0248 75 2. 455
15 {0.0527 Il 100 3.490
20 |0 ‘0990 150 . | 4.745
25 [0.191 200 | 5.326
30 l0.326° |l 250 | 5.561
: 40 '10.695 - 298.15| 5. 644
Cp(electro'nic) 7T 16, 6(x. 2)X10°
- - AH AHO = —23'
ASSt—. S0 = - 0.16
TABLE 4
Heat Capamtles of Solid Alloys at 298.15°K
| *ni] P ) *wi] CP
0.0} 5.840 0.6} 5.988
0.1] 5.664 0.7) 6.171
0.2} 5.570 0.8] 6.310
0.3 5.5580 0.9 | 6.350
0.4] 5.618 1.0 6.230
0.51{ 5.780 i
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"TABLE 5
 High- Temperature Data for Sohd Alloys

*Ni- ' '
T,°K | 0.520 Io T64% ]’0 801+ “[0881 +]0,907%%] 0.944%%> J 1.000
_ . - Cp _ . -
298.15] 5.8245 6.268, 6.312 {6.352. 6.348, .'5.327 | 6.230
350 | 6.12816.480 | 6.686 |6.660 [6.644 | 6.704 | 6.536
1400 ~ 6.260 [6.762 | 7.012 [6.984 [6.946 | 7.074 - | 6.800
404 .| 6.270 {6.786 | 7.040% | 7.012 '[6.972 | 7.106 6.820
450" | 6.388 [6.709 | 6.936 | 7.343 {7.294 | 7.481 7. 062
495 6.496 |6.736 | 17.926 | 7.660% [7.628 | 7.852 | 7.340
500 | 6.509 {6.742 6.930 |[7.572 |7.666 | . 7.894 7.374
525 | 6.565 |6.776 6.962 | 7.276 |7.860% | 8.093 | 7.575
550 6.620 [6.814 | 6.992 | 7.154 |7.360 8.2176 7.813
567 | 6.656 |6.842 7.012 | 7.136 {7.252 | 8.400% | 7.965
580 6.684 |6.862 7.028 | 17.130 |[7.212 7.940 | 8.095
600 6.726 |6.896 |[. 7.054 [ 7.135 [7.182 7.568 | 8.314
620 6.769 |6.932 | 7.082 | 7.146 |7.146 7.538 8.660
631 6.792 |6.954 7.096 |[7.154 ]7.176 7.536 9. 300
650 © 6.829 16.994 | 7.123 |7.168 |7.188 7.537 | 7.640
700 6.922 |7.104 | (7.196) [(7.216) |7.234 | (7.556) | 7.370
1800 7.072 17.307 | (7.346) |(7.350) |7.360 | (7.591) | 7.440
900 | 7.182 [7.460 ’:(7.498)-(7.503) 7.510 (7.638)’ 7.640

#Curie temperature

Accordmg to Pawel and Stansbury (forxyj = 0 764, the maximum Cp
at 404°K does not coincide with the magnetlc Curie temperature 340° K)
el Accordmg to Grew -
TABLE 6

Integral Quantities for Solid Alloys at 973 K
(1- x)Cu( )+xN1( ) Culv_erX(S)

x| 4G aH | as | ag*s | as*®
10.1} -415 . 74 | 0.502 | 213 -0. 144
{0.2 } -578 166 0.765 { 390 -0.230
+10.3 | -654 265 | 0.944 527 | -0.269
10.4] -679 355 1.063 622 ' -0.274
0.5} -667 425 1.122 673 | -0.255

C o F(£100) | (£100) | (£.11) J(£100) | (%.11)
0.6 | -625 461 1.116 676 -0.221
0.7} -559 449 1.036" 622 -0.179
10.8 | -469 378 0.870 499 { -0.124
0.9 -334 232 0.582 | 295 -0. 665
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 TABLE 7 H
Parual Molar Quantities for Solid Alloys at 973 K

Cu Componcpt C,uv(‘s')_ Cu(m alloy)( )
- - = = X8 ‘a . =XS
*ou | 2cu ] Yew |2%Gcu [2Cca | 2Bey|2Scy | 2Scy
1.0 | 1.000 | 1.000 0 0 -0 {0.000| 0.000
0.9 | 0.908 | 1.009 ‘|- 186 18 |- 12 10.179| -0.031
0.8 { 0.832 | 1.040 |-35 | 75 |- 29 |0.336| -0.107
- 0.7 ] 0.767 | 1.096 |- 582 | 177 |- 25 {0.572| -0.208
0.6 | 0.713 | 1.188 |- 654 | 333 26 |0.699 | -0.315
0.5 -]-0.659 | 1.319 |- 804 535 | 150 ]0.980| -0.396
SR . (i 03) +. 07) (ilOO) (i]OO) (:t200) (+. 23) (t. 23)
0.4 | 0.610| 1.526 |- 954 | 818 374 11.365| -0.456
. 0.3. | 0.566 | 1,888 |-1099 ]1229 725 |1.875| -0.518]
0.2 | 0.506 | 2.531 |-1317 |1795 1229 |2.617| -0.582}
0.1 | 0.369 ] 3.693 | -1926 {2526 1912 | 3.944 | -0.631
0.0 ] 0.000 ] 5.900 |- o 3432 | 2800 o  -0. 649!
Ni Component : Ni.(s) = Ni(jn alloy)
' pad .~ XS = e XS
*Ni | 2Ni i | 2SN ] AN | i} SN | S
0.0 | 0.000 | 3.286 [ - o 2300 600 e -1. 747
0.1 | 0.277 | 2.773 | -2480 | 1972 842 | 3.414 | -1.161
0.2 | 0.469 | 2.345 | -1464 | 1648 947 | 2.478 | -0.720
0.3 | 0.601 | 2.002 | - 985 | 1343 941 | 1.979 | -0.413
0.4 | 0.690 | 1.725 | - 717 .} 1055 | - 850 | 1.610 | -0.211
0.5 | 0.761-| 1.521 | - 529 811 700 | 1.263 | -0.114
t.04) | (£.08) | (+100)| (£100) | (£200) {(+. 23) (+. 23)
0.6 ] 0.811 | 1.351 | - 406 | 582 518 | 0.950 | -0.066
0.7 | 0.844 ) 1.206 | - 327 362 331 | 0.676 | -0.032
‘0.8 | .0.876 | 1.095.| -'257 | 175 165 | 0.434 | -0.010
0.9 ] 0.922 | 1.024 | - 157 47 46 | 0.209 | -0.001
1.0 | 1.000 | 1.000 0 0 0 ] 0.000 | 0.000
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o TABLE 8
Integral Quantities for Liquid Alloys at 1823°K

(1~x;Cu(” +xN_1(“ g _Cu(l—x)le(i) ,v
xg, | sG | aH | as | G| as™®
0.1 |- 948 | 240 | 0.652 | 229 [ -0.006
0.15} -1195 341 | 0.842 336 | -0.003
0.2 [-=1377 |} 435 .
0.3 |-1617 | 596
0.4 | -1745 | S 693 |
0.5 | -1786 ) 725
| o0y |} - (£100)
0.6 | -1742 I ' 696
0.7 | -1604 | 609
0.8 | -1349 1 464
0.9 |- 917 | 261

TABLE 9

Pa?tiz’a]. Moiar Quantities for Liqguid Alioys at 1823°K
TCu COnﬂponent N Ni Component
Cu(” = Cutlin gl].oy)(l ) . Nl(l) = Nilin allo)’)u}

. 1 .1 As XS | = | axs
i | 2ca | Yeu | Ccu| 25| 2w Ni | ®%n | %%
0.0 | 1.000}] 1.000 0 0 |{0.000 | 1.906 [ - 2336
0.1 {0.902{1.002(- 374 8 {{.0.185 [ 1.864 { -6120 | 2222
0.2 | 0.814(1.017[ - 747 61 {] 0,341 | 1.704 | -3899 | 1931
0.3 {0.740] 1.058{ -108%& 204 |} 0.455 { 1.517 | -2851 | 1510
0.4 | 0.677} 1.128} -1414 436 1 0.539 | 1.347 | -2241 |1079
0.5]0.611}1.222}-1786 | 725 [f0.611 | 1.222 | -1786 725

(£.02) |{£.03) | (£100) | (x100) {|{+. 02) | (+.03) | (£100) {(x100)
0.6 | 0.534| 1.334| -2275 | 1044 ]} 0.682 | 1.136 | -1337 | 464
0.7 | 0.444| 1.480| -2941 | 1421 }/0.752 | 1.075 | -1031 ‘| 261
0.8 1 0.334] 1.669) -3974 | 1856 | 0.826 | 1.032 | - 692 116
0.9 ] 0,191} 1.912} -5992 '| 2349 || 0.907 | 1.008 | - 353 29
1.0.] 0.000{ 2.227} - 2900 || 1.000 | 1,000 ol o
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Copper l.ead

—Part I. Discussion

Phases and Structures. The phase diagram, from Hansen (1958) and
Elhott (1- 965) with the critical temperature of the miscibility gap, _
Te = 12542 Kfrom Jacobs, Maes, and de Strycker (1967), shows almostcom- L

- plete 1mmlsc1b111ty in-the sohd state and a miscibility gap in the liquid.

ILiquid All_o'yS‘. Selected AH values of Table 1 were taken from heat con-

tent measurements of Schiirmann and Kaune (1965),1225°-1473°K, xp=0.1-0.9,
except that shghtly less endothermic values werée taken at Xpp = 0.8 and 0.9,
in order to agree bettér with the phase diagram. Usual errors in the -

method caused by segregation in freezing should be absent in this system
Direct calorimetric measurements of Kawakami (1930), 1473“K,pr=0.24-0.80,
yicld' AH valucs more endothermic by 200-400 cal/g-atom. AH values cal-
culated by Kleppa (1952) from the phase diagram agree with selected values
w1th1n +50 cal /g atom at most concentrations. From the AH vs Xpp curve,
AHC and AHPb were obtained grap.ncally '

The selected AGC' values agree within +50 cal/g-atom with values calcu-

lated from the liquidus and also those calculated by Kleppa (1952) from the

phase d*agram In the calculation L\HCu and ASCu were assumed to be

invariani w1th T, that is, ACpC = 0. Values were referred to Cu(y)
assuminy for Cu that AHp, = 3140 cal/g-atom, Asm 2.315 cnl/deg g-atom,
invariantwith T.. Vapor pressure measurements of Yazawa, Azakami, and Kawashima
(1966}, 1273°- 1473°K, xp Pp = 0.10-0.78, yleld values of AGPb which agree

- with s«lected values within 100 cal/g-atom except for xpp<0. 2 where

they trend to 280 cal/g-atom more exothermic; those of Kim and Abdeev
(1963), 1373°K, Xpp = 0.0003-0.015 scatter (1000 cal/g atom) about
sclected values; while those of Abdeev and Miller (1958),

1273°- 1473°K, xp}, = 0.08-0. 55 are less exothermic by 400-1600 cal/g-atom.
Liangenberg (1956), 1873°K, Xpp = 0.96-1.00, measured the distribution

coefficient of Cu between Fe(y) and Pb(y). From the selected values for

Cu-Fe (see Cu Fe), the AG ey, values calculated from the distribution

coefficient are about 900 cal/g-atom more exothermic than selected values.

