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I, INTRODUCTION

The behavior of solid solutions of one substance in
another has been of great interest to chemists and metallure
gists for some time, The existence of solid solutions was
first recogniszed as for back as 1860 by Hatthiessen and with
the advent of the Cibbs phase rule at the turn of the century
it became a generally recognised fact, 3olid sclutions are
known to exist in both inorganic salts and metals, This study
econcerns the solid solubllity behavior in binary alloy systems,

At the present state of development in solid solution
theory certain basic eriteria have been recognized whieh
deteraine whether or not solid solutions will exist in binary
metal systems, These criteria are closely aligned «ith the
periodic nature of the elements but because of thelr simule
taneous interplay it is difficult to deseribe them separstely,
The rere<earth metals offer a unique opportunity in testing
these eriteria, Hume+Rothery (1) was the first to recognise
the factors which control solid solution formation in metal
systems, There sre three basic factors which are (a) the
size factor (b) the electrochemical factor and (e¢) the rela-
tive valence factor, These are discussed in detall later but
essentislly Af there are any large differences between two
metals with respect to these factors the extent of their
forming solid solutions will be seriously limited, In the
rare~-garth series, zll of these factors are gquite similar,
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Because of their electronic structures, the rare-earth metals
along with scandium, yttrium and lanthanum have metallie
valences of 3 (except for europium and ytterbium which are
divalent); electronegativities of around 1,20 e,V,j and
atomie sizes which vary from 1,641A for scandium to 1,877A
for lanthanum, Thus, froxz these considerations it is seen
that the rare earths offer a valuable opportunity to contribute
to the understanding of solubility and solid solutions,

Gold was chozen as the solvent in this study because of
the results found by Wunderlin gg al. (2) in the fo~Au system,
They found an abnormally high solid solubility for holmium in
gold with regard to the !Humeelothery criterla and it was felt
that it would be of great interest to determine whether any
other rare-earth in gold alloys might exhibit abnormal solu=-
bilities in gold,
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IX, THECRY OF SOLID SOLUTIONS
A, General Comments

Before discussing any detailed theory of solid solu~
tions, & short mention of what is involved in the formation
of a solid solution might be helpful,

The basle underlying factor which determines the nature
of any natursl process is the energy involved and the way it
manifests itself in a system, Nature dictates the rules which
the energy of a system obeys and any deseription of & natural
process must consequently have its basis in the energy cone
siderations of a2 system, Vhen dealing with solid solutions
the prime energy concern is the energy of the solvent, It is
this energy whieh is changed upon addition of solute atoms to
the solvent lattice, The degree to which this energy is
changed depends upon the degree of difference between the
characteristics of the solvent and solute atoms, If the de~
gree of difference is small the smount of strain due to the
introduction of e solute atom into the solvent lattice will
not be too large and the solvent will tolerate & large amount
of solute, The larger the degree of difference becomes, the
more apt the system is to find a form which is energetically
more favorable to nature (such as an intermediate phase or an
intermetallic compound), If the degree of difference is too
great, solid solution formation will not oecur because
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preference will be given to a form with lower energy than the
solid solution, such as a compound,

Thus, it is easy to see why the solubility eriteris of
Hume~Hothery are so important, The aige factor, electro-
gchonical factor, and the relative valence factor are all
elosely related to the changes in energy involved in solid
solution formation, Because all of these factors are manie
festations of the energy of a system, they do not set inde~
pendently of one another, Thus, in consideration of them it
is esaential to keep thelr simultaneous effects in mind,

B, The Sise Factor

The effect of sise difference on the energy of a solid
aalutica;il eaay to visualise, For the most part, metsls
exist in close~packed structures having high packing effie
cienciesn, By introducing an atom of differing sise intec the
iattice of the solvent, the atoms of the solvent are forced
to aceept new positions resulting in a higher energy configure
etion than that of pure solvent, This is the source of a
strain energy in the system,

The shifting of the solvent atom positions due to size
differences is also the crucisl point of the sethod used to
deternine solubilitlies in this study, This change is reflected
in a change in the lattice constant of the solvent, Vegard
(3) first recognised this behavior in 1921 while investigating
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solid solutiens of inorganic salts such as KECl and KBr,
Vegard noted that the lattice constants of solid solutions
were linear combinations of the lattice constants of the two

pure components; i,e,

85110y * 18y * (1 = £y)ay
wvhere,

83110y = lattice constant of the alloy

oy = lattice constant of component 1

8T« fhatisa of eomponear I presect
This expression is often referred to as "Vegard's law", In
1928 (1) this prineiple was said to apply to metallic solid
solutions but deviations from it have been found to exist in
practically all binary alleoy systems by Hume<Rotnery and
others (1), Both Eshelby (4) and Friedel (5) have attributed
deviations from Vegard's law to the product of the difference
in the sige and the difference in the compressibility of the
atoms involved, Accordingly, only solid solutions having atoms
with either identical sises or compressibilities would be
expected to obey Vegard's law, Oschneidner and Vineyard (6)
have compared several methods of explaining deviations from
Vogard's law snd hsve proposed one based on second~order
elastic theory which allows fairly good prediction of Vegard's
law deviations compared to other methods,

The changing of the lattice conatant of a solid sclution

upon addition of more solute leads, gquite naturally, to the
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question of what is that actual nature of a solid solution,
Ag a first approximation one would sssume that the solute
would be randomly distributed throughout the solvent, How~
ever, Averbach (7) mentions that according to diffuse xeray
analysis results, there are very few random solid solutions
and instead there is @& tendency toward ordering or clustering,
In a solid solution there are areas of severe local distor-
tion (around solute atoms) surrounded by areas of very little
distortion, The lattice constant for a solid solution, is
thus, an "average" constant and does not actually represent
the distance between any particular atoms, W¥arren, Averbach,
and Roberts (&) have shown this through diffuse xeray anslysis,
Their results show that the diffraction pattern of a solid
solution econtains lines produced by an "average lattice” and
that the atoms are offset from the points of this lattice by
a slight amount, It is this average lattice which shows a
uniform expansion upon addition of solute and thie is reflece
ted in the linear change of the lattice constant,

