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I. INTRODUCTION 

A. Cenerol 

The extstance of eolid solution& haa been known since the 

studies of Mattbieasen in 1860. In 1900 Gibbs ond his phaee 

rule f1raaly established solid solutions as an iaportant con-

cept in chemistry and metallurgy. Much of the early theory of 

eol1d solutions was worked out in the 1930's by Jones, Hume-

ltothery. ltuslbrook. Guggenbiem and others. Since the 1930'a 

large INll\berta of systems t a'le been found in which the coorpon• 

encs have •ome solubility in each other. During tho last 

fifteen years more powerful experimental tools have been used 

to probe at the electronic and spatial structure of solid 

solutions. 

Thia introduction will serve to eRplain the nat\U"a of 

eolid aolutiona and briefly SUDl."llariu some of the theories 

which attempt to explain the structure and properties of solid 

solutions. There are two types of solid solut:iona which 

occur, interstitial and substitutional. The interstitial ia 

characterized by che aolute atom exieting in the interstices 

between atoms while in tha aubstitutional case tha solute 

atoma replace solvent atoms on their lattice a1tee. Tbta work 

ie concerned only with aubatitutional solid solution• since 
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interstitial solutions occur only with solutes of very smal l 

atomic diameter. 
The early workers believed that for tho most part solid 

solutions consisted of a random distribution of solute atoms 

on the solvents lattice sites .. More recent work has shown 

that a random dlstributlon of solute atoms le the exception 

and that clustering or ordering is usually the rule (1, p. 

201) . Clustering is defined as an atom having more like atoms 
aa nearest neighbors than in the random ease and ordering as 

the case where there are fewer like atoms as nearest neigh-

bors . 
One effect of forming a solid solution ie the change in 

lattice dimene1one which usually occurs because the a1ze of 

the solute is eignificantly different from that of the sol-

vent . In the following discussion the atom size referred to 

will be that calcul6ted from lattice parameter measurements 

using a hard sphere model and correcting for coordination. 

Vegard (2) ln hta work on ionic salts observed a relation 

which he thought applied to all solid aolutiona . Vagard1s 

"law" states that 1£ atoms of different sizes are mixed the 

reaulting lattice parameter of the alloy would be a weighted 

average of the two sizes . Experimentally Vegard' e "law" has 

been shown to hold true 1n only a very few cases . In other 
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words experiments have shown t hat when atoms of different 

alzes are alloyed the atOlll8 change size. The apparent size 

of the solute atom may bq determined by an extrapolation 

of the lattice parameter versus composition curve to lOOl 

solute. The resulting atom size, called the appa.rent atomic 

radius, will be the pure metal radiua of the solute if 

Vegard's "law" holds, or •• usually is the case the radius 

will be larger or smaller than the pure metal radius. 

B. Elasticity Theories 

The elastic model of a solid solution aa proposed by 

Friedel (3) permits one to predict the magnitude and sign of 

the deviation from Vegard's "law". This model considers the 

solid as an elastic continuum in which a spherical hole of 

radius r1 is made (r1 • radius of solvent, r2 • radius of 

aoluta). The sphere of radius r2 with the elastic properties 

of the solute ia placed in the void and joined to the matrix 

so that it either expands or contracts depending on the aign 

of r2 - ri and the compreaaibilities of the solute and sol• 

vent. Friedel'• equation for deviations from Vegard ' s "law" 

is 

(It ii ~ 2 - 1) (r2 ... r1) r • rv • c2 _....,..._ ...... __ _....,.-... _ _... .... 
( o<, +1) 



where ~ • (1 + J ) It 1 
2 (1 - 2 J ) tt>2 

r • radius of alloy 

4 

rv • radiua of alloy from Vegard'a "law" 

;('l • compressibility of solvent atom 

~ 2 • compressibility of solute atom 

J • Poisson's ratios for solvent 

c2 • concentration of component 2. 

By using Friedel'a equation it i• possible to make an extrap• 

olat1on to iooi solute to obtain an apparent atomic diameter 

due to first order elasticity theory (4). 

The second order elasticity theory effect assumes that 

the volume change in the model is not zero a~ predicted by 

first order elasticity (5) . Therefore a further deviation 

from Vegard' s "law" can be calculated r - rv • 2 ( d)i 1 - .Pi) dp Bl 
(r1 - r2)2 

rt C2 

where J11 • shear modulus 

p • pressure 

B1 =- bulk modulus 

and ( d ..U 1 - ~)- 2 ~ Y1 
dp Bl Bl 

" where )'i • Gruneisen constant. 
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From the above mentioned theories one would expect the 

alge of the atoms to be important in the formation of solid 

sol utions . If the difference in atom size is large the atrain 

ener gy of the lattice will be high and solid solution may 

dissociate into a lower energy con.figuration (2 pha e alloy) . 

That thl• will occur was postulated empirically by Hume-

Rothery (6 , p . 100) . The first of Hume-Rothery rules, the 

size factor , states that if the atoms differed in size by 

more than 15\ extensive solid solutions would not form. 