AG values calculated by Schurmann and Kaune (1965) from their heat

content curves are slightly (0-45 cal/g atom) less exothermlc than

selected values. \

PDD  August, 1968
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Part II. Tables

"TABLE 1

Inte«gra]: Quantities for LiquidAlloys at 1473°‘K'

- (1-x)Cu

+xPb

= Cu

(£) 1-x" Px(e)
) Xs XS
xpy | 4G AH as AG” 3 AS
| o.1 | -500 707 | 0.819 452 0.173
0.2 -645 1154 | 1.221 820 | 0.227
- 0.3 -712 1422 1. 448 1076 0.234
0.4 | -1762 1567 | 1.581 1208 | 0.244
0.5 | -793 1607 1. 630 1235 0.252
- | (#100) - (£100) | (+.068) (£100) | (+.068)
0.6 | -803 1534 | 1.586 1167 | 0.249
0.7 | -782 1338 | 1.439 1006 0.225
S 0.8 | -707 1026 1.176 757 | 0.182
0.9 -530 584 | 0,756 421 0.110
TABLE 2

Partial Molar Quantities for Liquid Alloys at 1473°K

Cu Componept Cuu) = Cu(irl alloy)(?)
, - | -xs - = SXS
*cu | fca | Yeu | “Ccu |%Ccu | 2Beu | %Scu | “Scu
1.0 |1.000 | 1.000 0 0 0 0.000 [ 0.000
0.9 ]0.912 | 1.013 | - 270 38 143 | 0.280 | 0.071
0.8 |0.852 | 1.065 | - 468 | 185 468 0.635] 0.192
0.7 10.832 ] 1.188 | - 539 505 824 | .0.925 ] 0.216
0.6 |0.815 | 1.359 | - 598 897 1198 | 1.220 | 0.205
0.5 |0.791 | 1.581 | - 688 | 1341 | 1670 | 1.601 | 0.223
(£.027) |(£.055) | (+.100) {(£100) | (£x150) | (£.12) | (+.12).
0.4 ]0.755:| 1.886 | - 824 | 1858 2344 | 2.151 | 0.330
0.3 |0.691. ] 2.304 | -1082 | 2443 3121 2.853 | 0.461
0.2 |0.577 {-2.884 [ -1610 | 3101 4013 3.817 | 0.619
0.1 |0.370 | 3.702 | -2909 | 3831 5184 5.494 | 0.918
0.0 |0.000 | 4.872 | - 4635 6600 w . 1.334
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Pb Component- _ |

Pb(l) = ?b(in alloy)(l)

Cu-Pb

TABLE 2 (Cont'd) -

.000 - |

: . = . XS = = XS

*pp | %pb | "eb | 2% | “Cpp | AHpp | e [%Spp
| 0.0 |0.000 | 5.271 - © 4865 | 8620 | o 2. 549
0.1 | 0.417 .| 4.166 -2563 | 4177 5791 .| 5.672 | 1.096
0.2 | 0.630 | -3.148 -1354 3357 3898 | 3.565 | 0.367
0.3 | 0.683 2,218 -1115 | 2409 | 2817 2.670 | 0.2717
0.4 [0.709 | 1.772 .| -1008 | ' 1674 | 2120 | 2.124 | 0.303
0.5 | 0.736 | 1.471 -899 | 1130 | 1545 | 1.659 | 0.282
+,025) ‘| (£.051) | (£ 100) | (£100) | (*150) | (+.12) |(+.12)

0.6 | 0.764 1.273 - 7189 707 | 994 1.210 | 0.195
0.7 | 0.800 1.143 - 653 391 573 0.833 | 0.124
0.8 | 0.848 | 1.060 - 482 mn 279 | 0.516 | 0.073
0.9 | 0.913 1.015 - 266 42 73 0.230 | 0.021
1.0 |1 1.000 0 0 0 0.000 | 0.000
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Part III Reference‘s ‘
(For references not in hst see General Refcrences)

Abdeev, M. A. , and 0.G.Miller (1958) Russ. J. Inorg Chem. 3, 130-5.
Vapor pressure (1273 - 1473°K be' = 0.08-0. 55).

Jacobs, J. J R ‘H.Maes, and R.E. deStrycker (1967) Trans Met. Soc.
AIME 239 1166- 71 Critlcal temperature

Kawakaml M. (1930) Sci. Repts. Tokohu Imp. Univ. 19 521-49.
AH (1473° K be 0. 24 0. 8)

Kleppa, O. J. (1 952) J. Am, Chem. Soc. 74, 6047-51,
Calculations from phase diagram. '

 Kim,G.V., and M. A. Abdeev (1963) Russ. J. Inorg. Chem. 8, 732-4.
Vapor pressure (1373 K, be'" 0.0003-0.015). :

Langenberg, F.C. (1956) J.-Metals 8, 102.4—5, ‘Distribution coefficient of
Cu between Fe and Pb (1873°K, Xpp = 0.96-1,0). B

‘Schurmann, E., and A, Kaune (1965) Z. Metallk. 56, 575-80.

| AH, AG (1225°-1473%K, x,, = 0.1-0.9).

Yazawa, A., T.Azakami, and T. Kawashima (1966), J. Mining Met Inst.
Japan 82, 519-24, Vapor pressure (1273°- 1473 K pr 0.1-0. 78).
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‘Copper- Palladium

Part I. Discussion .

Phases and Structures; The phase diagram, from Hansen (1958), shows
a complete scries of solid solutions with fcc (A1) structures. At lower
temperatures complex ordermg phenomena occur; Hansen shows tenta-
“tive boundaries of three regions. Pearson (1958 1967) describes the
ordered structures as follows

o' has the ordered fcc (L15y) structure 1sotyp1c w1th AuCu3

. .has_ an ordered tetragonal structure a distortion of (L1 2)
_.which is best described through antiphase domains.

'B has an ordered bec (B2) structure isotypic with CsCl.

Numerous 1nvest1gat1ons have been and are bemg made of the ordering
process and structures, especially for o'".

Solid Allo_ys -Selected AGCu values of Table 2 agree within

+100 cal/g -atom with vapor pressure measurements of Myles and
Darby (1968), 1350°K, xpd = 0.1-0.9. Values of AG(Cy from other
measurements ‘were brought to 1350°K with the use of the selected
ASCu values and were found to agree as follows: Emf measurements

~ of Vecher and Gerasimov (1963), 873°- 1033°K, xpq = 0.11-0.92,

agree within +125 cal/g-atom, except at xpq = 0.5 and 0.7, where
their values are more exothermic by about 500 cal/g-atom. Earlier
emf{ measurements of Vecher and Gerasimov (1958), 873°- 1073 K,

‘xpd = 0.11-0.92, are mostly less exothermic than selected AGC
values by 150- 1000 cal/g-atom. Emf measurements of Pratt and
Bugden (1967), 900°- 1200°K, xpgq = 0.1-0.9, scatter (+350 cal/g-atom)
about the selected values except for xpy>»0. 8, where they are less
exothermic by 800-1100 cal/g-atom. Equilibrium data of Schenck and
Keuth (1940) 883°K, xpg = 0.08-0.17, are about 100-175 cal/g atom
less exothermic. 'Gibbs-Duhem integration of the selected AG, values
gave the AG and AGPd values of Tables 1 and 2.

Selected AH values of Table 1 agree within the experimental scatter of
+100 cal/g-atom with tin solution .calorimetric measurements of Guadagno
Orr, and Hultgren (1961), 1000°K, xpgq = 0.16-0.90, and the 915°K '
measurements of Oriani and Murphy (1962), 915°K, xpq = 0.05-0. 30,
0.51; 769°- 940°K, xpq = 0.40. The measurements of the latter at

xXpd = 0.40 were intended to determine the heat of transformation of

B to a. However, as seen in Table 3, AH appeared to be constant with

T to the critical temperature, 873°K; above this temperature no first-
order: latent heat appears, but ACp~6 4. The hypothesis of Oriani and

PDD July, 1968
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' Murphy is that above 873°K the ordered bece B structure transforms to
an ordered structure with practically no latent heat; the’ ordered structure
then disorders over a range of temperature of 873° to 1000°K; above this
ACp = 0 and the AH values agree with those selected. This is a curious
behavior, especially since thermal effects were found in determining the
B-a transformation temperature (Hansen, 1968).. However, the other
'AH values found by Oriani and Murphy in this and other systems generally
agree with selected values. AS was calculated from AG and AH.

AECu values were chosen so that Gibbs-Duhem integration yielded the -
selected AS values and ‘which agreed as well as possible with tempera- -
ture coefficients found by vapor . pressure and emf measurements
Agreement was fair with temperature coefficients of Vecher and
Gerasimov and Myles and Darby; Pratt and Bugden's values were much
too positive’ (they themselves note the1r tcmoerature coefflcxents appear
unrehable) : :

 Part II,_Tables.

TABLE. 1

Integral Quant1t1es for. Sohd Allovs at 1’350 K

1-x)C + xP =
( “X) u(s) X d(s) u(1 -x) x(s)
Xpg aG | aH- AS AG™® as*®
0.1 | -1675 | -1005 0. 496 -803 | -0.150
0.2 -2665 -1830 0.618 -1323 -0.376
0.3 | . -3217 -2440 0.575 -1578 -0. 639
0.4 '+ =3400 -2621 0.577 -1594 -0. 760
0.5 -3274 -2557 0.531 -1415 | -0.846
{(£100) (£100) (. 07) (£100) (£.07)
0.6 -2919 -2422 0. 369 -1114 -0. 969
0.7 -2414 -2108 0.227 -776 -0. 987
0.8 -1797 -1664 . 0.099 -455 -0.896
0.9 -1056 - -904 0.113 -183 | -0.533
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TABLE 2

 Partial Molar Quantities for Solid Alioys at 1350°K

A -Cg Component Cugy * Cu.(in alloy) ,
o =~ ~XS = . o SXS
“Cu ®Cu 2! TCcu A.ch : ‘AGCu AHCu ASCu ,ASCu
1.0 } 1.000 | 1.000 0 0 0 | 0.000 0.000
0.9 | 0.853 :| 0.947 | -428 | -145 | -87 {. 0.253 0.043
0.8 | 0.650" | 0.813 [-1154 ‘| -555 | -368 | 0.582 0.139
0.7 { 0.450 0.643 |[-2142 | -1185 | -1178 | 0.714 0.005
0.6 |- 0.286 | 0.477 |-3354 | -1984 | -2554 | 0.593 | -0.422
0.5 | 0.184 | 0.3687 |-4547 | -2687 | -3057 1.103 | -0.274
~ {(20.01) | (x0.02) {(x100) | (£100) | (£500) | (. 4) (£. 4)
0.4 }.0.126 | 0.314 {-5561 -] -3103 | -3748 | 1.343 | -0.477
0.3} 0.094 | 0.321 |[-6351 | -3121 | -4949 1.039 | -1.354
0.2 {°0.068 | 0.343 [-7191 | -2874 | -6656 | 0.396 | -2.802
0.1 | 0.043 | 0.427 |-8461 | -2287 | -8132 | 0.244 | -4.332
0.0 | 0.000 0.627 - -1250 1-10040 _ w -6.511
B. Pd C§mponent -Pd-.(s): _Pd(in alloy)(s>
. = ~XS e = =<XS
*pa|  ®pg Ypg | “Bpg| %Gpg| AHpg| Spq | Spa
0.0 | 0.000 0.008 - | -9519 F10900 | -1.023
0.1 | 0.008 0.081 |-12905 | -6727 | -9274 | 2.689 -1.887
0.2 | 0.039 '0.194 | -8711 | -4393 | -7680 | 0.764 -2.434
0.3 0.118 0.395 { -5724 | -2493 } -5385 | 0.251 -2.141
0.4 | 0.274 | 0.686 -3468 | -1010 | -2722 | 0.553 . ~1.268
0.5 0.474 | 0.948 | -2001 | -142 | -2057 |-0.042 -1.419
(£0.01) | (£0.02) (£100)| (x100) | (£500) | (. 4) (2. 4)
0.6 | 0.649 1.082 | -1158 212 | -1538 |-0.281 -1.296
0.7 0.763 | 1.089 =727 230 -891 |-0.121 -0.830
0.8 { 0.846 1.057 -449 150 -416 | 0.024 | -0.419
0.9 ] 0.917 1.019 -233 50 -100 | 0.098 | -0.111
1.0 ] 1.000 1. 000 0 0 o | 0.000 0. 000
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TABLE 3

~ Heats of Formation for Ordered Alloy, xpq = 0.4

T.°K_| Phase | AH.