In using the sige factor for predicting solid solution
formation, there is diffieculty in defining what is meant by
an atom's size, The metal atom is often trested as & hard
sphere and for a good many cases this does not lead to
appreciable error, But because the apparent nature of an
atom in which it is pictured as a centrsl nucleus surrounded
by a diffuse electron cloud, the term "sise™ takes on an
aspect of ambiguity,
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fumeRothery, Mabbot, and ChenneleEvans (1) have obe
served that if the siges of two atoms differ by more than 14
percent to 15 percent solid solution formation is restricted
between those atoms, To use this value, or "size factor”,
the difficulty lies in the fact that the atom has e variable
sige which is a function of its environment, Several methods
have been devised for assigning values to the atomic radii of
metals, Goldschmidt (9) used the basic erystal structure of
metals to determine atomic size, Since & great many metals
have h,c.p, or f,c,c, structures, he bagsed his scheme on these
structures with coordination number 12, He took the radius
to be one~half the distance between two successive atoms in
either structure, In order to predict the size of an atom
having a normal CH12Z in another structure, he reduced the
CR12 radius by a certain amount (i,e, 4 percent for b,c.c, and
12 percent for the diamond structure), For alloys he assumed
Vegard's law to be valid and extrapolated the lattice cone
stant for the solid solution to 100 percent solute, This gave
an "apparent atomie diameter (or radius)"™ for the solute atom
ag Af 1t crystallysed in the same atructure as the solvent,
Rodii calculated in this manner, however, only applied to the
alloys being investigated, Hume<Rothery and Raynor (1) took
the atomic diameter to be the distance of closest approach of
the atoms in the normal structure of the metal, They recog-
nized the difficulties connected with this choice such as the
incomplete ionisation of some metals in various alloys (e.g.
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indium, tin, and lead), the structure of some metals which
have abnormally short bond distance of low coordination nume
ber {eo,z. zallium) and also the existence of differeat ale
lotropic modifications for many metals, To account for the
variable sise of atoms they pictured atoms as being "open”
or "filled"™, according to the volume of the total atom oce
cupied by the valence electrons, Open metals have small ione
core radii compared to the total atomic radii and filled
metals have ionegore radii and atomic radii nearly the same,
The alkali metals have examples of open metals and the noble
metals of filled metals, Axon and HumeeRothery (10) devele
oped this idea in terms of a quantity, Vg, the volume per
valence electron in a metal, Open metals have a large V,
while filled metals have & small Vg, As a result, open
metals have a more compressible structure then filled metals,
This means that solid solutions of open metals in filled
metals will result in negative deviations from Vegard's law
and the opposite will be true for solutions of filled metals
in open metals,

Warren, Averbagh, and Roberts (8) used diffuse xe-ray
analysis for still another way of determining atomic sigze, In
this method, they were able to measure the distance between
nearest neighbor atoms in solid soclutions from the amount of
diffuse scattering of xerays from solid solution alloys,
Their results showed that, generally, the sizes of both selute
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and solvent atoms were functions of composition, There ap~
peared to be a tendency in some instences for both atoms to
approach the hypothetical size of an atom derived {rom the
lattice constant of the average lattice, Ilowever, they found
exceptions to this behavior, notably gold in nickel and
platinum in copper,

Chesain, Arajs, and Miller (11) have recently developed
2 new acheme for estimating atomie radii, Their method ine-
volves dividing the unit cell volume by the nusber of atoms
per unit cell to get the volume por atom, From this they
calculate the stomic radius, In this approach the atom is
pletured as having two volume e¢lements, One is the volume of
the ion core which is incompressible and the other is the
volume of the valence electron shell which iz compressible,
The ion cores are relatively closeepacked with the valence
electrons being smeared out into the ompty aeress of the late
tice, To deteraine the sise of a solute atom in a erystal
structure differinz from its own parent structure they (1)
caleulated the compressible and incompreassible volumes of
the atom in the parent structure; (2) assumed the incomprese
sible volume to remsin constant; end (3) used packing effie
clencles to detersine the volume available for the valence
electrons in the new structure, By using & linear relatione
ship analogous to Vegard's law they were able to calculate
lattice constants for germanium in irom solid solutions in
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almost exact agreement with experimental values,
C. Electrochesical Vactors

The electrochemical factors sre not as resdily understood
as the sige congiderations, Becsuse of the e¢smplex nature of
the electronic structure of metals and the ways in which the
electrons in 2 metal behave, it is difficult to give solid
gquantitative theory for the role of electronic considerations
in solid solution behavior, One of the electrochemical face
tors to bte considered is the eleoctronegativities of the atoms,
Basiecally, this is & measure of the tendency of an atom %o
attract electrons to itself, If the members of & solid solu~
tion have widely differing e¢lectronegativities, one member
will tend to accumulate elecirons st the expense of the other
with the result being ioniec bond formation (and consequently
compound formation), Such behavior limits solid solution
formation, From & thermodynamic standpoint, large electros
negativity differences favor chemicsl interaction because they
lead to negative contributions to the excess entropy, enthalpy,
and free energy of a systes (12),

Another effect which is actually more closely aligned
with the valences of the components but still related to their
electronegstivities involves the change in energy in the
electronic distribution caused by a perturbation potential
assoclated with the introduction of & solute atem inte the
solvent lattice, If the ionization energy of the solute is
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different from that of the solvent there will be & charge
build-up of electrons arcund the sclute or solvent atoms
{depending on whieh has the higher lonisatlon energy).
Slater and Koster {13) discuss this sort of behavior in terms
of 2 perturbing potential, Vp, which modifies the energy and
motion of the valence electrons, There is a eritical value
below which there iz not a very large effect on the electron
distribution and above which "bound" eleectron energy states
become separated from the conduction bande of the valence
electrons, Thess bound states are closely aligned with bond
formation, PFriedel (14) deseribed Vp as causing rigid dis~
plscement of the conduction bands, The Fermi energy remains
&t a constant absolute energy snd the top or bottoam of the
band moves toward it under the influence of Vp., The bound
states separate from either the top or bottom of the conduee
tion bands, That this 1s actually a valence effect is evi-
dent from Friedel's expression for Vp which involves the
valence difference of the two solution components, Jones (15)
used the rigid band model to explain the limiting effects of
valeney differences in copper, silver, and gold, The Fermi
energy in those metals, which represents the free energy of
the valence electrons in a metal, is inversely proportional
to the density of ocoupied states in the valence shell, The
density of states in the rigid band model will depend on the
average number of valence electrons per atom which metallure
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gists refer to as the "¢/a” (electron per atom) ratie, Thus
as e/a inereases, when a polyvalent solute is added to copper,
silver or gold, the density of states decrsases and corres~
ponding!y the Fermi energy increases, At a certain ¢/a ratio
the electroniec distribution will come in contact with a fore
bidden enorgy gep of the Brillouin zone and the density of
states curve will begin to decrease vory rapidly, resulting in
& rapid inereage in energy, Any new phase which has a still
lower free energy is then available to the system and will be
favored over a solid solution, Thus, the ¢/2 ratio limits the
solubility range,