Rider (4) has shown for gold- rare earth solid solutions that 

tba solubility of the rare earth met ls increases a the size 

factor bocomes less than isi. A theoretical basis f or this 

15t value ~a• derived independently by Eshelby (7) nnd 

Friedal (8) by using a combination of first order elasticity 

and quaai- chamical approaches. 

C. Electronic Theories 

An important effect in the formation of solid solutions 

is the interaction of the electrons of the solute and solvent 

atoms . The re:naining Hume-Rothery rules (6, p . 104) are re-

lated to electronic effects and are stated as foll ows: the 

greater the difference in the electrochemical properties 
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between aolvent and solute and more restricted the aolld 

olubtl ity vtll be; and a metal of lover valence will dla• 

eolve more readily a metal of higher valency than vice•veraa. 

If atoms have widely dif f er•nt electrochemical properti•a 

there will be a sti.~ng t endency to orm compounds and frocu 

free energy d1agrams it can be seen that this will restrict 

aolubility. Other t heoriea on electrical effects due to 

Friedel (8) and Jone• (9) deal with the ffect of eolut• atoma 

in perturbin the 1 ctric field of the lattice. Theso 

t1eories att t to picture what happ to the b4nd struc• 

ture of a tal ~-hen an excesa or def iclency of electron• 1e 

added by a solute of different v lency than the solvent. 

It was mentioned above that the Hme•Rothery rule pre-

dicted no olubility if the iz factor was greater than 15!., 

but tho rula doe not guarante that there will be aignifi· 

cant aolub1U.ty 1f th size f ctor is lea• than 151. Becauae 

ot oth r conditions like the dtflerence in lectronegativitiee 

aoUd •olubilJ.ty may be sever ly restricted. Darken and Gurry 

(10, p . 86) have attempted to combine theso two effects by 

plotting aice of an atoe1 verau its electronegativity. They 

obtain a plot with a aerl of points on it eac re ~ senting 

an el t. An ellipse with a minor axis of ± 151 of the 



7 

radius of the solvent and a maj or radius of ± . 4 units in 

eloctronegativity is then drawn around the solvent . The 

clements that arc expected to bo more than 51 soluble in the 

chosen solvent lie wit hin the ellipse. For those elements 

which lie outside t he ellipse the solubility i s expected to 

be less t han 5 atomic percent . Waber et al . (11) have shown --
that for 62 elements this i:lethod is 76 . 6i correct tn it& pre• 

dictions of whether or not extensive solubility occurs . 

liume-kothery .!!, .!!· (12) observed that most copper, 

silver, and gold solid solutions appeared to have phase 

boundaries at constant electron to atom ratios. According to 

Jones (9) the stable phase of an alloy will be determined by 

the crystal structure which will accomodate additional elec-

trona with the smallest increase in energy (t . e. the highest 

density of states curve) . Jones showed that if a apnerical 

Fermi surf ace was assumed the £ace centered cubic lattice 

became unstable with respect to the body centered cubic lat-

tice at valuaa of the electron to atom ratio which agreed 

with those determined experimentally. More recent expert-

mental work by .Pippard (13) and other experimental work re-

viewed by Masaalsld. and Xing (14) show that in pure copper 

the Fermi surface is not spherical and in fact it ie already 
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in contact with the first Brillouin zone. Therefore Jones ' 

theory la probably incotTect as originally stated but the 

experimental fact that the phase boundaries occur at a con-

stant electron to atom ratio is too conclusive to be conaid• 

ered coincidental . 

D. Statistical Thaories 

Tho quasi-chemical theories attempc to explain heat& of 

formation and entropies of formation baaed on a consideration 

of nearest neighbor atoms. The theory assumes that the 

nargy of the M, 'BB, and AB bond remains constant on alloy• 

ing and that the distribution of B atoms on lattice sites ia 

independent of its neighbors. The theory enables one to 

determine the sign and magnitUde of the excess entropy and 

the enthalpy if the sign and magnitude of the short range 

order parameters are known (15). 

Since no dlf fuse x•ray scattering data or enthalpy data 

are avai14blo for th syatoms of interest in this paper these 

theories Will not be considered further . 

• Present Study 

"nlia study of the solubility of magnesium in the tri-

valent rare earth metals was initiated because the valency 



contribution la held constant and the electrochemical contri• 

button (as given by the electronegativity) is essentially 

conatant and it 1a possible to examine the effect of the size 

factor on the solubility. The size factors based on pure 

metal radii range from 14. 6\ for lanthanum to 7. 5\ for lute• 

tium. The electronegativity difference is small. 0 .06 unit• 

or leas. so tba~ on a Darken and Gurry plot for solvent 

lanthanum t e magnesium point falls just inside the ellipse. 