773 3 -3280
800 3 -3280
873 B-a -3280
900 | @ -3080

940 a -2350
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.Coppe r-Platinum

Part I. Discussion

Phases and Siruciures. Cu and Pt form a continuous series of fcc solid
solutions with ordered states where indicated. The phase diagram is
from Hansen (1958} except that the ordering temperature at xp; = 0.50
has been increased to 1100°K to agree with Geiken (1 967). Pearson
(1958) describes the ordered structures as follows: '

@ ‘has the ordered (L1;) structure isotypic with AuCus.

a’’ has a structure based on a cell of 32 atoms. At Xpy © 0. 50 the
structure is ordered rhombohedral (L1;), becoming cubic at xpy=0. 75.

Solid Allovs. ow—temperamre data of Table 1 were tdt{C from Rayne

and Roessler (1985), 1.5%- 4. 2°K, xpy = 0.301.

Selected AH versus T values of Tabie 2 were taken from heats of
formaztion measured by Geiken (1967}, 388°- 1164°K, xp, = 0. 30.
Selected Auch- vasues of Tabie 4 agree with vapor pressure measure-
ments of Myles and Darby (1988), 1350°K, xp, = 0.1-0.9, except for
Xp.< 0.2, where the mesasured values fiuctuzte by =70 cal/a aiom.
Va‘oor pressure measurements 01 McCormack, Myers, and Saxer (1966),
1349 - 18737K, xp® 0.6-0.2, vafter correcung their anaiyucai
expression oy multiplying thelr vaize of A by 10), scatter by

=300 cal/g-ztom about the selected vaives. Zmi measuremenis of
Weibke and Matthes (1940;, 673°- 1073°K, xpy = 0.14-0. 86, agre
within =100 cai/g-;..tom with selected AGC velues except for a deviant
point et xo; = 0.86. Emf{ measuremenrnts ol Bidwell, Schulz, and Saxer
(1988), 823°- 1073°K, xpy = 0.065-0.462 yieid vaiues u;na_ky les
exoinermic by 100-350 cal/g-atom. as do equiilbrium measurements

0 cal
of Schenck and Keuth «,1 646}, 833°K, xpy = 0.05-0. '15; and Schmah! and

Minzl {1965); 1273°K, xp; = 0.65-0.83; while equilibrium meastrements
(3]

QO
»?
sy U

of Assaysz (1935), 1025°- 12 . Xpg @ 0.40-0. 82 yieid values more
cxothérmic by 800-2000 calig-ztcm. AG and \GP values of Tablies 3
c...d 1 were caleulated from the selected /\G» by Gibbs-Duhem

ntegrauon. Seiected AH values of Table 3 wcre taken from Sn ¢ o]uuon
calommeuy of quenched alioys by Myles and Darby 119€8), 798°" »
xpi = 0.1-0.9. For xp; = 0.350; the value for AH;350°K o Teble 2 can be
reconciled with H;QSG-’ of Tadble 5 by taking ACp = -0.19. Thnis valive
is reascnzble as shown by the similar wrend with temperature between

298°- 900°K of the ordered zlloys of Table 2. High-temperawre values

of A"—T of Table 3 were ¢alculated from the low-temperatire vaiues of

PDD':Sépl-’ 1968 ‘, : ﬁ: e : >_ v s
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Tabie 3,

indicated in Table 3,

riani and Murphy (1962), 914°K, xpy = 0.06-0.51,

Cu-Pt

assuming ACp has a parabolic dependence on composition, as

Liquid Sh solution caiorimetry measurements ol

were made on alloys

which, depending on composition, were in ordered, disordered, or inter-

mediate states and agree only approximately with selected values.

L:quid Alloys,

sitions 1n the liquid state.
from Raoultis-law.

McCormack, Myers, and Saxer (1966),
Npy © 0.10, 0.26, measured the vapor pressure of Cu above two compo-
They found considerable negative deviations
The resuits were not-tabuiated because of the few

11542°- 1673°K,

points measured and the lack of a Gibbs-Duhem constant of 1megrat10*1,

except from the phase diagram, of which the solidus is uncertain.

Part 17,

Tab:es

TABIE 1

= 0,

20

Low—Tempera{Ur‘é Data for Ordered and D:isordered Solid Alioy. x

Cp
T, °K Ordered Disordered
1.5 0.00022 0.00033
2 0. 00032 10.00048
3 0. 00060 0.00087
4 0.00103 0..00144
y 1.27x107% | 1.97x107¢
L .TABL.IL 2 ‘
High-Temrerature Data for Sclid Al loys Xp 2 0.
| 0. 5Cu(sé+ Ovu SPt(s) = CLO 5 O 5(5)
T |Phase| AG AH AS
298,15 | @ | -4006 | -4018 | -0.041
400 -3999 | -4037 | -0.094
500 -3989 | -4056 | -0.134
1 600 -3574 | -4074 | -0.167
1 700 -3657 | -4063 | -0.165
800 3936 | -4111 | -0.219
900 -36i4 | -4130 | -0.24
1000 ~3901 | -3870 | 0.081
1100 @’ | -3535 | -3150 0.714
. 11100 o -3835 ) -2650 | 1.168
. ] 1200 -4052 | -2550 1.168
1350 o 4228 | -2850 1.1G8
V22 505 12150, ix. 03)
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. TABLE 3
Integral Quantities for Solid Alloys at 1350°K
- , 'y R = P ,
(1 x)Cu(S) +th‘s) Cu(1 %) tx(s)
Sy AG AH aS AG™® as*® ACp
0.1 =1970 . -1228 0. 550 -1098 -0. 096 {-0.07)
0.2 | -3166 -2023 0.847 -1824 -0.148 | (-0.12)
0.3 -3879  =2482 1.035" -2241 -0.179 (-0.16)
0.4 -4211 -2674 1.138 -2406 -0.198 | (-0.18)
0.5 . ~4227 -2650 1.168 -2368 -0.209 -0.19
{+100) {(£150) (£.07) (£100) (+.07) (£, 05)
0.6 |-3964 | ~-2477 1.102 -2158 -0.236 | (-0.18)
0.7 -3450 | -1979 1.089 - -1811 -0.125 | (-0.186)
0.8 -2686 | -1355 0.986 -1343 -0.:009 (-0.12)
0.9 -1615. ~ -689 0. 685 -T742 ‘ 0.039 (-0.07)
. . TABLE 4
~ Partial Molar Quantities for Solid Alloys at 1350°K
Cu Component Cu(g) = Culin alloy)(g)
) = -~ XS o = ~XS
*Cy dcu 'YCu AGCu AGCu AHA, | ASCu ASCu
1.0 | 1.000. }1.000 0 0 0 0. 000 0.000
0.9 | 0.836 |0.929 -480 -197 | -234 | 0.182 |-0.027
- 0.8 0.616 0. 770 -1300 702 ~-795 0.374 | -0.070
0.7 | 0.416 0.594 -2354 -1397 -1539 0.603 | -0.106}
0.6 0. 266 0.444 | -3548 -2178 -2363 | 0.878 | -0.138}
0.5 | 0.183 }0.326 |} -4869 -3010 | -3131 | 1.288 |-0.089
(x.01) [(£.02) (£100) (£100) | (£200) | (£.12) | (x.12)
0.4 | 0.095 ]0.237 | -6321 | -3863 | -4536 | 1.322 |-0.499
0.3 | 0.033 0.177 | -7878 -4648 -6044 1.358 [ -1.034
0.2 0.025 0.124 -9918 -5600 | -6547 2.497 | -0.702
0.1 | 0.008 |0.080 |-12965 | -6788 | -6844 | 4.534 |-0.042
0.0 0. 000 0. 048 -~ -8120 -6870 ) 0.926
Pt Component ' Pt(g) = Ptlin alloy)(s) =
x . ‘ = = XS - = =xs: |
Pt et Ypr  |2Spy ACGpy | AHp, | 85y | ASp.
0.0 05000' 0.008 -0 -13067 [-14760 o0 -1.254
0.1 0.003 0.032 -15385 -9208 |-10178 3.857 { -0.718
0.2 0{019 0.095 -10631 ~-6314 -6934 2.739 | -0.460
0.3 0.062 0.208 -7439 -4209 -4682 2.042 | -0.350
0.4 0.144 0. 359 -5207 -2749 -3139 1.532 | -0. 289
0.5 0.263 0. 526 -3585 -1725 -2169 1.049 | -0, 328
(£.01) {{£.02) | (£100) (£100) § (£200)] (£.12) | (x.12)
0.6 0.410. 0.683 .} -2363 -1022 -1104 0.955 1 -0.0061
0.7 0.561 {0.801 | -1552 595 -237 | 0.974 | 0.265
0.8 OLZQI 0. 901 -878 -279 -57 0.608 0.164
0.9 0.877 0.974" =353 -71 -5 0.258 0.048]
1.0 1.000 1.000 0 0 0 0. 000 0. 000
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TABLE 5 ’

“Heats of Formation of Disordered Quenched Alloys at 298°K

(I-X)CU(‘S) +_XPt(s) = Cul -thx(s,, disordered)

Spyg | AH ] ¥py |8
0.1 | -1160 0.6 | -2204
0.2 | -1902 0.7 | -1820
0.3 |-2323 || o0.8 | -1234
0.4 | -2401 0.9 -621
0.5 | -2460

. (£100)
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Copper-Antimony .

Part I. Discussion

Phases ana Structures. The ‘phase dlaoram was taken from Hansen
(1958) with modifications of Elliott (1965) ‘ Pearson (1958, 1967) lists
five 1ntermcd1ate phases. o '

'Cu 5bb" » with the hep (A3) structure isotypic with Mg.

e, " Cu4_v5Sb” , with a hexagonal superlattlce related to the (DOIQ) type.

€+, with a hep superlattice based on the (A3) structure. Pearson
(1967) lists two phases, '""Cujy sSb'", and "Cuj gSb". From the
original references cited by Pearson, it seems clear only one
phase is involved, with a composition near '"Cujz ¢Sb". The
- formula ""Cuj.sSb'', was devised to fit atomic p051t10ns in a
hypotheucal fully- ordered structure. '

k, ""CusSb", with the orthorhomblc structure isotypic with CusTi.

B, ""CusSb'", with the ordered fcc (D03) structure isotypic with BiFj.

¥, "CusSb", with the ordered tetragonal (C38) prototype structure.
Solid Alloys Selected AH values of Table 1 were taken from 11qu1d tin

solution calorimetric measurements of Kleppa (1956), 723°K,
Xgp = 0.06-0.335; those of Table 2 were taken from the same source,

assuming- AH to be invariant with T.