¥With respect to gquantitative limits on the electronega=
tivity difference, Darken and Curry (16) place a difference of
20,4 e,v, as the point where two solutlon components will dise
play negligible solid sclublility, There are different
methods of determining electronegativity so that comparisons
between atoms must be consistent with the method used,
Pauling (17) developed a scale based on the heats of formation
of bonds between two unlike atoms, OCordy and Thomas (18) de-
veloped an empiriesl relationship betwsen the number of valence
electrons and the single~bond covalent radius of an atom to
ealculate its electronegativity, Doth secales are quite siaie
lar except for copper, silver and gold,
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D, Valenca Effects

The effects of valence have been discussed previocusly in
terms of the ¢/a ratic and its effect on the energy of an
alloy,

Another prineiple whigh should be mentioned is the rela-~
tive valence offect deseribed by Hume-Rothery (1), Aceording
to this prineiple, the tendency for two metals to form solid
solutions is not necessarily reeciprocal, This is illustrated
in the situation in whiech lower valent solvents tend to dis-
solve higher valent solutes more readily than in the reverse
case, This situation holds true most always for univalent
solvents and polyvalent solutes, but the case for higher
valent solvents is =ore confusing and excepticne are known
(such as the Inelg system), Xleppe (12) discusses the thermoe
dynamics behind this principle and indicates that there exists
an asymmetyy in she thermodynamic functions for selutions of
eomponent one in component two in comparison to the reverse
situation, He discusses it in terms of the limiing curvature
.of the enthalpy of mixing which is dependent upon the valence
difference of the two solution components, Positive curvae
tures result for the case of polyvalent solute: and univalent
solvents, meaning that the solute atoms tend to repel each
other, which favors solid solution formation, Feor the reverse
case, negative curvatures result with an attraction occurring
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between solute atoma, which does not favor solid solution
formation, These results give some basis to the Humee
Rothery relative valence effect,
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I1I, BXPERIMENTAL
A, Materiale

The gold used in this investigation was obtained from the
¥illiams CGold Refining Company of Buffale, WNew York, It has a
purity of 99,97 percent with respect to non-gaseous impurities,
Ho gas analysis was run on the gold because of its relative
inertness toward the gases in the air,

The rere-earth metals were obtained from the imes Labora=-
tory of Iowa State University, imes, Iowa, The metals used
were scandium, yttrium, lanthanum, cerium, neodymium,
samarium, gadolinium, terbilum, dysprosium, holmium, erbium,
thulium, ytterbium, and lutetium, The impurity analysis of
these metals are given in Table 1,

B, Preparation of Alloys

Two or three gram alloy samples were prepared by are
melting gold and the particular rare earth, which had been
weighed out to #0,1 mg, in the desired composition,

After the metals were melted and held in the liguid state
for a few seconds, they were allowed to freeze and were turned
over snd reemelted, This process was repeated three or four
times to insure homogeneous mixing of the metals, The samples
were re-weighed to determine any weight losses from melting,
With the exception of some of the Er-iu alloys, all alloys
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had weight losses of 0,5 percent or less so that the com=-
positions were not seriously sltered, The weight losses in
the first five Ereiu alloys, which were the first alloys pre-
pared in this study, ranged from 2,0 percent te 5,0 percent
but two additional alloys prepared later on had weight losses
of less than 0,5 perecent, The results of these last alloys fit
in well with those of the first alloys, indicating that the
weight loszses were not due to one component alone but were
rather due to loss of both gold and erbium,

After arc melting, the aslloys were wrapped in tantalum
foll, then placed in gquarts stubing, and sealed off under a
partial atmosphere of argon, They were placed in a resistance
furnsee for approximately 200 hours at 780°C, This particular
temperature was chosen because it ecorresponded to the eutectie
temperature found by Wunderlin gt al. (2) for the Hoeiu syse
tem (this temperature was later found to be in error), A
second gset of Th~iu alloys were prepared snd these were
annealed at 809°C., the eutectic temperature of golderich The
Au alloys, After the prescribed annealing period the alloys
were removed from the furnace and quenched in cold water,

C. ZeRay Nethods

The xeray parametric method was used in determining the
solubllity of the rare~earth metals in gold, In this teche~
nigue the lattice parameters of the alloys are plotted as a
function of composition, In a single phase region, in general,
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the lattice parameters change as the composition changes;

that is, the slope is nonegero, In & two phase region the
lattice parameters remsin constant; that is, the slope is szero,
The composition corresponding to the intersection of these two
lines represents the solubility limit at the teasperature from
which the alloys were quenched,

In order to determine the lattice parameters of the
alloys, filings from the heatetrested specimens were placed in
small tantalum tubes which in turn were then sealed under an
inert helium atmosphere, The tantalum tubes were then sealed
in quartz tubing under & partial argon atmosphere and were
placed in the resistance furnsce at various annealing tempera=-
tures, The time of annealing ranged from one~half hour to
three hours (the length of time was inversely proportional to
the annealing temperature), The samples were then gquenched
in cold water and placed in 0,3 mm, diasmeter glass capile
laries for x-ray photographs,