For the rest of the rare earth solvents. the magnesium 

point moves closer to the solvent point (center of ellip•e) 

as the atomic numger increases, indicating that the solubil-

ity of magnesitml would be expected to increase as we proceed 

along the rare earth aeries. tn contrast application of the 

Jones theory (1. e . maximum solubility occurs at constant 

electron coneentretion) to these polyvalent solvents and 

solute indicate that the solubility would be expected to be 

ce>n8tant across the series . A search of the literature 

revealed no data on the solubility of magnesium in the ~are 

earths with the exception of one point for the Ce-Mg system 

by Gschneidner (16) . The value of the eutectoid .nd peri• 

tactic ta:nperaturea of the heavy rare eartha (17), lanthanum 

(18), cerium (19), and praseodymium (20) were obtained from 
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the l iterature. The phase diagrams for the rare earth rich 

and of the JlB•Mg eysteme appear to be similar and a repre-

sentative diagram is shown in Figure 1. (RE • rare earth) 
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II. PROCEDURBS 

A. Material• 

Tlie rare earth metals uaed in the preparation of alloys 

for this investigation were prepared f rom rare earth oxides 

by metallothermlc reduction techniques previously described 

by Daane (21, p . 102). The techniques used in the reduction 

of tha oxides and in the preparation of the metal are consid• 

ered to be the beat available at the present time. The 

chemical analyses of the metals used are listed in Table 1. 

Th• magnesium used in this investigation had been doubl e dis-

ti l led and it contained the impurities listed in Table 1. 

B. Preparation o Alloys 

The rare earth•magneaium alloys were prepared by placing 

the weighed components in outgassed tantalum cruciblu . The 

rare earth metals were buffed on a wire wheel jU8t prior to 

weighing to remove any oxide coating. The crucibles were 

aealed under an atmoaphere of hel ium by welding on a tantal um 

lid. 'Iba total weight of the alloys was 5 to 7 grama . 

For the alloyt prepared f rom the rare earth metals which 
0 melted below 1000 C (La, Ca, Pr, Nd) the crucibles were 

sealed in evacuated quartz tUbing and held for 24 hrs in 
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Table 1. 6&!1I•l• of rare earth metal• and maS!!e•ium ~-ppml 

La Ce Pr Nd Gd Dy Lu Mg 

H2 20 <S <5 4 <5 32 65 

c 70 

N2 100 11 61 44 21 3 282 
02 350 183 508 287 613 158 937 
Si <50 15 <500 50 10 20 <15 PT 
Cc 10 <50 <200 100 5 <300 16 T 

Fe <S <50 30 100 75 100 <25 <10 
Ni " Cu PT -y <20 <10 <100 
La <200 (50 
Ce (JOO <<1000 
Pr -<300 -<200 <1000 
Nd (200 <200 <600 -Sm <100 <200 
!u -<10 
Gd <200 -Tb <100 <1000 
Dy 

Ho <100 
Br <450 <10 
Tm <10 
Yb 50 
Ta <200 <1000 500 <500 500 400 500 
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resistance furnaces at 50 to 100°c above tha melting point 

of the rare earth metala. For the higher melting rare earth 

metals the aealed crucibles were heated in vacuum induction 

furnaces at temperatures of 50 to 100°c above the melting 

point of the pure rare earth metals for 15 to 30 minutes. 

All specimens except lutetium•magneai\111 were homogenized for 

200 hours or mor13 at a temperature a few degrees below the 

eutectoid transformation temperature. Becauae of the low 

eutectoid temperature of lutetium in comparison to it• melt-
o ing point the lutetium alloys were first held at 1000 C for 

48 hours then held at the euteetoid temperature for 200 

hours . After the samples were heat treated for the appropri• 

ate length of time they were water quenched. After quenching 

the tantalum was removed from the epeeimens by mechanical 

stripping or machining. Several alloys were exmnined metal• 

lographically for evidence of macroaegregation but none waa 

observed. 

C. Preparation of X-ray Sample 

Filings were taken from the entire cross aaction of the 

apecimens by use of a six inch file. A new file surface wae 

used for each alloy to prevent contamination. The particle 

size of the filings was found to b ac 11 enough to give 
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smooth diffraction lines without using screens . The filings 

were placed in small tantalum capsules (made from 1/8" tub-

ing) and the ends of the capsules were welded shut . The 

filing of the alloys waa done in air for lutetium, dyspro• 

sium, gadolinium, neodymium and praseodymium but the cerium 

and lantham.e alloys were filed in a dry box under an argon 

atmosphere to prevent contamination. Some of the neodymium 

and praeeodymium alloys were filed in the dry box but no 

dif f e~ence in the x-ray patterns as compared with those 

alloys fil•d in air could ba detected. Therefore, it was 

concluded that none of the alloys filed in air were oxidized 

or otherwise contaminated. The filings of the rare earth 

alloys were annealed for coiwenient lengths of time to estab• 

lish equilibri\DD. 0 In the range 200•400 C the filings were 

annealed 48 hours, in the range 400·500°c, 24 hours . These 

times repreaent minilllums. 