Selected '\ch values of Table 3 agree closer than 100 cal/g atom with
emf measurements of Vecher and Gerasimov (1958), 643°- 883°K,
0.04-0. 34, although the indicated phase boundaries vary some- -
w%at. ‘The other quantities of Table 3 and Table 2 were calculated from
the selected AG(, and AH values, using Gibbs-Duhem integration where
necessary. A

Liquid Alloys. Selected AG 4 values of Table 5 agree with emf measure -
‘ments of Krestovnikov and Lomov (1963), 1115°- 1215°K, xg}, = 0.1-0. 95,
and also with emf measurements of Vecher, Nikol'skaya and Gerasimov
(1957), 975°- 1050°K, Xgp = 0.18-0.93, except for xgj, < 0.34, where
they diverge to as much as 200 cal/g-atom more exothermic than
selected values. -*GSb values calculated from vapor pressure
measurements of Azakami and Yazawa (1967), 1173°- 1473°K,

Xgp = 0.2-0.8, are 0-400 cal/g-atom more exothermic than selected
values,except that the value at xgp = 0.2 is 1000 cal/g atom more
exothermlc

Selected Aéc values were taken from th reasocnably agreeing tempera-
ture coefficients of the emf measure*nentS* of Krestovnikov and Lomov

PDD May, 1969
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(1963) and Vecher et al. (1957). The remaining values of Tables 4 and 5
were calculated from these selected values. Directly measured AH values’
of Kawakami (1930), 1473°K, Xgp = 0.25-0.75 are much more symmetrical
about xg, = 0.5, diverging to 0-675 cal/g-atom less exothermic below

this composition and 0-450 cal/g-atom above.

of Azakami and Yazawa (1968) lead to &H values more exothermic by

150-1600 ual/g -atom.

Temperature coefficients

. "TABLE 1
Heats of Formation of SOlld Alloys at 723°K
1-x)C b
_ (Cug) + X = CB Py
~.be Phase ‘AH | be Phase _' AH
- 0.052% ] (Cu) 108 | 0.248% B | 280
| 0.155% n. =83 | 0.274% | B |- 47
' 0.19 € -186 | 0.322% y | -778
R (ilOO) 0.334* vy |-1006 |
TABLE 2 .
Integral QRuantities for Solid Allgys at 775°K
| (l-x.)Cu(s) + be(S) Cul-x x(8)
% [Phasel . AG | aH | as | aG*%| as™
0.058% | ' (Cu) | - 462 | 120]0.751 | -121 | 0.311
0.211%| B | -1438 : -644 |
0.25 - -1622 { 250 2.415 | -756 1.298
0.295% ) B -1744 | - -810 |
0.327%| vy | -1813] | | -840 |
0.33 : -1817 |- 91211.168 -840 -0.093
0.334%{ vy -1812 |1-1006]1.040 -831 | -0.226
TABLE 3
Part1a1 Molar Quantities for Solid Alloys at 775°K
Cu Component Sb Component
‘_Cu(s) = Cufin alloy)(s) Sb(s) = Sb(in alloy)(s)

. o 3 : =Xs ' = XS
Ysp [PRese) Aoy | You [ 2%cu |%Ccu ! ®sp | Ysp |4C%s |49
0.000 { (Cu)!{-1.000 1.000 0 01} 0.000) 0.258} - ¢ -20851
0.058% (Cu)| 0.942| 1.000 | - 92 0l 0.015] 0.258| -6470 | -2083
0.211% B 0.942 1.194 | - 92 273 1 0.0151.0.071 -6470 -4074 |
0. 25 » 0.596 0.795 | - 796 !~ 353 | 0.070] 0.279| -4101 !-1966

: 0.29_5* B 0.486 | 0.690 | -1110|-572 | 0.120] 0.408} -3260 | -1380
0.327%¢ v | 0.488| 0.723 | -1110 - 500 | 0.120| 0.368} -3260 | -1539
0.33 0 0.314] 0.892 | -1784 | -11867 | 0.294] 0.872| -1883 | - 176
0.334% ~v 0.171 0.257 | -2720 ] -2094 | 1.000] 2.99%4 0 1689

~ (£.01) | (£.03) | (£100)}(£100) ) (£.01) I{(£.01)}(£100)! (£100)

*Phase boundary
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TABLLE 4
lntenl al Quantities for quuld Alloys at 1190 K
(1- x;Cu( 0 +be Ny (.ul bex(l)
xg, | 6G AH as  [aG*S | as*®
0.108%| -1797 | - 983 | 0.684 |- 988 .| 0.004
0.2 ~2657 | -1348 |.1.100 |[-1474 | 0,106
0.3 ~3119 |--1344 | 1.492 |-1675 0.278]
0.4 - -3189 ~1054 1,794 | -1598 | .0.457
0.5 -3025 | - 697 1.956 |-1386. | 0.579.
S (£100) | (£550) | (£.45) {(x100) | (.45)
0.6 | -2709 | - 388 | 1.950 [-1117 | 0.613
0.7 - 2274 | - 151 1,784 |- 829 | 0.570
0.8 . | ~1719 17 1.459 |- 537 0.465
0.9 . -1022 82 0.928 | - 253 _0, 282
' TABLE 5
: Partlai Molar Quantltles for Liquid Alloys at 1190°K
Cu Componen_t_ _ Cu( = Culin alloy)(“
= XS - = -X$
*cu 3cu ] Yeu | ACGcu | ACScu | AHey | 8Scu | AScu
5.852+] 0. 814 | 0.912 | - 488 | - 217 | - 290 | 0.166 | -0.061
0.8 - 0.587 ! 0.734 | -1259 -.732 - 952 | 0.258 -0.185
0.7 0.363 ¢ 0.518 | -2399 | ~1555 | -1892 | 0.426 -0.283
0.6 - 0.232 0.387 ~3454 -2246 | -2458 0.837 -0.178
0.5 0.160 0.319 ~4343 -2705. -2487 1.560 0.183
(£0.007)} (+.014)| (£100) | (£100) | (x550) (£.45) | (£.45)
0.4 0.122 | 0.306 | -4968 | -2801 | -2017 | 2.480| 0.659
0.3 0.089 0.295 ~5728 ~2881 | -1586 3.481 ] 1.088
0.2 0.059 0.297 -6672 | -2867 | - 978 4.785 1.587
0.1 0.032} 0.320 | -8143 -2697 - 98 6.925 2.349
0.0 ‘- 0,000 | 0.378 ) -2300 1746 o 3.4C0
Sb Component Sb(!) = Sb(in alloy)(”
- Axs e - -XS
*3p 23p "o | 2% | 2% | “Hap | A8 | 5w
0.108%* 0.005 0.045 -12616] -7353 } -6709 4,964 0. 541
0.2 0.031 0.153 - 8248 -4443 -2929 | 4.470 | 1.272
0.3 0,131 | 0.437 - 4802 -1955 - 66 | 3.980 | 1.587
0.4 0.307 | 0.768 | - 2792 - 625 1053 | 3.231 | 1.410
0.5 ~ 0.486 | 0.972 - 1706 -~ 67 ] 1093 | 2.8352 | 0.975
o (£.02) | (+.04) (£100) | (£100) | (£550) | (£.45) | (£.45)
0.6 0._6'01 1 1.002 - 1202 5 | 698 1.597 | 0.582
0.7 0.715| 1.022 -~ 793 51° 465 1.057 | 0.348
0.8 - 0.816 { -1.020 - 481 46 266 | 0.628 1 0.185
0.9 0.907 | 1.008 230 19 81 0.261 0.052
1.0 1.000 ] 1.000 0 0 0! 0.000) 0.000
*Phase boundary o
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C#opper-Silic'on .

Part I. ‘Discussion .

Phases and Structures. The phasc diagram was taken from Hansen

(1958), with modifications of Elliott (1965). [or Si, T,,=1667.15 was

taken from the 1968 International Practical Temperaturc bcale Pearson (1958,

1967) lists the structures of six intermediate phases; however,
recent high-temperature diffraction studies of MukherJee
Bandyopadhyaya, and Gupta, (1969) indicated modifications of
structure of three of them.

K. '\',;Cu_-S_l" , with the hcp (A3) structure isotypic w1th Mg.

8, "BC.u+Si" , possibly with the bce (A2) structure isotypic with W.

v, ""Y-'Cus‘Si" , with the complex cubic (A13) structure isotypic with
B-Mn.. v

€, "e-Cu Si " Mukherjee, et al. (1969) state this phase is not bece
as stated by Pearson (1967), but is complex cubic. They found

evidence of a transformation near 873°K, by X- -ray dlffractmn
but not by differential thermal analysis.

§, '"& Cu-Si'; Murkherjee et al. (1969) state that this phase has
a complex tetragonal structure, not the slightly deformed (D8,)
'st_ruc»v.ture isotypic with y-brass listed by Pearson (1967).

n,. n , ’;T)“,' data on these phases are contradictory. Elliott (1965),

‘cites one work indicating two low-temperature transformations

as shown in the diagram; others found no low-temperature changes
MukherJee et al. (1969) found a low- temperature phase, n'

‘with a complex tetragonal cell; at high temperatures there were
drastic changes in intensity of some of the lines, probably
indicating some sort of transformation between 823°- 979°K.

Dorward and Kirkaldy (1968) made a recent determination of the solubility
of Cu in (Si). Luo and Andres (1970) found k to be superconducting below
0.61°K. ‘

Liguid Alloys. AGg; values determined by the Hy, HyO, SiO -
equilibria of Bowles, Ramstad, and Richardson (1964), 1833°K,;
xg; = 0.0036, 0.051, agree with selected values of Table 2, in

‘which Henry' s law ‘was assumed. The other values of Tables 1

and 2 were calculated from this selection. Emf measurements of
Nikitin (1962), 1673°K, xg; = 0.027-0. 24, were reported in terms of
activities, with a i =1.0 at Xg; = 0.24. In view of uncertamltles of -
mterpretatlon, these values were not tabulated.

PDD -A_ugust, 1970
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Cu-Si

. Part II. Tables

‘TABLE 1

,Inte:'gr'al Quaﬁtities for Liguid Alloys ‘at 1833°K

(l-x)Cu(l) + XSI(I) = Cu; _Si_ (1) .
X . . AG N T
Si .
0.05 -1473(+70) -T750{+70)
TABLE 2

Partial Molar Quantities for Liguid Alloys at 1833°K B

"Cu '_C-ompo_nent ' Si Component .
Cuu) = Cu(in allvoy)(‘“ Sl(l) = Si(in alloy)(l)
- = - XS T = - XS
%s5i | %cu | Yeu %% | %Ccul i (Ysi PSsi 8Gq;
0.00] 1.000 1.000 » 0 0 0.000 0.016 |- -15000
0.05} - 0.950 { 1.000 -187 0 -} 0.0008 J0.016 |-25912 -15000
] (+.013)] (+.014) (£50) (£50) (£.0002) (£. 004) | (+1 OOO_) (£1000)
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Copper-Tin

Part 1. Discussion -

Phases and Structures. The phase diagram was taken from Hansen
(1958). Pearson (1 958 1967) reports the following intermediate phases
and structures: : : :

B, w1th the bcc \A2) structure isotypic with- W | o S
y, with the fcc (D03) structure isotypic with B1F3 ' ‘

Cu318n3 *, with a cubic structure similar to (D81_3) isotypic with - v ,
Fe3Zn20 CU5Z1’18, or Cu9A14

¢, ”Cu oSns ., with a trigonal structure.

€, f’Cugsn" , with a pseudo hexagonal structure similar to (A3) isotypic -
w1th Mg. o »

ne, " CugSng’', with a hexagonal structure which is a superlattice of
. (B8y) isotypic with NiAs. On heating it transforms to the
n- phase of unknown structure.