L~ray patterns of the samples were taken by usirg a
114,.6 um, Debye~Scherrer camera and copper Ko radiation, The
optimum exposure time for the samples was found to be approxie
mately two hours,

The spucings of the (331), (420), (422), and (333) sets
of back reflection doublets were measured on each pattern,
From these data, the lattice constants for the solid solutions
of the rare-esrth metals in gold were calculated by using the
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Pptand extrapolation procedure, Lattice constant versus compoe
sition curves weore constructed for each system,

D, Mieroscopiec Examination

To aonfirm that the lattice constont versus composition
curves were valld, the samples in the Ode, Ere, and Lueiu
systems which lay on either side of the solvus line on the
golderich end of the phase diagrams were examined metalle=-
graphically,

The alloys werse mounted in bakelite, polished, and
etehed with aqua regia, In all systems the alloy which was
expected to lie in the one phase region according to the
established solvus line was found to be cne phase and the ale
loy which was expected to lie in the two phage region was
found to contain two phases, This confirmed the solvus curves
deternined by the xeray parametric methed,

E, Thermal Analysis Methods

The eutectic temperatures for the rere-earthegold systems
wore deteramined using thermal analysis, Twentyegram alloys
with 12 atomic percent rare earth in gold wers prepared by
using the methods in pert B, After 200 hours of heat treate
ment the alloys were loaded into eylindrical tantalum
erucibles, 0,95 cm, diameter x 3,8 em, length, with 0,32 em,
diameter x 0,64 om, length theormocouple wells, The erucibles
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vere sesled under a helium atmosphere,

Thermsal analyses were run under a partial helium atmose
phere using & tantalus tube resistance heater and vacuum
farnsce, The eutectic temperatures wers taken to be the
first thermal arrests on the heating curves of each sample,
These arrests were alsc confirmed on cooling curves, The
eutectic temperature was teken as the mean value of two or
mere heating and cooling cycles,

P, Treatment of the Data

Any set of data are subject to both random and systematic

errors, Handom errors result from the taking of data and are
chance errors, subject to the bias of the investigatoer,
Syatemstie errors osceur because of the inherent iamperfections
and weaknosses of the methods and equipment used in obtaining
the data,

in order to determine accurste lattice parsmeters, it was
necessary to mininize the systematic errurs involved in the
Debye-Scherrer teshnicue, The four most important systematic
errors in this method are: the incorrect camera radius, film
shrinkage, the eccentricity of the sample, and the absorption
of zerays by the sample, A fPtan} extrapolstion procedure was
used in this investigetion to minimisze these sourecs of error,
In this procedure, the error is oxpressed as a function of §
{the complement cof the Bragg angle 0) in the form of tand,
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This error function is extrapolated to
$ » cand = 0

8t which point the ervor theoretically becomes zereo, A more
detailed discussion of this procedure is given by Cullity
{19},

Another ceuse of error was in the weight losses incurred
by the alloys during melting, This error in composition was
regarded an negligible because, for example, in the 1,0 pere
cent and 4.0 stomic percent samples in the Lu~iu syastem the
welght lossss were such that the compositions of these alloys
would heve been shifted to 0,8 atomic percent Lu and 3,2 atomie
percent Lu respectively, if sll of the weight loss were due
to lutetium, Yet in the 2,0 atomie percent Lu alloy the weight
loss was greater then the originsl amount of lutetium present
and still the lattice constont for the 2,0 atomie percent
alloy lay on the line drawn between the lattice constants fop
the 1,0 atomic percent and 4,0 atomic percent alloys, This
indicated that the welght losses were due to loss of both rare
earth and gold in ratios comparable to the originally intended
compositions, If all of the weight loss were due to gold,
the original compositicns would not have been changed sipnif»
ficantly, It is possible that the weight losses were not in
ratios comparable to the originally intended compositions but
gince the gold was melted "over” the rare earth the welght



loss was probably iargely attributable to the initial
striking of the are which hit the gold first and consequently
the compesitions were not seriously altered,
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IV, RESULTS
A, Solubilitiecs

To deternine the sclubllities of the light rare-earth
metals, lanthanum, and yttrium in gold, golde-rich alloys
containing 3.0 atomie percent ¥, 4,2 atomic percent La, 5.9
atomie percent Ce, 5,2 atomie percent Hd, and 4,0 atomie
percent Sm wore prepared, It was felt that if these alloys
had lattice constants only slightly different from that of
pure gold then this would indleate & rather smsll solubility
for these motals in gold, Table 10 in the Appendix shows the
results and as can be seen, there are only slight increases
in the lattice parameters for these alloys compared to pure
gold, except for yttrium in gold, This suggests thet these
metals are slightly soluble in gold, The annealing tempera=
ture for ell of these alloys was 765°C, For the lLaeAu alloy
a second specimen was re-examined at 798°C, (the eutectic
temperature for golderich La=iu alloys), The value of the
lattice constant at this temperature was approximately the
same as that at 765°C,, indicating that there is not a sharp
inereasze in solubliity neor the eutectic temperature, The
relatively large change in the lattice constant of gold
caused by the yttrium sddition indlicates thore might be a
significant solubility for yttrium in gold,
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Egtimates of the solid solubllity limits of these metals
in gold were made from the date of the other rare earthegold
systems and are shown in Teble 2, The details of the pro-
cedure used to make these ostimates are glven in the seetion
on Interpretation of Results, A, Solubilities,

Table 2, &i.dubuny of light rere-garths, Y, and La in
go

ey Totlmsted 90Tl
M - - M
Tehu 2,0 a/e

La=iu O, l-b

g;::: ...-0.