Becauae of the high vapor pressure of magnesium above 
0 SSO c, alloy• 0£ gadolinium and dyaprosium were annealed as 

ingots and then the f iling• were given a stress relief anneal 

for 5 minute• at the same temperature that the ingot was 

annealed. Thia was done only for temperatures above sso0c 
because preliminary expertm.nt showed that a change of 
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lattice parameter with increasing annealing time occurred 

above 550°c indicating a loss of magnesium from the filings . 

Attempts to calculate the composition change expected from 

known vapor pressure data of Ogren (22) indicated that no 

significant weight loaa would be expected unless the magne• 

alum vapor combined with the tantal\D, either by chemical 

raaceion (very unlikely) or by absorption on the tantalum 

surface. 

The filings were placed in 0.3 on wall co111Dercial x- ray 

capillaries. The capillaria• containing heavy rare earth 

alloys were sealed in air and those containing light rare 

earth alloys were sealed under a 10 micron vacuum. 

D. Determination of Solubility 

The solubility of magnesium ln the rare earth metals was 

determined f rom the lattice parameters of the alloys in the 

following manner. It ia found that the lattice parameter of 

most binary alloys is a function of composition in the one 

phase region but in the two rh4se region the lattice par-

ameter is constant because of the con tant composition of the 

phases at any given temperature . It ie, therefore, possible 

to establish a lattice parameter versus composition curve at 
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room temperature by quenching alloys from the single phaae 

region and measuring their lattice parameter at room tempera-

ture . Alloys of constant composition when quenched from any 

temperature within the one phase region will have the eame 

lattice parameter. Conversely alloys of any compoaition in 

the two phaae region quenched from a given temperature have 

the aama lattice parameter. The lattice parameter then may 

be uaed to determine the maximum solubility at the given tem• 

perature from the lattice parameter versua composition curve. 

'11le alloys of lanthanum, ceri and lutetium were 

examined uelng copper K c:.<, radiation (K -< 1 • 1. 54050 i> and 

the praseodymium, neodymium, gadolinium and dyaproaium alloys 

were examined using chromium K~ radiation (K ..l...t • 2. 28962 i) . 
By ueing eithe~ radiation it was possible to obtain 4 to 8 

lines (uaually as K...<, 1, Ko<. 2 , doublets) in the back reflec-

tion region (8 > 60°) . The lattice parameters were deter-

mined by measuring the diffraction line spacing from a 114. 59 

ua Debye- Scherrer camera. The line spacings from the film 

were extrapolated by using a Nelson-Riley or a ftan0 

extrapolation function with the aid of 7074 computer program. 
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E. Determination of Eutectoid Temperature 

The eutectoid temperatures of several of the systems was 

meaaured using a differential thermal analysis (D'l'A) unit . 

The MA ap,paratus eonstst·ed of a tantalum resistance heater 

containing a molybdenum block into which the eample in its 

tantal um crucible is placed. The heat1n and cooling rates 

ueed were t°C/min. , 2l)°C/min. and s0c/min. The thennocoupl e 

and differential thermocouple outputs were recorded on strip 

ch.arts and the temperature of the themal arrests were re• 

corded on a potentiometer. The temperature of the thermal 

arrests is thought to be known to better than± 2°c. 
The eutectoid temperature for Nd•Mg alloys had not been 

previousl y determined and the solubility data on lanthanum 

and cerium indicated that the eutectoid temperature for these 

•Y•tems was probably ill error. TheTefore, the eutactoid 

temperature for these three systems was determined. 
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III. RESULTS 

A. Eutectoid Temperature 

The results of the determination of the eutectoid tem• 

peratures of lantht1num, cerium, and neodymium ar·e given below. 

Lanthanum-Magnesium 

Cerium•Magnesium 

Neodymium-1-tagnesium 

This work 

544 + 2°c -
505 + 2°c -
551 + 2°c -

Literature 

s30°c (18) 

490°c (19) 

In all cases the transformation tempe~ature on heating 

was higher than that on cooling. As alower heating and cool-

ing rates were used the transfoi:matian temperature on cooling 

began to rise but the temperature on heating remained con• 

stant. The values for the trans.formation t .emperature were 

taken to be those on heating aince lt appearad that the 

transformation temperature on cooling was being affected by 

supercooling. The difference between the present values and 

the literature is presUIQably due to difference in purity of 

the rare earth metals . 

8. Lattice Parmneter Versus Composition 

Curves of lattice parameter versus composition were 

determined and are given in Figures 2 and 3 . It was found 
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that the variation of volume per atom (!2s x . 433 for hep) 

with composition was sensitive enough to determine values for 

the solubility. Plots of 8o versus composition and c0 veraus - -
composition were also made but they were not aignificantly 

different from the volume plota with the exception that the 

c0 plots had an increased amount of scatter. The plot• of -
volume versus composition were independent of temperature 

with the exception of lutetium Figure 3. In lutetium a vari• 

ation of lattice parameter with annealing temperature for the 

pure metal was observed (aee section on errors) . Therefore , 

the volume versus composition curve was determined at each 

temperature that the solubility waa determined. 

C. Solubility Data 

The curves of solubility versus temperature are ebown 

in Figures 4 to 8. They were determined from volume versus 

composition curves of alloys quenched from the temperatures 

of interest (Appendix) . 