Knddler (1966) confirms the structures of 8 and y. Pearson (1967) also
reported two metastable phases. On quenching from the 3 region,y”, with
a hexagonal structure isotypic with ¢-AgZn, is formed. On quenching
from the vy region at 973°K, € - Cu3Sn, having an orthorhombic structure,
is obtamed

Solid- Al'oys Low-Temperature Data. Selected values of Table 1 were
taken from Cp measurements of Clune and Green (1966), 2°- 4°K,

Xgp = 0.00-0.062. Selected AH values of Table 2 agree well within

+100 cal with the liquid tin calorimetric measurements of Kleppa (1956),
723° K XSp = 0. 074-0.255, 0.84-0.96; Cohen, Leach, and Bever (1954)
273 K 'XS§p = 0.042, 0.247; Ticknor and Bever (1952), 573°K,

Xgp = 0.98-0.99, and with the direct calorimetiric measurements of
Korber: and Oelsen (1937), 293 °K, 1423°K, xg, = 0.14-0.81, except

the value of Kleppa (1956) for an unknown reason is. about 400 cal/g-atom '
less exothermic in the (Cu) + 6§ region at xg, = 0.086. The Br;, aqueous
_ solution calorimetric value of Biltz, Wagner, Pieper, and Holverscheit
(1924), 293°K, xg, = 0.25 is about 200 cal/g-atom more exothermic
than the selected value. ‘Honda and Tokunaga (1935), 299°K,

xgp = 0.00-0.06 found by true Cp measurements of the (Cu) phase that
ACp = 0 (0. 2), in agreement with AH measurements at differing
‘temperatures. - : '

PDD January, 1970
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Liquid i\llovq cheral direct measurements of the heat of solutlon of

Cu(s) in Snu) near kSn 1 have been found. |
Source._ , 7 ' VA,HCu(s)’T' K AHCu(!)' 723K
Orr (1960), 700°K " -+ 2840 | - -236
Oriani and Murphy (1959), 691°K 2816 : -243
Kleppa (1956), 723°K 2792 . - -328
Ticknor and Bever (1952), 573°K - 2570 ' -281
" " | SELECTED VALUE -260

The values have been transferred to AH Cu(g) &t 723 K assuming for Cu,
AHp, = 3120, invariant with T, and ACpC - 1.9 (i2)

Selected AGSn values of Table 4 agree within 200 cal with the vapor
pressure measurements of Azakami and Yazawa (1969), 1403°K,

xgp ¥ 0.1-0.°9; \}vith the mass-spectrometric vapor pressure measure-
ments of Alcock, Sridhar, and Svedberg (1970), 1450°- 1680°K,

s = 0.1-0.9, and of Hager, Howard, and Jones (1970), 1250°- 1820°K,
\Sn = 0.1-0.9, with the following exceptions: The value of Azakami and
Yazawa is less exothermic by 3000 cal/g-atom at Xg, = 0.1. Values of
Alcock, Sridhar, and Svedberg are highly exothermic for xgn< 0.4, and
those of Hager, Howard, and Jones scatter up to £1500 cal on the Cu-rich -
side. Values of Alcock et al. (1969), and Hager et al. (1969) were

" transferred to 1400°K with the aid of the selected temperature coeff1c1ent

(see next paragraph)

Selected AH values of Table 3 agree within 200 cal with the direct reaction .
calorlmetrlc measurements of Yazawa and Itagakl (1969), 1373°K,

n = 0.08-0.88; Korber and Oelsen (1837) 293°, 1423°K, xgp, = 0.14-0.81;
I\awakaml (1930), 1473°K, xgp = 0.16-0. 68; and with the solution. '
calorimetric measurements of Benz and Elliott (1964), 1400°K,

gpn = 0.003-0.125 with the following exceptions: Values of Kawakami
(1930) are more exothermic by 200-500 cal for Xg >0.28. Values reported
by Alcock et al. (1969) from the temperature: coefﬁment scatter
(£150 cal/g-atom) about the selected values; those of Hager et al. (1969) are

0-170 cal more and less exothermic, respectively for xg,<0.32 and for

Xg,>0.32. Other quantities of Tables 3 and 4 were calculated with the aid
of Gibbs- Duhem mtegratlon :

Selected AGSn values of Table 5 were taken from the emf studies of -
Dinh-Pham- Tha1 (1967), 633°K, xg, = . 975 0. 995, who has reported only -
activity curves. o

Ackerman, Drowart, Stafford, and Verhaegen (1961), 1632°- 1852 K,

- Xg, = 0.5 have reported a dissociation energy of 20700 cal/g-atom for the

CuSn molecule at 0°K.
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TABLE 1

Low-Temperature Data for (Cu)-Phase Alloys

X
C s o Sn . '
T, °K 0.000 [ - 0.005 | 0.010 | 0.030 { 0.060
2.0 | 0.000423 | 0.000423 | 0.000432 | 0.000447 | 0.000474
© 3.0 [0.000806( 0.000816 | 0.000827 | 0.000868 | 0.000943
4.0 10.00139 | 0.00142 | 0.00144 0.00153 | 0.00168
vx10% |- 1.66 1.67 1. 69 1.71 1. 76,
. TABLE?2 |
Heats of Formation of Solid and Liquid Alloys at 723°K
(l-x)Cu(s) +;;Sn(s) = Cu1 —xsnx(s)
. Cu(l) = Cu(1-n_§lloy)(!)
Xg Phase;- AH { xSn " Phase{ = AH | ACp AH Cu ACpC (1)
0.091% (Cu) | - 280 |0.825%| « -1105] 1.7
I 1o.850" - 990
0.204% & -1300 |0.900 - 1760}1.2
0.209% & -1260 {0.950 b - | - 530
ol » : (£50) _
0.244% € | -1686 |1.000 §| 2 R ) -260 |1.9(£2)
0.250 | - - -} .-1800 : . |
0.255% € | -1920
: “(£100)
“*Phase boundary. ' -
o TABLE 3
Integral Quantities for Liquid Alloys at 1400°K
(1 -X)Cu(fl) +x$n(l) = Cu1 _‘X.Snu_)
Xs, | 4G AH as | ac*® | as*®
0.1 [-1922 | -666 0.897 | -1018 0.251
0.2 [-2834 | -979 1.325 | -1442 0.331
0.3 |-3195 | -934 1.614 | -1495 0. 400
0.4 |-3300 | -715 1.846 | -1427 0. 509
0.5 |-3167 | -475 1.923 | -1238 0. 545
© | (£300) | (£150) | (z.24) (£300) | (%.24)
0.6 |-2889 | -264 | 1.875 | -1017 0.538
0.7 |-2483 | - 97 1.705 | - 784 0.491
0.8 |-1937 13 1.392 | - 545 0.398
0.9 }-1196 52 0.891 | - 291 0. 245
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- Partial Molar Quantities for Liquid Alioys at 1400°K

Cu Com};onent

Cu. . = Cuf(in al"i.oy)( .

(1 1)
o ) = XS g et XS
*cu | qcu Ycu 'AGCu AGCu AHCU SCu ASCu
1'1.0 | 1.000 | 1.000 0 0 0 | 0.000 | 0.000
0.9 /0.802| 0.891 [ - 613 | - 320 | - 159 | 0.325 | 0.115
: 0.8 [0.539 1 0.674 | -1717 | -1096 | - 749 0.691 | 0.248
} 0.7 ]10.389 | 0.556 | -2626 | -1633 | -1443 | 0.845 | 0.136
0.6 10.284 | 0.474 | -3497 | -2076 | -1662 | 1.311 | 0.295
£ 0.5 | 0:220 | 0.440 | -4215 | -2287 | -1631 | 1.845 | 0.468
© (. 025)] (£.05) (+300) | (£300)! (£250) | (.3} (£.3)
0.4 {0.169 | 0.422 | -4949 | -2400 | -1418 | 2.522..| 0.70L
0.3 [0.125 | 0.417 | -5781 | -2432 | -1049 | 3.380 | 0.9388
0.2 10.082 | 0.408 | -6971 | -2493 | - 640 | 4.522 | 1.324
| 0.1 10.038 | 0.379 | -9104 .| -2698 81 | 6.561. | 1.985
©1.0.0 1.0.000 ! 0.317 | - o -3197 ! 1050 0 3.034 |
Sn Comppnent Sn(l) = Snfin alloy)'u)
‘ .= = XS = S SXS
*sn | %sn Ysn | A9sn [2Csn | AHg, | 85g, | 255,
'0.0] 0.000 | 0.007.] - o -13609 | -8000 o0 4.006
0.1} 0.007{ 0.072 | -13706{ - 7301 -5233 | 6.053 | 1.477
0.2 ] 0.072 ) 0.362 | - 7304 | - 2827 | -1901 | 3.860 | 0.661
0.3} 0.197 ; 0.656 | - 4523} - 11173 252 | 3.411 | 1.018
0.4 0.340 ! 0.849 | - 30031 - 454 706 | 2.649 | 0.828
0.5 0.467 | 0.934 | - 2119 - 190 681 | 2.000 | 0.8622
(x.05) ! (t.1) (x 300)| (£ 3007 | (£250) | (£.3) | (£.3)
0.6 0.580 | 0.966 | - 1516} - 95 506 | 1.444 | 0.429
0.7 0.681 | 0.973 | - 1089} - 77 311 | 0.986 | 0.277
0.8.0.784 | 0.979 | - 678 |- 57 176 | 0.610 | 0.167
0.9 0.892] 0.991 ] - 317}|- 24 49 | 0.281 | 0.052
1.0 1.000 | 1.000 0 0 0 | 0.000 | 0.000
' TABLE 5

'. Partial Molar Quantities for Liquid Al'j,oys at 633°K

Snu) = Sn(in alloy)

(1)
- - XS
*Sn %sn LTS AGSn 'AGSn
0. 98 0. 965 0.985 -47 -20
0.99 0.985 | 0.995 -13 -7
' {£.005)| (£.005)]| (£5) (£5)
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Copper-Tcllurium

Part I. Discussion

Phases and Structures. The phase diagram was taken from Hansen (1958)
with additional information from Elliott (1965). Pearson (1958, 1967)-
~lists the followmg phases:

B. "Cu Te' a high temperature phase with a complex fc cubic
-structure.

Y, ”CuzTe" a low temperature phase with a hexagonal structure.
Three superlattices of this structure have been reported.

€, "CusTe;'" with a complex tetragonal structure.

¢, "CuTe" with an orthorhombic structure.

Baranova (1969) reports a phase,

"Cu7Te4 , with a hexagonal structure. This is pfobably 5.

Solid Allovs. The selected AH value of Table 1 was taken from the com-
pilation of Wagman, Evans, Parker, Halow, Bailey, and Shumm (1969).‘

Part II. Tables

| ' TABLE 1 |
Heats of Formation of the y-Phase Alloy, xme = 0.33, at 298.15°K
0. 67Cu(s) +0. 33Te(s) = Cuo. 67Te0. 33(7)
XTe AH
0.33 11667

PDD Janaury, 1971



168 - Cu-Te

| L o;’ o R \‘ ll2.59v L
- 10845 - e S
! IOO \: B -|O5|° ‘Jf\
o eel T 5
10001 S L W
900 ——1— L
' o N -1 U
0r— CODE o\
B iL-clNgy
6001 555° EHERVERR
- R e N |
500 | " | - - | | i‘:: : \ 450_0‘
400~ —[360° IK -l 1367°\ ‘//‘
- - T S \_~"1340°
2300 ——~n 305 ; :;u $ .\ |
S e R N B R [ B¢ | (Ten
' HT ! i

Cu 10 20 30 40 50 60 70 80 90 Te
|  WEIGHT PERCENT TELLURIUM

Part III. References

(For references not in hst see General References )

' Baranova R.V. (1969) Sov1et Physms Crystallography 13, 695- 9.
Crystal structure. :
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Copper-Thorium -

Part I. Discussion

Phases and Structures. The phase diagram was taken from Elliott
-(1965), with corrections for the selected T 5~ 1638°K and Ty, = 2031°K.
‘Pearson (1_958, 1967) lists the two intermediate phases: .