3meAu y

The compositions for the alloys used in detemmination of
the solubilities of the heavy rareeearth metals and scandium
in gold are givean in Table 3,

The results for the solubilities are showm in Figures 1
through 7, The lasttice constant versus composition curves are
given in the upper portion of the figures, The various
ennealing tomperatures sre listed alongside the horizontal
lines, The terminal solid solublilities of the various rare
earths in gold are given in the lower part of the figures,

The Od=Au data are shown in Figure 1, the Theiu in Figure 2,

the Dy=Au in Figure 3, the Er-iu in Figure 4, the Tmeiu in
Figure 5, the Lu=iu in Figure 6, and the Sceiu in Figure 7,
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Table 3, The compositions of alloys used for solubilisy
determinations (heavy rere earths)

ey on
m——-—: — — S
Gd=iu 0 3, 90,5 1¢G 105 200
3.0, 4,00
Thedu 0.5, 1,0, 2.0, 3.0
Dy=Au ﬂ.g, 1,0, 2,0, 3.0, 4.9,
Epein 0.6 102 2.3, 3.5 ‘17
6.0: 3,0’ ’ ' B
Ta=iu 2.0, 4,0, 6,0, 8,0
Lueiu 2,0, 4,0, 6,0, 8,0
8‘“& 3.9. 6.0. 9.0. 1200

R adieidn ot oo e e s it ash .ot e s B

Terbium in gold alloys were prepared twice because the
results from the first alloys were not consistent with those
of the other rare earthegold alloys, Apparently, during
annealing, the quarts tubing cracked and the inert atmosphere
was replaced by 2ir, The samples absorbed either nitrogen
or oxygen or both, Hansen (20) states that pure gold does not
dissolve either of these gases but apperently the terbiumegold
alloys did, The largest weight gain (0,6 percent) due to
abserption of air occurred in the alloy with the largest
terbium content, The lastiece perameters of these alloys are

shown in the upper portion of Figure 2, Comparing these
results with those of the second set of alloys (shown in the
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middle portion of Figure 2) it is seen that the lattice
constant versus composition curve is flattened out by the
presence of oxygen or nitrogen in the samples, But it is
interesting to rote thet the solubilities at 780°C, for the
contaminated and uncontaminated alloys are the same,

In the Dyeiu system, both the 3,0 and 4.0 atomie per-
cent alloys were anunealed at 990°0 (Figure 3), The lattice
parameters in these two alloys differed by approximately 0,003
A indicating & solubdility between 0,75 end 1,20 atomie percent
Dy. OSince no preference could be given to either alloy both
points are included in the figure,

The scatter of the data points about the !ine for the Ere
Au system is due to the large weight losses lncurred in melting
the firet samples, The line &s drawn is in reasonable agree~
ment with the other rare sarthegold aystens,

o data points were obtasined above the cutectic temperae
tures in the scandium and lutetius in gold eystems, This was
due to the closeness of the sutectic temperature in the SceAu
systems to the melting point of gold and difficulties ene
countered in attempting to get well defined x-ray patteras in
the Lu~iu system,

The experimental data for all these systems are given in
Table 11 in the Appendix,
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B, Butectic Temperatures

The eutectic temperatures determined by thermal analysis
techniques in this study and some literature wvolues fopr the
rare ocarthegold systems are lilsted in Table i,

Table 4, Eutectic tsaperatures for rare esrthegold systems

e are eartn ———rateetle .
{Bare-earth-gold systems)

" Senperature (OC.)
a

798
ot A
Py 809
2 2

803

-4 806+803
g 812
~ .
e 1042

%value from Csehneldner (21),

As is seen, the eutectic temperatures of the lanthanideegold
systems remain fairly constant as one proceeds along the series
of elements until erbium is reached, At erbium the eutectiec
temperature begins to inerease and rises to a value of 8909,
for lutetium in geold, OSeandium which is even smaller than
lutetium has a much higher eutectic temperature (1042°C,),
Totrium which is about the same size as sadolinium has an
eutectic temperature which is the same as the =majority of the
lanthanides which have atemic numbers less than that of

erbium (at, no, 68),
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V. IHTERPRETATION OF RESULTS
A, Solubilities

In view of the previous diseussion, the sclubilities
obgserved in the heavy rare earthegold systems would not be
expected because se8 is shown in Table 5, two of the three
fume~fothery criteria are not favorable and the third, the
relative valence factor, may or mey not be favorable, The
gise feetors in all cases are in excess of the 15 percent
value by a rather large degree, The smallest rare carth,
lutetiun, differs by about 20 percent in size and yet shows a
solubility of almost 8,0 atomie percent in gold, Even
dysprosiun which i3 23 percent larger than gold shows a solue
bility of over 2,0 atomie percent, The sigse factor for
scandius is within the favorable range for gold (13,8 percent)
and it shows the largest solubility (8,8 atomic percent),
However, the sise factor for lutetium is one and onew=half
times as large as that for scandium yet the solubllities are
only one atomie percent apart, Apparently, in accord with
the discussion of the theory, the sises of the heavy rare=
earth atoms and possibly that of gold change in the alloys of
the two so that they are more nearly the same sise, Changes
in eledtronic stirusture or poscibly the compressibility of the
atoms might account for these changes,

The electronegativitiss of gold and the rareesasrth atoms
differ by more then the 0,4 e,v, limit proposed by Darken and



Table 5, Dats for predicting solubilities (raere-sarth-gold systems)

b
Redius Electyonez. Size diff, Electrone
Element r{s) . Valence [M j:‘u =1)120 diff, o
4 1,301 1,20 3 24,9 0,70
La 1,577 1,17 3 30,2 0,73
Ce 1.82 1,21 3 26,6 0,69
Hd 1,8 1,19 3 26,3 0,71
Sm 1,802 1,18 3 25.0 0,72
Gd 1,302 1,20 3 25,0 Q0,70
o 1,782 1,21 3 23.6 0,69
Dy 1.773 1,21 3 23,6 0,69
Ep 1,757 1,22 3 21.8 0,68
T 1,746 1,22 3 21,1 0,68
La 1.734 1,22 3 20.3 0,68
Se 1,641 1,27 3 13.8 0,63
Au 1.442 1,90°% 1 - -
2,308

3Value based on Cordy scale (18),
Bcalculated using value (¢) for gold,
®Yalue taken from Wabet gt al. (22).
9Yalue from Gordy snd Thomas (18),
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Curry (16), The value of 1,9 for gold was teken fyom a paper
by Vaber gt gl. (22) rather then the value of 2,3 given by
Gordy and Thomas {(12) as a "solected value” for gold, because
Waber gt al., (22) have shown that the 2,3 value is too high
to explain the metallurgical nature of gold with respect to
the formation of solid solutions, Even this lower value is
almost 0,7 units larger than the values for the rare earths,
and would appear to hinder any solid solution formatien,