The results of the solubility data may be summarized by 

a log solubility versus l/T plot. Previous work has shown 

that when solubility data is plotted in this manner the re• 

aul ting curve usually is linear. According to the Gibbs-
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Konoval ow thermodynamic relations (23, p . 126) the resulting 

curve will probably be linear only for solutions which obey 

Henry ' s or Raoult's law and have a second phaae which is a 

line compound. The data plotted in this manner showed a 

tendency to deviate from linearity at low temperature. This 

may be due to either a departure from 1deality at high tem• 

perature or to a lack of thermal equilibrium at low temp.era-

turee . Becauae of reaaons to be discussed later the eolu• 

bility data are shown in Figure 9 plotted versu.a reciprocal 

homologous temperature, Tm/T, where Tm is the melting temper-

ature of the rare earth solvent. 

D. Errors 

The precision of any individual 1determ!nation of a 

solubility point is not as small as we would have desired. 

The errors which arise are twofold . The composition of the 

sample ia somewhat in doubt . Even though all components are 

placed in a sealed crucible the vapor pressure of magnesium 

is so high at the temperatures at which the alloys were made 

that an appreciable percentage of the magnesium is ln the 

vapor. Because all of the vapor does not condense back into 

the alloy on cooling an error in compoaition results . It is 
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estimated that this will shift the composition to lower 

magnesium concentrations by about . 1 atomic percent for lan-

thanUDa and successively larger am<>\Ults aa we proceed along 

the rare earth series to . 3 atomic percent for lutetium, the 

last member. Also the loss of m.agneaium from the filings 

will cause a shift in composition but this is expected to be 

small since filings aro heat treated at a COl!lparatively low 

temperature . A cel!'tain random error is introduced in the 

determination of the lattice parametor from the x- ray pat-

tema but this error ia not e.""<pected to have much ef feet on 

the final solubility curve since the standard deviation of 

the lattice parameters 1s amall . 

The annealing temperature of the filings was only con• 

trolled to ± 2\0c. This would not introduce any error into 

the lattice parameter versus coapos1tion curve but it might . 
cause the solubility determination to be in error by± . 1 

atomic percent . Impurities would not be expected to greatly 

effect the solubility data but it waa apparent in the 

lutetium data that some impurity tn the 0 pureu metal had an 

effect on the lattice par81Ii8ter, since the unit cell volume 

per atom was found to increase as the annealing temperature 

was increased. (See Figure 3) It is not known what effect 
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if any this impurity had upon the solubility, but it la 

aaaumed to be small because the solubility is in line with 

that of gadolinium and dysprosium. 
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IV. DISCUSSION 

A.a explained in the introduction sev ral authors have 

tried to explain the causes of the deviation• from Vegard'a 

"law" that are usually found in solid solution alloys (3)(5) . 

Theae theories predict a deviation fr Vegard's "law" at 

specific composition so it is possible to make an extrapola-

tion from dilute rare earth solutions to 1001 magnesi\BD to 

give an apparent atomic aize for magneei\BD. 

The above extrapolations were program:ned for the 7074 

computer for both the first and second order elasticity 

theories. Figura 10 and Table 2 show the results of these 

extrapolatiorut for the first and second order elasticity 

theory correction. The data in Figure 10 are plotted as ai2.e 

factor (AR- AAR/AR) versus atomic number of the rare earth 

AR • atomic radius of rare earth 

AAll • apparent atomic radiua of magnesium 

metal. In addition to the first and second order terms 

another size factor baaed upon the sum of the first and 

second order terms is also shown. These theoretical size 

factors are compared with the experimental size £actors 

obtained by extrapolation of the experimental volume versus 

compoaition plots Figures 2 and 3 to 100?. magnesium. It 
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Table 2. Apparent atomic radius of magnesium 

Mil cal culated AAll calculated AAR. f l'OID sum AAR from 
from lat. order from 2nd order of 1st and 2nd experimental 
elasticity elasticity order elasticity data 

La 1. 5628 i 1. 6752 x 1. 6360 i 1. 6970 i 
Ce 1. 5652 1. 6298 1 . 5920 1 . 6266 

Pr 1. 5898 1.6337 1 . 6215 1. 6158 

Nd 1. 5954 1. 6404 1.6340 1.6174 

Gd 1. 6088 1. 6314 1 . 6382 1 . 6319 

Dy 1. 6083 1. 6399 1 . 6365 1. 6080 

Lu 1. 6112 1 . 6268 1 . 6320 1.6465 

8The data in this table are not known to the precision listed here . But 
because of the difficulty in detei:mining how many significant figures are 
correct they have been 11ated with the same number of significant figures as 
the data from which they are calculated. 

w 
.i:--
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was fe l t that because of the l ong extrapolation the values 

of AAR. of magneaium determined from the experimental data 

could only be justified as being constant for all of these 

alloys . The individual values with the exception of the 

value for the lanthanum alloys were averaged to &ive a con-

stant experimental AAR of 1. 6241 i as compared to 1. 6020 X 
for pure magnesium. It can be seen from Figure 10 that the 

size factor calculated from the sum of the f trst and second 

order coXTectiona agrees best with the experimental data. 