6," Cu,Th", intht'hve hexagonal '(C32) structure isotypic with AlB,. -

€, "'"y-CuTh,", with the bc,tetfagonal (C16) structure isotypic with
A12_Cu. ' ) ‘ :

The structure of the v, .""CusTh'", phase has not been reported. There
are considerable uncertainties in regard to the €-(a-Th) eutectic.
Thomson (1965) found that it occurred at Xy, = 0. 73 at 1310 (x12)°K;
‘about 96°K higher than shown. The melting temperature of € obviously
‘must also be considerably raised. :

Solid Aljl.oys. Selected values of Table 1 were calculated from the emf
studi‘es_of'Magnani (1-'968),‘850‘_’- 946°K,’xTh = 0.05; 0.07.

Part II. Tables

| | TABLE 1
Integral Quantities for y-Phase Alloys at 90C°K, X 0.2
R 0.8Cu, , +0.2Th, , = Cu. .Th | |
- 0-8Cuy +0.2Th )= Cugy gy 5y
Xory, AG AH AS
0. 20 -4280 -2939 |1.490
’ (£50) (£150) [ (+. 2)

PDD February, 1970
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Magnani,N. J. (1968) Ph. D. Thesis, JIowa State Univ. of Science and

Technology, Ames, lowa. Emf (850°~ 946°K, x

Th

= 0.05; 0.07).

Thomson, J. R. (1965) J. Nucl. Mater. 15, 88-94. Phase diagram.
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Copper-‘Tita nium

Part I. Discussion

Phases and Structures. Many contradictory reports were found of
phases and structures in this system; possibly due to unidentified
impurities such as O or N. The diagram from Hansen (1958) has
been modified to include additional mformatlon from Elliott (1965),
modifications suggested by Shunk (1969), by Eremenko, Buyanov,

and Prima (1966), and by Eremenko, Buyanov, and Pancheko (1969).
E remenkm Buyanov and Prlma (196()) list the following intermediate
phases:

, "Cu4Ti-f’v, with a rhombohedral structure. Pfcifer, Bhan, and
Schubert (1968), and Sinha (1969) report the orthorhombic
structure isotypic with AugZr. The "CusTi" -phase reported
by Hansen (1958), and the " Cu,Ti,'" -phase reported by Shunk
(1969) are essentially this phase. ' '

€, " Cu,Ti'", with the orthor hombic structure 1qotyp1c thh Aqu
(Conflrmed by Schubert 1965)

n, "C113’1‘_12 , with the tetragonal structure isotypic w1th AlgOsa.
Schubert (1965) found it tobe a complex tetragonal structure.
with a differ'ent space group.

Y, "Cu.{l‘i';;" , with a tetragonal structure conflrmed by Schubert \1965)
and’ Pfelfer et al. (1968). '

¢,'" CuTi", with the ordered tetragonal (B11) prototype structure.

Pearson (1958) lists an additional phase, "¢-CuTi" (x,; = 0. 55),
‘with an ordered . tetragonal (Ll ) str ucture 1sotyp1c with
Au(‘u I.

6,'" CuTi,' " with the tetragonal (C11 p) structure 1sotyp1c with MoSi,.

'In addit_ion Pearson (1958, 1967) lists the following phases whose
existence is doubtful and which are not included in the phase diagram:

"B-CuyTi (H. T.)", with a disordered end-centered orthorhombic
structure.

"B'—C113'1‘i (L.T.)", with an ordered orthorhombic structure.

'e€-CuTis", with an ordered tetragonal prototype structure.
Recently Gardina, Gordeeva, Timonina, and Zifferman (1967)
‘have reported the existence of this phase obtaining a similar
crystal structure.

PDD  January, 1971
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Solid Alloys. Selected AGC values: of Table 2 were taken from the
measurements of Hackworth, Hoch, and Gegel (1969), 1423°- 1523°K,

x1i = 0.914-0. 966; 1718°- 1803°K, xTi = 0.86,0.919, who measured the
ratio of the vapor pressure of Cu® (g) and Cu®3 (g) coming fromn a triple
Knudsen cell with the aid of a mass spectromcter Inside the main cell
were two Knudsen cells, one contammg the pure 1sotope “Cu®, and the
other the alloy_ of Cu of the normal isotopic concentration with Ti. From
the ratio of the isotopes in the gas, the authors werc able to determine
AGy, in the a11}0y‘.'_ Other quantities of Table 1.and 2 were calculated from
the selected ones using the Gibbs—Duhem relation.

Liquid Alloys.: Sclected AGCu values of Table 4 were ‘taken from
‘Hackw orth et al. (1969) (see Solid Alloys). -Other. quantities of Tables 3
and 4 were calculated from the sclected ones with the aid of the Gibbs-
Duhem relation | assuming.the Raoult's law value for AGTl in (3-Ti) at
the phase boundary ] Values were referred to Cuu) or Cu(s) assuming,
for Cu,that ASy, = 2.3, invariant with T. :

Part II. Tables

” ‘TABLE 1
Integral Quantities for (3-Ti) Alloys at 1473°K -
(. (1 -x)C‘u(S)_+:xT,1(B) = Cu1 ‘XTIX(B?'Ti)'
X, N
XTi LG ‘ G !
0.905% | -773 ° 146 f
0.95 | -500 | 80 |
- (£25) | (£25) |
TABLE 2
Part1a1 Molar Quantities for (3-Ti) Alloys at 1473°K
Cu Component Ti Component
Cu( y Culin alloy)( ) Ti(s) = Ti(in alloy)( )
Ti qcu Ycu Cu Cu; Ti | Ti Ti

0.905%] 0.152 | 1.604 | -5506 | 1384 | 0.910 : 1.005 | -276( 186
0. 95 0.084 : 1.689 | -7237 | 1532 |.0.951 1. 001 -146 4
(£.006) | (+.12) (£250) | (t250) (£.003)| (+.003)| (£10)i(+10)

1.00 0.000 | 1.790 | - o 1705 l 1. 000 1..000 0 0
*Phase boundary '

X | .1 . 2G| a@xsl oo ] v, | ac .4Mi§
]
|
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| . TABLE3
Integral Quantities for Liquid Alloys at 1800°K
- (1~x)Cuu) +»x I‘lu.) =Cu, le(f)
. ' XS
xTi AG | AGT
0.86 -1408 40
0.93x% - 038 -30
- (+ 40) ](+40)
. *Phase boundary ‘
TABLE 4

‘Partial Molar Quantities for Liguid Alloys at 1800°K

*Phase boundary

v Cu Component Ti Component
| .Cu(“ = Cu(m alloy)u) Tl‘(l y© Tiin alloy)u)
N =XS A XS
*ri | %cu | Ycu | ®%cu|®®cul ®mi | Ymi | %Cm AGpy
0.86 1 0.177 1. 264 -6197 836 0.839 | 0.975 | -629 |- 90
' 0.93_’3? 0,092 | 1,309 -8535 9717 0.903 0.971 -30606 -106.
: (£.007) | (+.10) (#250) (£250) (1: 005)] (£.005) (£20) | (£20)
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Part 1. Discussion

Phases and Structures. The phase dlagram of Hansen (1958) and
Elliott (1965) has been extended to include the miscibility gap determi-
nation of Predel and Sandig (1969), and the Ty " 507°K for TI.

Liquid Alloys. Selected enthalpies of formation of Tables 1 and 2
were taken f-rom the direct reaction calorimetry of Predel and Sandig
(1969), T = ?, x71 = 0.1-0.9, who report their results only graphically
and do not give the temperature of measurerncent.. Their measurements
scatter as much as :t400 cal/g- atom though most of them are within
+150 cal/g atom.

Selected ‘AGTl values of Table. 2 were calculated from Tl vapor pressure
measurementsof Yazawa, Azakami, and Kawashima (1966),1273°1473°K, X =
0.065-0.9; they present the results onlyas activity curves. Values were
transferred-to 1573°K with the aid of the selected AH_Tl. Other quanti-
ties of Table 1.and 2 were calculated from AH and AGp). AH values
calculated by Yazawa et al. (1966) from temperature coefficients are
more endothermic by 200-800 cal/g-atom; those calculated by Kleppa
(1952) from the phase diagrarn are more endothermic by '
500-1500 cal/g-atom. : :

Part II. Tables
TABLE 1

“Integral Quantities for Liquid Alloys at 1573°K

| (l—x)Cuu) +xI‘1u )‘= Cul-lex(l)
xp | 4G | oH | as | ag™ | as™®
0.1 | -466 647 | 0.1708 550 | 0.062
0.2 -614 | 1214 | 1.163 | 950 | 0.168
0.3 | -702 | 1661 | 1.502 | 1207 | 0.288
0.4 | -776 | 1954 | 1.735 | 1328 | 0.398
0.5 ] -845 | 2050 | 1.840 | 1322 | 0.463
(£150) | (£200) { (£.2) | (£150) | (£.2)
0.6 ] -899 [ 1930 | 1.798 | 1205 | 0.461
0.7 -915 | 1582 | 1.587 995 | 0.374
0.8 ] -854 | 1088 | 1.234 711 | 0. 240
, 0.9 -644 543 | 0,755 | 372 | 0.109
PDD Jahuary",v 1970 o
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Cu-T1

= Cu(];.n alloy)(l)

_Partial Molar Quantities for Liquid Alloys at 1573°K

Cu Componex?t‘. Cu(”
. ’ - =XS AT ~ =XS
*Cu cu Yeu AC'Cu AGCu AHCu ASCu ASCu _
1.0°} 1.000 | 1.000| -0 0] 0 .0.000 | 0.000
0.9 | 0.922§ 1.024| - 255 74 | 34 |0.184 | -0.026"
0.8 | '0.879 ] 1.098 | - 4051 293 185 |0.375 | -0.068 }
0.7 | 0.860 | 1.229 | - 471 | 643 | 535 [0.640 | -0.069
0.6 0.855 | 1.425 | - 489 ] 1107 | 1158 |1.048 0.032
0.5 0.847 | 1.693 | - 520 | 1646 | 2069 |1.646 0.269
_ (£.04) | (+.08) | (£150)] (+150) |(+400) |(£.3) (. 3)
0.4 | 0.810 | 2.024 | - 660 | 2204 | 3391 |2.576 0.755
0.3 0.723 | 2.409 | -1015 | 2748 | 4670 |3.614 1.221
0.2 0.561 | 2.807 | -1805 | 3226 | 5299 [4.516 1.318
0.1 0.316 | 3.163 | -3598 | 3600 | 5528 |5.802 1.226
0.0 | 0.000 ] 3.403 | - o | 3828 [5230 | « 0.891
T1 Cor_nponentv ] Tl(“ =..T1(in alloy)u)
= o A ~XS = = XS
| %1 Yoy | ACGqy | ACq | AR | A5y | A5y
0.0 0.000 | 7.385 | - 6250 | 6730 o0 0. 305
0.1 0.468 | 4.685 | -2370 | 4828 | 6164°| 5.425 | 0.850
0.2 0.628 | 3.141 | -1453 | 3578 | 5331 | 4.313 | 1.115
0.3 0.672 | 2.242 | -1240 | 2523 | 4287 | 3.514 | 1.:21
0.4 0.680 | 1.700 | -1205] 1660 | 3146 | 2.766 | 0. 945
0.5 0.688 | 1.376 | -1169 997 | 2031 | 2.035 | 0.657
(+.03) | (£.07) (£150) | (£150) {(£400) } (£.3) - | (£.3)
0.6 0.713 | 1.188 | -1058 538 955 | 1.280 | 0.265
0.7 | 0.757 | 1.081 | - 872 243 259 | 0.719] 0.010
0.8 0.821 | 1.026 | - 616 82 35 | 0.414 | -0.029
0.9 0.904 | 1.004 | --316 14 -11 | 0.194 | -0.016
1.0 1.000 | 1.000 ' 0 0 0 | 0.000] 0.000
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Copper.—Tungsten :

_"Part I. Discussion

'~ Phases and Structures, Hansen (1958)‘ reports that tungsten is insoluble
in liquid Cu; and that the so called Cu-W alloys used techmcally are
mlxtures of thc two pure metals phases. :

Part II. Tables .