The valence difference of two between gold and the rare
earths would also geem to limit the amount of solid solution
formation between them in comperison with the solublility of e
divalent metal in gold,

Some interesting results werc obtained by extrapolating
the lattice constant versus composition line te 100 percent
rare earth to obtain the apparent atomie radil of the rare
earths, Table 6 gives the apparent stomic radii calculated by
this method and the corresponding size differences,

T 6, A dii and £
able 6, .gyang: m ra sise factors (rare earth

- { - pre /e ).100 el
3¢ 1l ' a.8
Lo 1:3% 13:3 207
- 16 13 $:3
u 15 1%:3 1.3
Gd 1,772 22,8 0,7

e . aascand



38

As can be sesn, there is a significant dreop in the
solubility between erbium and dysprosium as the sise factor
exgeods 15 percent, If the rare carths have these sises in
solution with gold, then the Hume-Rothery (1) eriterion of
15 percent size difflerence seems to be satisfied, Agein, it
is signifiocsnt that in the csse of scandium and lutetium the
size factor for lutetium is now three times as large but the
solubilities are very similar,

The apparent atomic radii for the rare sarths are
eignificantly smaller than the pure metal radii indicating
negative deviations fyom Vegard's law, Friedel (5) has exe
pressed the deviations from Vegard's law as:

y = Oyldy = 45/% = 10005,/ 20008, )%5] + 1}

where,
y = deviation
Cy = declimal equivalent of the stomic concentration
of solute
dy = radius of the solute
d; = rodius of the solvent
ip = compressibility of solute
X, = compressibility of solvent
o, = Poisson's ratio for solvent

Since the rare earth apparent atomic radii are larger than
the gold radius and since the rare earth compressibilities
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are larger than that of gold (see Teble 7) negative deviations
would be expected according to Friedel's theory, The neces«
sary quantities for applying Friedel's expression to the rere
earth-gold systems are given in Table 7,

Table 7, Data for saleulating deviations from Vegerd's law"

) X(x 2077 ea?fig)
™ e 2506 -
L l.m 23-3{ -
% 1752 2. :
Gd lom 25,6 -

SYalues tsken fyom Gschneidner (23),

The values for the deviations from Vegard's law using Friedel's

relationship are compared with those observed in the experie
mental data in Table 8, The agreement is very good for all
cases except for Sc-iu, This strongly suggests that the rare-
earth atoms are compressed by the environment of the gold
lattice, and that those rare earths which show significant
solubility are compressed to & size within the favorable sise
factor range of gold, Perhaps the large cleoctronegativity
difference or the fact that the compressed atoms are on the
borderliine of favorable sise factor are the reasons that the
solubilities are less than 10 stomic percent in all cases,
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Table 8, Deviations from Vegord's law

Txperis ?"W

mentally ; at which
Sgehu 0, -0, 0042 6.2 a/o Se
Luwhu <0, O 015088 6.3 afo Lu
Tm=iu iy -0.0066 5.9 a/o Tm
Epein =0, 0059 -3, 008 5.2 a/o By
Howau® ), 0k 4,0 a/o o
m -0, ooas =0, 0026 2.1 a/e g
«0,0018 «0, 0019 1.5 a/o
Gd=hu «0, 0009 -0, 0008 U6 a/0 Gd

“Value caloulsted using Wunderlin gt al. (z-) data,

It is interesting to note the changes occurring for the
rare earths using their apparent atomic radii and Gordy's
method (18) to ealculate thelr electronepativities, The roe
sults of this are compared with the electronegativities cale
culated from their pure metal radii in Table 9,

Table 9, Electronegativities
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There is & larger change in the electronegativities of the
more soluble rare carths than there is in the less soluble
ones, The change is in the right direction (toward the
value for gold) but it is not large enough to bring the reve
carth electronegativities within O,4 units of the value for
sold,

An effort was made to determine the solubilities of the
light rare earths which were lanthanum, ceriua, neodymium,
samarium, and yttrium, The slopes of the lattice parameter
versus couposition curves in the single phase region, i,e, the
chenge in lattice constant / change in composition, for the
heavy rare earths and scandium were plotted against their
radil (see Figure 8), It is seen that there are two possible
branches (A and B) to the curve, The A branch assumes the
values for terbium and gedolinium are valid and the B branch
assumes an error in these velues, Then the extrapolated
slopes for five rere carth systems were taken [rom the curves
and used to determine the ocolid solubility limits, It was
assumed that the alloys of the iight rere earths were in two
phagse regions, Then from the slopes and the lattice parae
meters of these alloys the solubilities were calculated using
the relationship:

a/slope = ¢

a = lattice constant of solid solution

¢ = golublility limit
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The solubilities obtained in using either branch resulted in
only slightly different values, In Figure 9, the solubilities
determined in the above indirect manner plus those obtalned
directly from the experimentel data are plotted versus atomie
sunber, One notes a gradual incresase {rom lanthanum to
gadolinium and & sharp increase begianning at gadolinium, Ale
though the lizht rare earths have larger compressibilitics
than the heavy rare earths, they apparently cananot be comprese
sed such that their siges are within the favorable range for
solubility in gold, Thus, they have only slight solubilities
in gold, The solubllities for terbium and dysprosium are
intersediate and may Le due to the fact that their sisze fac~
tors are just slightly greater than 15 perceat,