At first glance the solubility data summarized in Figure 

11 do not appear to be related to any of the usual factors 

such aa the size or atomic number. The solubility on the 

basis of a more favorable size factor and also the Da?"ken• 

Gurry technique would be expected to increase in going from 

lanthanum to lutetium due to the lanthanide contraction and 

the fact that the radius of magnesium is less than that of 

the rare earth metals . But ~rom Figure 11 it can be seen 

that the maximum solubility decreases for the light rare 

earth metals then it takes a large jwup between neodynium 

and gadol inium, and finally decreasea with atomic number for 

the heavy rare earth metals . These results may seem some• 

what surprising due to the fact that there are no electronic 
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effects to explain this behavior and that the crystal atruc• 

ture remains cloae•packed even though a change from face-

cantered cubic to double hexagonal to hexagonal occurs . 

This apparent discrepancy can be reconciled if one looks 

at the solubility at a homologous temperatur (temperature of 

interest divided by the melting point temperature of the rare 

earth metal) . The logarithm of the solubility ia plotted ver-

aua Tm/T in Figure 9 . If the solubility at some fix d Tm/T 

(Figure 9) is plotted as a function of atomic number it is 

seen that the solubility incr asea with increasing atomic 

number . If the solubility is plotted veraua experimental 

size factor (Figure 12 T/Tm • .5) the data fall on a smooth 

curve. This curve shows that the solubility increased with 

decreaaing aize factor . The expert ental curve ie iil good 

agreement with the curve which was obtained by using the size 

factor calculated from the sum of the first and second order 

elasticity theory. The above correlation is not too sur-

prising it one looks at a metal aa a set of vibrating atoms 

which increase in vibrational amplitude aa one approaches che 

melting point . Thus we ase the vibrational amplitude to 

be approximately equal at the same homologous temperature. 

Therefor to compare solubilities it is necessary to compare 
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at some fixed vibrational amplitude (same homologou• ta:uper-

ature) eince the vibrational amplitude would be expected to 

influence th solubility (24, p. 288). 

fbcamination of the variation of the eutectoid tempera-

ture aa a function of atomic number (lower part of Figure 

13) ahowa a maximum at holmi but th homologous eutectold 

tamparatura •how• n approximately linear decreaee from 

lanthan to lutetiw (upper part of Figure 13). 

Similarly the ltin point or peritactic temperature 

(17)(18)(19)(20) of the firat compound ~ plotted aa a 

bbmologoua tmperature veraua atomic n her shows a similar 

linear decreaaa. Another fact is that the free energy of 

f ormatlon f or the compound g (22) haa a tendency to de• 

crease from gadolinium to lutetium. Since it ia known (9) 

that the nature of the aecond phaae affects the eolubllity 

it ia expected that the above fact• and the solubility are 

interrelated but unfortunately pr1aent day theorie• are not 

far enough advanced to tako ,~1 these in account . 
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V. CONCLUSI IS 

In concluaion the 11\aximum solubility of magnesium in the 

rare earth metals waa found to show an unusual behavior as a 

function of atomic number of the rare earth metal. For the 

llght rare earth etala it wa found to vary from 9.4 atomic 

percent for lanthanum to 8 . 2 atomic p rcent for neodycd. and 

then j\l!lp up to 14. l atomic percent: for gadolinium. For tha 

heavy rare earth metal& the solid solubility waa found to 

d•Ct"•••• again in a regul ar fashion. However hen the eol id 

eolubiUty waa compared at a homologous temperature the 

901ubil l t y was found to increase ln a smooth manner lth 

decnaeing eize factor . It was found that the apparent 

at omic diameter of Ngneaium diasolved 1n the rare earth 

metal • ,, .. constant and could be best accounted for by com-

binlng the ftrat and second order elaeticlty theories . 
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VIII. APPBNDIX 

Lanthanum•Magnesium 

Composition Quenching 
at . % Mg temperature 0 c 

0 . 0 (pure La) 350 
1. 8 520 
1 .8 520 
1. 8 520 
4 . 7 520 
4. 7 520 
7. 0 520 
7. 0 520 
7. 0 520 
8 . 2 520 
8 . 2 520 

12. 5 520 
12. S 520 
lO. S 300 
8 . 2 342 
8 . 2 382 
7.0 408 
7. 0 420 
7.0 450 
8 . 2 500 
7. 0 508 

12. 5 530 

0 
&o in A 

5.3044 + 17 
5 . 2955 + 17 
S. 2992 + 8 
5. 2969 + 6 -5. 2828 + 21 -5 . 2820 + 20 
5. 2754 + 11 
5.2702 + 3 
5. 2734 + 22 
5. 2725 + 11 
5. 2704 + 9 
5 . 2727 + 9 -5. 2711 + 13 
5 . 3011 + 16 
5 . 2987 + 22 
5 . 2981 + 6 
5 . 2913 ± 12 
5 . 2911 + 9 
5 . 2856 + 10 
5 . 2809 + 11 
5 . 2813 + 6 
S. 2715 + 7 -