No thermodynamic data were found for this system.

Part III. References

. (For references not in list, see General References.)

-PDD January, 1971 -
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Copper-Zinc

Part I. Discussion.

Phases and Structures. The phase diagram was taken from Hansen (1958)
with the followmg modifications: Shinoda and Amano (1960) report an
extremely slow eutectoid decomposition of B at 523°K and a rapid decrease
of solubility of Zn.in (Cu) below this temperature. The latter has becen
confirmed by X-ray diffraction studies of Erez (1962), 426°- 533°K,

Xzn = 0. 308-0.360. Pearson (1967) lists the following crystal structures:

B has the bee (A2) structure isotypic with W.

- B has the ordered bcc (B2) structure isotypic with CsCl
v has. the ‘ordered bee (D82) prototype’ structure

6 has he ordered bee (B2) structure 1sotyplc with CsCl
€ has the hcp (A3) structure 1sotyp1c with Mg

Mehkhov and Presnyakov (1966) report that after annealing at 513°K for
600 hours, a two-phase region develops in the y region, between

X7, = 0.645 to 0.657. Both phases have the y-brass structure, but the
one with higher zinc content is somewhat deformed.

Solid Alloys. Low-Tempeérature Data. Selected values of Tables 1 and
? agree, usually closer than 1%, with Cp measurements of Veal and Rayne
(1963a), 1.4°- 4, 2°K, Xz, = 0.0-0.34; Veal and Rayne (1962), 1.4°- 4. 2°K,
X7n = 0. 42 0. 50; Veal and Rayne (1963b), 1.4°- 4.2°K, x5, = 0.59-0. 66;
Clune and Green (1966), 2°- 4°K, Xzn = 0.00-0.027; and Huffstutler (1961),
15°%= 303 K, xzn = 0.1-0, 35. - Cp measurements of Isaacs and Massalski
(1965), 1.6°- 4.2°K, Xz, = 0.0-0.38, are 0-2% lower; those of Rayne
(1957), 1.4°- 4.2°K, Xz, = 0.00-0. 33, are 2- 4% higher than selected
values. Selected electronic v values agree with the above except the
values of Veal and Rayne (1963a) and Clune and Green (1966) are about
1% higher; those of Isaacs and Massalski (1965), and Rayne (1965) are,
respectively, about 2% lower and 5% higher. Isaacs and Massalski (1965)
found a considerable decrease of 7 between x5, = 0.02-0. 08; this was
not found by others.

High-Temperature Data. Selected values of Table 3 were derived from
heat content measurements of Ruer and Kremers (1929), 573°- 823°K,

X7n = 0.19-0. 54, Selected values of Table 4 agree with Cp measurements -

of Moser (1936), 380°- 892°K, x5 = 0.475 and Sykes and Wilkinson (1937),
513°~ 773°K, xzp = 0.35-0.49; and heat contents of Table 3.

PDD, SIN November, 1968
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Cp anomalies in the (Cu) phase were found by Kussmann and Wollenberger
(1959), 373°- 673°K, Xz, = 0.1-0.35; and by Masumoto, Saito, and
Sugihara (1952), 373°- 715°K, x, = 0.04-0.36. The anomalies occur

at 450°- 550°K, they are quite small, and the two sets of work do not agree
on their magnitude or temperature. Both attribute the anomalies to
destruction of order of nearest neighbors, but no proof is presented.

(Cu) Phase. Selected values of AH in Table 5 are 20-100 cal/g-atom more
exothermic than liquid tin solution calorimetric measurements of Orr and
Argent (1965), 573°K, xz, = 0.01-0.33; and 50-100 cal/g-atom less
exothermic than those of Kleppa and King (1962), 298°K, x5, = 0.05-0. 34,
except that the latter's value at xz, = 0.34 is more exothermic than
selected values by 300 cal/g-atom. AH was determined by Korber and
Oelsen (1937), 298°K, x5 = 0.11-0.88; and by ‘von Samson-Himmelstjerna
(1936), 298°K, xz7, = 0.13-0. 88; by pouring Cu(y) into a calorimeter at’
298°K containing Zn( ) Assuming the final state was the equilibrium

‘phase, they calculated AH values which were, respectively,

0-170 cal/g-atom more exothermic and about 500 cal/g-atom less
exothermic than the sclected values. Weibke (1937), 363°K,

X7n = 0.016-0. 63, by aqueous bromine solution calorimetry, obtained
AH values more exothermic than the selected values by 0-200 cal/g atom.

AGZ values at 1000°K were selected which agree within #150 cal/g-atom
with those obtained from vapor pressure measurements of Hargreaves
(1939), 800°- 1283°K, Xz, © 0.05-0 50; and within +500 cal/g-atom with
those derived from vapor pressure measurements of Argent and Wakeman
(1958), 1000°K, x, = 0.02-0.34, except that the latter's values for '
’*7n>0 22 trend to 500-1000 cal/g atom less exothermic. Vapor pressure
measurements of Herbenar, Siebert, and Duffendack (1950) 923°- 1243°K,
Xz, = 0.05-0,29 yield values of AG g, which are 300-500 cal/g atom more
exothermlc than the selected values. A.Grzn values at 1000°K were trans-
ferred to 773°K using the selected ASZn values Wthh in turn were obtained
from the selected 4Gy ~and AHy  assuming ACp = 0. The other quantities

.of Tables 5 and 6 were calculated by the Gibbs-Duhem integration. The

resulting AGZrl values agree within +300 cal/g-atom with the vapor
pressure measurements of Pemsler and Rapperport (1968), 523°- 823°K,
xzn = 0- 05"0. 35.

B, v, and_'e Phases. Selected values were calculated from emf measure-
ments of Olander (1933), 685°- 899°K, xz, = 0.44-0.84. The selected

AG g, values trend smoothly with composition in one-phase regions and

are remarkably constant in two-phase regions. However, the compositions
of the phase boundaries differ by 0.00-0.02 from those selected by
Hansen (1958). Tables 5 and 6 show the phase boundaries determined by
Olander., AQZ and AHZn values were calculated from Olander' tempera-
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ture coefficients. The other partial and integral Gibbs energies,
enthalpies, and entropies were determined by Gibbs-Duhem integration.
Surprisingly, thére seems to be no reliable calorimetric work for these
phases. These studies already have been referred in the earlier section
(see (Cu)- phase) Measurements of Korbér and Oelsen (1937) are about
200 cal/g-atom more exothermic for B8 and y and about 300 cal/g-atom
less exothermic for €; those of von Samson-Himmelstjerna. (1936) are - o>
about 600 cal/g-atom more exothermic for y; and those of Weibke (1937)

are about 200 cal/g atom more exothermic for 8 and ‘y

- -Phase. Va]ues of Table 7 for the B* phase were calculated from
Tables 5 and 4. ' Emf values of Olander at 685 K are con51stent with
values from these tables.

8 -Phase. Selected values of Table 8 were calculated from Olander's
measurements in the y +6 and § + € regions. In the absence of an inte-
-gration constant no Glbbs Duhem integration was attempted '

Ligquid Alloys Selected AGZn ‘values of Table 10 agree well

(50 cal/g- atom) with extrapolated emf measurements of Kleppa and
Thalmayer (1959), 900°K, Xz, = 0.80-0.92; and with vapor pressure
measurements- (+100 cal/g-atom) of Downie (1964), 1200°K,

Xzn = 0.25-0. 68; except that the latter's values at xz, = 0.61 and 0. 63
are less exothermic by about 220 cal/g-atom. Vapor pressure measure-
ments of Schneider and Schmid (1942), 923°- 1123°K, Xz, = 0.43-0.80,.
lead to values more exothermic by 100-400 cal/g-atom at most concen-
trations; as do those of Everett, Jacobs, and Kitchener (1957),

1069°- 1303°K, xy, = 0.16-0,79, but they are more exothermic by
700-1400 cal/g-atom for xz, < 0.70. Boiling point measurements of
Leitgebel (1931), 1188°- 1773°K, Xzn = 0.06-0.87, led to a boiling point
of 1200°K at Xz, = 0.82; this gives a value of AGZn which is 120 cal/g-atom
- less exothermic than the selected value at that composition.. Vapor
pressure measurements of Yazawa and Azakami (1968), 1073°-'1473°K,

n* 0. 15-0. 90 lead to values of AG 7zn Which are more exothermic than -
selected values by 400-700 cal/g-atom. The constant for the Gibbs-
Duhem 1ntegrat10n was taken from values of AGCu in the (Cu) phase and . :
the hquldus and solidus at 1200°K. . > o

t
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Tables

TABLE 1

" Low-Temperature Data for (Cu)-Alloys

185

L ' . X7 n .
T.°K 00* | o1 | o2 0.3 0,35
2 .| 0.,000423 v0.000436 0.000446 | 0.000456 0. 000462 |
3 | 0.000805 0.000834 | 0.000867 | 0.000909 0.000933
4 -0.00139 0.00145 - 0.00152 | 0.00163 0.00169
5 (0..00225) (0. 00236) (0. 00250) (0. 00272) (0. 00284)
10 - |(0.0144) (0.0138) (0.0149)  |(0,0167) (0.0177)
15 (0. 0453) 0.0487 0. 0500 0.0532 0. 0560
25 0. 230 0.255 0. 291 0. 324 0. 338
50 1.476 1.570 1.672 1.765 1.17917
75 2. 841 - 2.978 3.051 3.177 3.220
100 - } 3.842 . 3.950 3.989 4.084 4,141
150 | 4.894 4,943 4.998 5. 051 5. 081
200 - 5. 405 - 5.416 5.456 5.483 5.495
250 | 5.673 5.669 5.689 5.696 " 5.697
208.15 | 5.838 5.1788 5.792 5. 800 5.802
yX104 11.66(+.05) | 1.69(£.05) [1.70(+. 05)|1.68(+.05) [ 1.67(+. 05)
HoHy " 1196 1208 1221 1235 1241
sst-so.. 7.925 8.094 8.246 | 8.424 8.498
(+. 06) (£. 06) (+..06) (+. 06) (+. 06)

><Values for pure Cu are slightlykl%) different above 5°K from the

selected values.

They are tabulated for the purpose of comparison.