The csse of scendium is interesting because of its large
deviation from Vegard's law, compsred to the caleulated value,
and its rather low solubility in reletion to its adjusted
sise fuctor (4.5 percent), Yttrium is also interesting be-
esuse it hes a pure metal radius almost identical to gado~
" ldnium yet it is over three times as soluble, These cbsere
vations appear somewhat contradictory because scandium would
be predicted to be more soluble and yttrium less soluble, The
compreseolbility difference between yttrium and gadolinium
(26,8 x 10°7 en/ig for yttrium and 25,6 x 10°7 en?/kg for
gadolinium) might be the reason for the divergent solubilities,
It is possible that yttrium is compressed to a more favorable
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size than gadolinium, By extrapolating the lattice constant
versus composition line for yttrium to 100 perceat solute,
however, the apparent atomle radius becomes 1,744 which is
still 21 percent larger than the redius of gold, The explane
ation for the scandium case might lie in the free energles of
the first compounds on the golderich side of the phase diae
grame for Soe~iu and lLu-du, Possibly, seandium is less soluble
than expected because the first compound has a higher gold
gontent in the S¢«Au system than in the Lu=iu system, Conse~
quently, the first scandiumegeld compound might have & lower
free energy than the first lutetium~gold compound with the
result being that the two systems exhibit similar solubilities
oven though seandium has & much more {avorable sise factor,

Wunderlin, g& al. (2) sleo found solubilities of 1,6
atomle percent holmium in silver and 0,02 stomie percent
holaiun in copper, By applying Friedel's (5) theory to these
¢ases, the size factors become 15,6 percent for Hoeig and 22
peveont for Ho<Uu, These values indicate thet the solubilitiecs
observed are conalstent with the 15 percent sise factor,

In relating the solubilities in this investigation to
stroin energles in the solvent lattice, consideration was
given to the squere of the sise factor which, according to
Jaswon gt al. (24), is proportional to the strain energy.
Solubllities sre plotted against the squares of the sigse fage
tors in Flgure 10 end it can be seen that there is an increase



46

 Soa M N RN S | e AEREG TR B e
0.00— -
O THIS PAPER (USING RADIUS OF
PURE METAL)
0090k -° O LITERATURE VALUES i
A THIS PAPER (USING EXTRAPOLATED
RADIUS )
0080 -

0070

0060

(Ary®

0.050

0.040

0030

0020

0.0I0

QSC
gnpeelidl ol b L O bud oy

8 w0t B 9000 1 k2 dEseg
SOLUBILITY (%)

Figure 10, Square of the sise difference gwhieh is pro-
ional to the strain emrgg versus solue
bility (a/o) of the rare earth metals in g.‘m.
The wvalue for Ho was calculated from the data
of Wunderlin gt gl. (2).



47

in solubility as the strain energy decreases, The sige faee
tors for both pure metal radii and extrapolated (apparent
atomic) radii were used, Both curves show the same fora but
as is evident, the strain emergles for the extrapolated radii
are nuch less than those for the pure metal radii, GScandium
in gold has quite & low strain energy again indiecating that
some other facter than asize plays an important role in it
solubility behavior, TYttrium in gold has a strain energy
somewhat higher then would be expected for its solubllity which
again suggests some other factor also gontributes in this case,

B. Eutectic Tomparatures

The interesting behavior of the cutectie temperatures in
the rare-oarth in gold systems is plotted in Figure 1l as
eutectic temperature versus atomie nusber, At erbium the
eutectic temperature begins to rise, This is aleo the point
at which the sisze factor becomes favorable for solid solution
formation, Apparently this is an indication of a conmnection
between the sise factor becoming more favorable and eutectic
temperature, A second plot of eutectie temperatures versus
atomic radii is glven in Pigure 12 tc include seandium,

According to Hume~Rothery (1), the shape of the liquidus
curve versus composition in a binary metal system is greatly
iafiuenced by the size factor, Az the size factor becomes
less favorable, the liquidus curve develops a2 minimum in its
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(the eutectic temperature corresponds to this minimum), Ae
the sige factor becomes more favorable this minimum begins to
rise and the liguidus curve tends to flatten out, From Figure
12 1t can be seen that scandius has & eutectic temperature
far above that of lutetium and the other rare sarths, The
sdjusted sise fsotors in Table 6 show that scandium has & much
wore favorable sise factor than the other rare earths (4.5
percent compsred to 13,0 percent for lutetium) adding evie
dence to the effect of sisge factor on eutectic temperature,
Generally speaking, the effect of sise factor on eutectie
temperatures is further substantiated by the fact that the
outectic temperstures begin to risc just as the sime factor
becomes favorable at erbium,
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Vi, CONCLUSIOR

The results of this study show that in some cases of pre-
dicting solubility behavior, the complex nature of the sub-
stances involved must be considered quite carefully, Very
little solubility would be expected for the rare-earth metals
in gold by considering the Hume-Rothery oriteria (1), But
as was seen from these results, this is not the ecase, Appli-
cation of the Friedel model (5) to these systems indicated
that the relative size of the rare~-earth atom changed sub=
stantially when placed in a gold lattice, This change would
be expected to lead to negative deviations from Vegard's law
if considered from the pure metal siges, Deviations caleculated
from Friedel's model are within experimental error of being
equal to the observed deviations, This mutual sise adjustment
appears to explain the abnormal solubilities found for the
heavy rare earths because their apparent sizes in gold are
within the favorable size range for solid solution formstion
in gold, Yttrium and scandium, which are not true rare earths,
behave anomalously in relation to the other rare earths but
unfortunately there is not enough experimental information to
explain their behavior,

The eutectic temperatures found reflect the effect of the
size factor on the liguidus line, As the sise factor became
more favorable for solid solution formation at erbium, the
eutectic temperatures begun to rise, This behavior would be
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expected, The large increase in the cutectic temperature from
lutetium to scandium can be correlated with the sharp decrease
in size factor,

In summary, the solubility found by ¥underlin gt sl. (2)
for holmiun in gold, which instigated this study, appears to
be valid, although some of their data is questionable, There
is a definite trend in solubility of the rare esrths in gold,
Apparently the solubilities found can be readily explained on
the basis of sige considerstions alone and no interpretation
of the complex electronic distribution of the rere earths and
its effect on solubility is necessary, The electronic
characteristics apparently play a secondary role in the solu-
bility behavior found here except for possibly scandium and
yttrium,
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IX, APPERDIX

Table 10, Data for pure gold and for light rare earths,
yttrium, and lanthanum in gold systems

sition wuenching temp, Tattice constant
—la/e) (c)" (4)

Pure gold 780 b o 076622
ey 765 4078551
4e2 La 798 078052
5.9 Ce 765 4,0783:

L] . +
3.0Y 809 ‘-3935.".2

Table 11, Data for the heavy rare earth in gold systems

Tompoaition ~Quen temp,  Lattice constant

{alo) fogng oo (4]
0.) Od-.lu 730 ‘ow
0,5 Gd~Au 730 4,0812%2
1,0 Gd=Au 780 4,082042
1,5 GdeAu 780 4,0822%1
2,0 Gd=Au 950 " 2
2,0 Gd=Au 850 4.,0815%2
2.0 Gd=Au 780 4, 0820+
3.0 Gdeiu 850 4.,081%¢
3.0 Gde=iu 780 L,0822¢
3.0 GdeAu 740 b,0304210
3.0 Gd=Au 700 L,
3.0 Gd=Au 600 b
3.0 Gd=Au 500 4.0789%
3.0 Gd=iAu 400 homw
3.0 GdeAu 300 54,0783
4,0 Gd=Au 780 4,081
4.0 Od=Au 740 b, 07
4,0 Gd=Au 700 4, 081084
4.0 Gd=Au 600 4L, 0782
5,0 Gd=Au 500 4,07
4.0 Gde=iu 400 4,078624
4.0 Gd=Au 300 h,078621
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Table 11, (Continued)

Mzahien ﬂmne?&zltmp. ﬁtuc?ﬁonﬁmﬁ

0,5 Thedu 809 o 08062
1,0 Theiu 309 4, 0848410
2,0 Toedu 850 4, G860%
2,0 Thehu 509 4,0878
2,0 Th=Au 700 4,082
2.0 Theiu 500 b +
2‘3 %-:n 3?3 :'as.w: 0
3. -Au N

3,0 Theiu 850 :..ceeﬁ
3.0 To=Au 809 4,088
3.0 Thehu 700 4L,0823%+
3.0 Th=Au 500 L.07
300 m"“ 3m 5.0793&3

(samples annealed in sir)

09,5 To=iu 780 4,077323
1,0 Th=hu 780 a,gzs
3.0 To=du 780 4, 0782;
0,5 Dy=ia 780 4,081
1,0 Dy=Au 780 a..ossgg
2,0 Dy~Au 850 4, 09024
2,0 Dy~-Au 780 4,092
3,0 Dy~hu 950 4,082132
3.0 Dy=au 850 4,000322
3.0 Dy~Au 780 4,0930%2
4.0 Dy=hu 950 085235
4,0 Dy=iu 780 L, 092423
4,0 Dyeiun ;gg 4,0891%2
5,0 Dye=iu 600 h.0535
2.0 Dyeh 200 42079

P Bl & L+
4,0 Dy=iu 00 by :
5.0 n’”‘“ 780 h.m
g.g gy-:u 740 z. Mé

. yeau .
5e =4 600 A.MZS:_R
5.0 By*&n §00 4,081
500 D,.‘u ‘00 .
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Table 11, (Continued)

To=position juenching vemp, Lattic netant

(870) b % B G

0,6 Er-iu 780 4,08162

1,2 Ereiu 780 54,0832+

2,) EBreiu 780 4.0936210

3.5 Ereiu 780 &4, 0958+

4.7 Ereiu 850 4.1027%3

4,7 Breiu 780 bo105423

6,0 Br=iu 950 4.09%5943

6,0 Eyedu 850 A.lg:.g

6,0 Ere=iu 780 bod 8%*2

6,0 Ereiu 0 4,1089+2

6,0 Epreiu 4, 105044

6,0 Erein 4.093

38 Bte igg 7086 ;20
. u .

6,0 Ereiu 300 4,0830+

8,0 Er-Au 780 4,107845

28,0 EreAn 740 l..l%

8,0 Ereiu 700 4,104

2,0 Ereiu 600 4o093422

es B e
. u .

8,0 Ereiu 300 h.@é@":ﬁ

2'0 h‘m 1@ b‘l

2,0 Tmeiu 780 b.O&?ﬁ_
.0 Tmeiu 780 4099922

6,0 Tm=iu !38 b

6,0 Tm=hu 7 4,1107+%

6,0 Tm=iu 740 L.l

6.0 Tmeiu 4,1057+

6,0 Tm=iu 600 4,095

6,0 Tmeiu 500 4,

6,0 Tmedn 400 4,0822

6.0 Tm=iu 300 4,081

8,0 Tmeiu 780 6,110

8.0 Tm=An 600 be 5

3,0 Tm=iu 500 4,08

8,0 Ta=iu 400 4b,0821

8,0 Ta=Au 300 4. 0815%



Table 11, (Continued)

rrﬁm:;sron

wuenching temp,

Lattice constant

(€ (a)
0,5 Lu~Au 780 5.0335_3’
1,0 Lu~Au 780 4,08352
2.0 m““ m -
.0 Lu=Au 7‘0 l&om +
«0 Lu=iu 780 bold
8,0 Lueiu 890 4,1169%
8.0 LueAu 850 hol153%2
8,0 LueAu zsg 4,107
8,0 Lueiu . 095043
8,0 Lu=Au 500 4, 0891%4
8,0 Lu~Au 400 4, 083434
8.0 Luedu 300 4.0830%5
2.0 Lueiu 890 4,118
9.0 Lu=Au E.’g 4ol
9.0 Lu=Au &, 0965
940 Luehu 500 4. 089052
9.0 Lue~iu 400 4,082422
9.0 Lu=iu 3060 '0-0330.9
.0 Se=Au 780 4,082
+0 Se=iu 780 b3 2'?'
9.0 Se=Au 1000 4,0912¢
9.0 Se=iu 950 bhe
9.0 Se=iu 850 L,
9,0 See=iu 780 be
9.0 Se~iu ;%8 be
9.0 Se~iu b, '
9.0 Se=Au 500 4,08
9.0 Seehu 400 4. 080223
2.0 Sg=Au 300 4,0800
12,0 Se~iu 1000 4.091
12,0 Se~du 780 4,088l
].2.0 30.‘“ m ‘.
12,0 Scedn 600 4,0845
12,0 Se=hu 500 b,
12,0 Se=iu 400 b
12,0 Se=ju 300 be