Composition 
at . 'l Mg 

0 . 0 (pure Ce) 
2. 3 
3. 7 
5. 2 
7 . 15 

13. 0 
13. 0 
13. 0 

7 . 15 
S. 2 

13. 0 
7. 15 

13 . 0 
7. 15 

13 . 0 
13 . 0 
13 . 0 
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Ce~ium•Magnesium 

Quenching 
temperature 0 c 

452 
452 
452 
452 
452 
200 
300 
350 
350 
400 
420 
475 
480 
485 
495 
500 

4o in X 
5.1610 + 3 -5. 1492 + 4 
S. 1424 + 3 
5 .1346 + 2 -5 . 1313 + 3 
5.1309 + 5 
S.1538 + 11 
5. 1487 + 5 -5. 1464 + 4 
5 .1461 + 2 -5 . 1393 + 2 
5 . 1362 + 7 -5. 1283 + 3 -5. 1254 t 8 
5 . 1247 + 1 
5. 1217 + 3 
S. 1223 + 3 -

Praseodyml\ml•Magnesium 
Composition 
• at . t Mg 

Quenching a0 in X. 
temperature Oc 

c0 ln A 

0. 0 (pure Pr) 
.2. 15 
4. 25 
7.8 
.). 75 
11. 8 
11. 8 
lS .4 
lS.4 
7.8 
11. 8 
7.8 
11.8 
15.4 
11.8 

520 
S20 
520 
520 
520 
520 
520 
520 
325 
400 
405 
462 
500 
500 

3 . 6735 + 10 -3 . 6654 + 3 
3 . 6597 -
3.6402 
3 . 6520 
3 . 6368 ± 4 
3 . 6372 + 4 
3 . 6379 + 7 
3 . 6373 + 4 
3 . 6579 + s 
3 . 6501 ± 1 
3. 6524 + s 
3. 6473 + 3 
3 . 6409 + 11 -3. 6401 + 7 -

11. 8375 + 61 
11.8187 + 20 -11. 7968 
11. 7417 
11. 7810 
11. 7445 + 27 -11. 7394 + 26 
11. 7474 + 44 
11. 7362 + 2S 
11. 8032 + 30 
11. 7700 ± 2 
11. 7827 + 30 -11. 7626 + 20 
11. 7302 ± 73 
11. 7325 + 47 -
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Neodymium-Magneeium 
0 0 

Composition Quenching 8o in A c0 in A 
at .~ Mg temperature 0 c 

o.o (pure Nd) 3. 6583 + 4 11.8035 + 26 - -2.0 5S7 3. 6516 + 2 11. 7815 + 17 - -3. 9 557 3 . 6433 + 22 11. 7558 150 - -7. 2 557 3. 6317 + 1 11. 7238 + 9 - 11. 7034 + 80 11. 5 557 3 . 6277 + 12 - -15. 2 551 3. 6285 + 7 11. 7121 +so 
11. 5 200 3. 6515 + 9 11. 7885 + 60 - -7. 2 290 3. 6487 + 4 11. 7782 ~ 26 - -11.5 370 3. 6462 + 12 11. 7687 + 81 - -7. 2 400 3. 6467 + 4 11. 7679 + 2S - -11. 5 400 3. 6454 + 14 11. 7698 .... 95 - -7. 2 445 3. 6437 + 6 11 . 7568 ·~ 42 

3. 6375 + 5 -7. 2 500 11. 7376 + 32 - -11. 5 520 3 . 628.5 8 11. 7095 + 63 - -11. 5 535 3. 6318 + 5 11. 7269 + 34 
3. 6315 + 1 -11. 5 530 11. 7222 + 11 
3. 6304 - 11. 7259 + 8 15 . 2 53.5 . 10 - -11. ,; 545 3. 6294 + 3 11. 7127 + 21 - -
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Gadolinium-Magnesium 

0 0 Composition Quenching &o in A c0 in A 
at . 1. Mg temperature 0 c 

o.o (purca Gd) 3 . 6338 + 6 S. 7849 + 70 - 5. 7661 + 20 2. 4 668 3 . 6293 + 4 - -2. 4 668 3. 6287 + 3 s. 7669 + 14 - -6 . 0 668 3. 6149 + 3 S. 7611 + 90 
3. 6166 + 4 -6 . 0 soo S. 7520 + 21 - 5 . 7379 + 41 8.0 668 3 . 6106 + 3 - 5. 7415 + 39 8. 0 668 3. 6108 + 3 - -11. 8 668 3. 5933 + 1 5 . 7171 + 34 - -11.8 668 3 . 5936 + 1 5 . 7239 + 37 
3.6000 + l -11. 8 668 s. 7301 + 7 