TABLE 2

Low-Temperature Data for 8 and v Phases

" _ Cp
%, |Phase 2°K 3°K 4°K yX10*
fo.a3] B 0.000548 | 0.00124 | 0.00243 | 1.63(%.05)
0.47| B 0.000514 | 0.00113 | 0.00218 | 1.60(+.05)
0.58| «~ 0.000316 | 0.000651 | 0.00121 | 1.08(+.05)
0..60 0.000264 | 0.000549 | 0.00103 | 0.92(+,05)
0.65| v - | 0.000176 | 0.000402 | 0.000812 | 0.48(. 05)
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Cu-Zn
TABLE 3~
| Heat Content Data for Solid Alloys

Xzn | Fhase | HyqgoHgy | AHggg-oHg
0.2 | (Cu) 2975 -26
0.25 2987 -26
0.35 | (Cu) 3045 10

R D (£50) (£50)
0.46 | B 3593 533
0. 47 . 3628 566
0. 48 B 3663 598

 TABLE 4
V.High—:’vI-‘empera_ttiréD_a_tav for fhe 8 and B~ Pha‘ses, xz,u = 0.475’

— o(' . —i-' - —3 ) . -~ _A - _
K ~ Cp H,-Hy [Sp-S, ACp Al -6H  |AS-A5
B’ -Phase ‘ :
298.15| . 5.875 0o | 0.000 | -0.074 0 0.000
400 - 6.097 608 1.752 | -0.071 -9 - -0.018
500 6. 660 1242 3.164. | 0.299 0 -0.007
600 - 7.892 1962 4.474 | 1.344 73 0.125
700 10,1778 2870 | 5.907 | -3.829 | 315 0.532 |
738 (16.600) | (3344) |(6.565) | (9.630) | - (524) (0.836)

B-Pha"se : e :
773 . 7.180 3645 | 6.964 0. 784 582 ~0.908
800 7.508 3852 7.227 | 0.496 599 0.920
900 - 7:450 | 4595 |- 8.102 | 0.370 636 0.966
(£.1) (£50) | &.1) (. 1) (+50) (£.1)
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TABLE 5

Integral Quantities for Solid Alloys at 773°K

(1-x)Cu +x7Zn

@

. 7 .
(s) (s) Cul-X_ rlX(s)

-xZn ' Phase|  AG AH AS AG™® As™S
0.1 (Cw) C1111 | -627 | 0.626 |  -612 ~0. 020
0.2 1896 | -1309 | 0.759 | -1127 | -0.235
0.3 | - | -2419 | -1754 | 0.861 | -1481 -0. 353
0.381 | (Cu) | -2677 | -1969 | 0.916 | -1657. | -0.404

T (£300). | (£150) | (+.4) (£150) (+.4)
0. 44 B -2815 | -2112 | 0.909 -1761 -0. 454
0.45 2837 | -2141 | 0.900 | -1780 | -0.467
0. 47 -2873 | -2199 | 0.872 | -1811 -0. 502
0.488% | g -2896 | -2251 | 0.834 | -1832 | -0.542

- | (+200) | (+300) | (£.5) (£200) | (. 5)
0.582% | -2995 | -2625 | 0.479 | -1951 | -0.872
0.6 -3026 | -2726 | 0.388 [ -1992 | -0.949
0.65 - | 2917 | -2718 | 0.257 | -1922 | -1.030.
0.672% | ~ -2805 | -2588 | 0.281 -1832 | -0.978
0.761%| € -2267 | -2050 | 0.281 -1422 -0.813
0.80 -2007 | -1836 | 0. 221 -1238 | -0.773
0.82 1854 | -1700 | 0.199 | -1130 | -0.738
0.847 | « -1627 | -1484.] 0.185 -969 | -0.666

*Phase boundaries-according to Olander's emf data, They are slightly
different _from the selected phase diagram. '
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' Cu-Zn

TABLE 6

Pé.rfiail Molar Quantities for Solid Alloys at 773°K

Cui(vs) k .(;u{ig alloy)

‘ R f ' = - AXS - a sXS
Xcu Phase acy | Ycu AG Cu AGCu AHCu ASCu ASCu
1.0 (Cu) | 1.000]1.000 0 0 0] 0.000 | 0.000
0.9 : 0.877]0.974} -202 -40 64.| 0.344 | 0.135
0.8 0.678| 0.847f -598 -255 -164 | 0.561 | 0.118
0.7 | 0.458}0.655} -1198 -650 -727 | 0.609 |-0.099
0.619 | (Cu)| 0.313]0.505| -1786 | -1050 | -1212 | 0.743 |-0.210
o (£..02) |(£.03) | (£300) } (£300) | (+400) | (. 65) | (. 65)
0. 56% B 0.313} 0.559| -1786 -895 -840 | 1.223 | 0,071
0. 55 -] 0.290]0.527( -1901 | -983 -840 | 1.373 | 0.184
0. 53 0.248 0.467| -2146 | -1171 -840 | 1.690 | 0.428 |
0.512%| B .| 0.212]0.413] -2385 | -1357 | -840 1.999 | 0.668
' ] (£.03) j(£.05) ] (£200) | (£200) | (£500) | (+.7) | (£.7)
0.418%| y | '0.212]0.507| -2385 | -1046 | 355 | 3.546 | 1.813
0.4 0.125} 0,312 -3198 | -1790 | -725 | 3.199 | 1.378
0.35 '0.026| 0,074| -5620 | -4007 | -5759 |-0.180 | -2, 266
0.328%] 0.011] 0.035| -6865 | -5152 | -7418 |-0.715 | -2, 931
0.239%| ¢ 0.011| 0.048| -6865 | -4666 | -5697 | 1.511 | -1,334
0. 20 i 0.006| 0.030} -7856 | -5384 | -6888 | 1.252 | -1.946
| 0.18 0.004| 0.022} -8463 | -5829 | -7697 | 0.991 | -2.417
0.153 € 1 0.003} 0.018] -9065 [ -6181 | -9033 | 0.041 | -3.689

*Phase.bdundaries according to Olander's emf data. They are slightly
different from the selected phase diagram. '

G
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TABLE 6 (cont'd )

Part1a1 Molar Quantltles for Sohd Alloys at 773°K

Zn

189

slightly different from the selected phase diagram.

| Zn__Component- N L(s)'= Zn(in a}'loy)(s)

»xZn | Phase | azn V.Zn : AGZ AG;S AHZr'x . ASZ‘n : AS);;

0.0 | (Cu)|o0.000{ 0.014 -0 | -6505 | -5500 | 1.300

0.1 ‘ 10.002{ 0.024 | -9296 | -5759 | -6853 | 3.160[-1.415
0.2 0.010] 0.050| -7087] -4615| -5888 | 1.551}-1.647

0.3 | . 0.032| 0.108 | -5268 | -3419 | -4149 | 1.448{-0.944 |

'o 381"(Cu) 0.068{ 0.179| -4125| -2642 | -3199 | 1.198}-0. 720 {-

1 (£.01) | (£. 03) | (£300)} (£300)| (£400) | (+.65)] (+. 65)
o.44*- B 0.068| 0.155| -4125}-2864 | -3731 | 0.510}-1.122
0.45 | 0.075| 0.166 | -3982 | -2755| -3731 | 0.325/-1.263
0.47 | 0.090] 0.192 | -3693 | -2533 | -3731 {-0.049]-1. 550
0.488%f B - 10.107| 0.219]-3433}-2331 | -3731 |-0.386|-1.811
-l 1(£.01) | (£. 03) | (£200) | (x200)| (£500) | (£.7) [ (. 7)
0.582%] ~ 0.107] 0.184 | -3433 | -2601| -4765 | -1.723]-2. 800
0.6 |  10.150| 0.250{-2911 | -2126|-4059 |-1.485[-2. 500
0. 65 0.386] 0.594 ) -1461] -799] -1081 { 0,492}-0. 365
0.672%| ~ 0.585) 0.871 | -823| -212| -231| 0.766]-0.025
n.161%| ¢ 0.585| 0.769| -823| -403| -905|-0.106|-0.650
0.80 | 0.702( 0.877| -545| -202| -573|-0.036{-0.48
0.82 | 0.769} 0.938 ] -403] -98| -384] 0.025-0,37
0.847 | e 0.832| 0.982| -283| -28] -121{ 0.210/-0.120
- *Phase boundaries according to Olander's emf data. They are
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TABLE 7

Therfnodynafnic Properties of 8--Phase at 600°K

0.525Cu ., +0. 47§Zn(s_) = Cuy 525270, 475(s)

AG AH _AS
-2755-1-2657 | 0.164
(£200) |(+300) | (£. 6)

TABLE 8 -

- Partial Quantities for § -Phase at 860°K

__'Zn Comp‘bnent

Zn(s) = Zn(in alloy)(s)
o , : o = = XS
x.on q2n - ‘ ‘YZn : Ac:}Zn AGZn .

{0.730%[0.594 | 0.814 | -890] -352
0.753%| 0.636 | 0.775 | -775 | -290
w2 @3 | @200 | (x200)

TABLE 9

. Integral jQuantities for Liquid Alloys at 1200°K

(l-x)Cuu) +xZn(“ = Cul-xz-nx'(l)f
x, o | 4G | a6 | x, | 4G | aG™
- 0. 334 -2942 -1423 | 0.6 ) -2860 -1255 -
- 0.4 --3071 -1466 | 0.7.}] -2462 | -1005
0.5 - | -3071 -1418 } 0.8 ]| -1889 | -695
' (+400) | (£400) { 0.9 | -1126 -351

*Phase boundary

G
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TABLE 10

, b;'__tPa'rtial Molar Quantities for Liquid Alloys at 1200°K

' 'Cu. Component . va Component
. guu) = Culin alloy)(-” 1 Zn(‘l) = Zn(in a],loy)u) _
‘ o = - Xs | = X8
*7n r,aCu Tcu AG'Cu AC';Cu 87n | Yzn A(“TZn AG‘.Zn
0.334%{ 0.432] 0.648 | -2003 | -1034 | 0.132 [ 0.398 | -4814 | -2199
0.4 | 0.334] 0.557 | -2614 | -1396]0.207|0.517| -3757 | -1572
0.5 1 0.219/ 0.438 | -3621 | -1968 | 0.347 | 0.695 | -2521 | -868
| (£.05) (£ 1)} (£400) | (£400)|(+. 05) |(+.1) | (+400) | (+400)
0.6 | 0.139f 0.348 | -4705 [ -2520 | 0. 505 | 0. 841 | -1630 | -412
0.7 . 0..085| 0.284 | -5869 | -2998 | 0.657 | 0.939 | -1002 | -151
0.8 0.049| 0,245 | -7187 | -3349] 0. 789 | 0. 986 | -564 -32
0.9 .0.023] 0.229 | -9010 |-3519{0.900]1.000}| -250| 1
1.0 . 0.000} 0.2351 -0 | -3454]1.00011.000 0 0
*P

hase boundary

)
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Copper-Zirconium.

.' Partv 1. Discussion

Phases and Structures. The phase dlagram from Hansen (1958) has been
modlﬁed to include recent studies from Elliott (1965), Shunk (1969) and
Meny and Champigny (1966).  Many features-are still unresolved. There
have been conflicting reports about various mtermediate phases. Pearson
(1958, 1967) lists the followmg phases: '

0, "Cu?rz ' with an ordered be tetragonal (C11 p) structure isotypic.
- with MoSi,. This phase has been well estabhshed '

"Cqu " with an ordered tetragonal structure isotypic with "e- CuT13 .
‘The existence of this phase is disputed and it is not mcluded in
the phase diagram. :

Structu'r’es of v, "Cus2Zr'; &, "Cuy Zr" ¢, "CusZr,"; and n, "Cqu”
have not been found. In addition, Hansen (1958) reports a questlonable
"CusZr;," phase, not included in the phase d1agram.

Part II. Tables

No-therf’rﬁé_dynamic data were -found«for this system.

PDD  January, 1971
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