13. 0 668 - 5. 7221 + 26 3 . 5944 + 4 
13 .0 - -668 3 . 5953 + 4 5 . 7217 + 25 - -15. l 668 3 . 5916 + 2 - 5. 7211 + 3 -15. l 668 3.5925 + 1 S. 77.10 + 8 - -11.8 350 3.6239 + 4 s. 7609 + 25 
13 .0 - -350 3 . 6241 + s .5 . 7613 + 27 - -11.8 4.50 3 . 6215 + 4 5 . 7541 + 24 - -13 . 0 450 3 . 6250 + 2 5 . 7612 + 11 - -8 .0 soo 3. 6161 + 1 5 . 7.525 + 6 

500 - 5. 7466 + 42 lS . l 3 . 6155 + 7 
11.8 500 - -3 . 6163 + 10 S. 7522 + 5 
11.8 - -550 3 . 6117 + 3 5 . 7472 + 16 
13 . 0 550 J . 6131 + 1 -5. 7496 + 8 
11.8 - -600 3 . 6040 + 1 5 . 7331+9 
13. 0 600 - -3 . 6073 + 1 S. 1313 + 7 
15 . 1 - -648 3. 5985 + 4 5 . 7259+7 
13 . 0 648 - 5 . 7205+6 3. 5967 + 3 - -
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Dysprosium•Hagnesi\111 
0 0 Composition Quenching ao in A c0 in A 

at . i Mg temperature 0 c 

·O. O (pure Dy) 698 3 . 5953 + 1 s.&1.6 + s - S . 6~95-+ 7 5 . 45 690 3 . 5167 + 5 - -5. 45 550 3 . 5748 + 2 5. 640S + 8 - -7. 9 695 3 . 5645 + 4 5 . 6389 + 14 - -10. 6 700 3 . 5616 + 3 5. 6335 + 22 - -10. 6 695 3 . 5602 + 3 5 . 6337 + 11 - -10. 6 100 3. :>591 + 3 5 . 6350 + 13 - -12. 5 700 3. 5520 + 6 5 . 6255 + 5 - -12. 5 695 3. 5513 + 3 5 . 6249 + 13 - -12. S 700 3 . 5541 + 3 5 . 6318 + 12 
350 - -12. 5 3. 5843 + 2 5. 6520 + 7 - -12.5 350 3 . 5863 + 3 5. 6535 + 11 

3 . 5849 + 20 -10. 6 350 5 . 6537 + 64 - S. 6512 + 10 12.5 450 3 . S819 + 3 
10. 6 - -4.50 3 . 5827 + 3 S. 6521 + 10 
12. S S.50 - 5. 6464 + 8 3. 5754 + 2 - 5. 6481 + 11 10. 6 550 3. 5745 + 3 - 5 . 6452 + 7 10. 6 550 3 . 5739 + 2 

3 . 5665 + 6 -12. 5 600 S. 6387 + 21 - -10. 6 600 3 . 5658 + 5 S. 6379 + 17 - -12. S 650 3 . S572 + 2 5 . 6367 + 9 - -12.5 675 3.5551 + 3 5. 6358 + 10 - -
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Lutetium•Magnesi 
Composition Quenching 8o in i c0 in i 

at .1. Mg temperature 0 c 

0. 0 (pure Lu) 350 3 . 5047 + 5 5. 5543 + 5 - -2. 6 350 3 .4979 + 8 5. 5540 + 6 - -9. 2 350 3 .4969 + 4 5. 5547 + 3 - -15 350 3 . 4966 + 11 5 . 5540 + 9 - -o.o (pure Lu) 450 3 . 5063 + 2 S. 5562 + 2 - -2. 6 450 3 . 5023 + 2 5. 5567 + 2 - -6. 8 45C 3. 4949 + 7 - 5. 5518 + 7 -9. 2 450 3 . 4958 + 6 5 . 5572 + 7 - -12. 7 450 3 . 4964 + 9 5 . 5565 + 9 
(pure Lu) - -o.o 550 3 .5077 + 3 S. 5589 + 4 - -2. 6 550 3 . 5042 + 7 5 . 5589 + 7 - -6.8 550 3. 4902 + 8 5 . 5537 + 8 

9 . 2 550 3 . 4836 + 2 5 . 5479 + 2 
12 . 7 550 -3 .4851 + 9 -5 . 5518 + 8 - 5. 5509 + 4 15 550 3. 4845 + 5 o.o (pure Lu) - -585 3. 5097 + 14 S . SS85 + 11 - -2. 6 585 3 . 5021 + 12 5 . 5604 + 10 
3 . 6 585 -3 . 5011 + 4 -5 . 5560 + 4 
6.8 - -585 3.4885 + 4 5 . 5496 + 3 
9 .. 2 - 5. 5484 + 3 585 3 .4831 + 2 
9. 2 - -585 3 . 48~8 + 5 5. 5492 + 4 - -12. 7 585 3 .4781 + s 5 . 5437 + 6 

15 3 . 4767 + 7 -585 S. 5467 + 6 
15 585 3 . 4734 + 4 -5 . 5416 + 4 - -


