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INTRODUCTION 

An inves tigation o f the gadolinium-lead phase d iagr a m can be 

justified for two reasons. The first is a practical reason. G a dolinium 

has a neutron absorption cross-section (46, 000 b a rns) that is more than 

one thousand times that of lead ( 1, p. 233). Thus , any amount of 

gadolinium alloyed with lead would mean a more efficient reactor 

shielding for a ny given thickness. This alloy shielding will b e practi-

cal if the reactor applications justify the cost of gadolinium or if 

gadolinium can be produced more economically. The second reason 

involve s the theoretical aspect s of a lloying. Alloy theori es and alloy 

rule s have been p r oposed and each new phase diagram e ither supports 

or r e j ec t s these crite r ia . 

The expe rime nta l procedures will be presented first and then the 

results obtained by these procedures. These r esults will be dis cussed 

with respect to curre nt alloy theories, that is, how well could this 

particular binary phase diagram have been predicted? 
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EXPERIMENTAL PROCEDURE 

Materials 

The major impurities in the gadolinium and lead used in this 

investigation are given in Appendix I. The gadolinium was prepared 

at this laboratory by the calcium r e duction of the fluoride followed by 

distillation of the gadolinium. Four differ ent gadolinium samples were 

used and they are labeled 1, 2, 3 and 4 in Appendix I. The lead was 

supplied by Comnico Products, Inc. 

Alloy Preparation 

The alloys were prepa r ed by melting weighed amounts of gadolinium 

and lead in sealed tantalum cr.ucibles. Homogenization was obtained 

by holding the constituents in the liquid state for 30 minutes, cooling, 

inverting the crucibles, remelting and repeating the process at least 

twice. The specimens for x-ray powder work were prepared in a dry-

argon atmosphere because most of the alloys were found to be reactive 

in air. 

Therma l Analysis 

Diffe rential thermal analysis {DTA) was us e d to determine the 

liquidus curves and reaction horizontals of the system. Both Pt vs. 

Pt + 13 w/o Rh and W + 5% R e vs. W + 26 w/o Re thermocouples were 

used to measure the temperature. The Pt vs. Pt+ 13 w/o Rh thermo-

couples were used for temperatures to 1400°C while W + 5 w/o Re 

vs. W + 26 w/o Re thermocouples were used for temperatures over 

1400 °C. 
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The Pt vs. Pt+ 13 w/o Rh thermocouple s w e re calibrated using 

lead (327°C), silver (961°C), coppe r (1083°C) a nd ga dolinium ( 1313°C) 

standards . These thermocouples gave tempe ratures within ± 2°C of 

each melting points. The W + 5 a /o R e vs. W + 26 a/o R e thermocouples 

were calibr ated using transformations in samples which were measured 

previously u s ing the platinum alloy thermocouples and for temperatures 

over 1400° C a sample of LaF 3 was used as a s t a ndard. The tungsten -

rhenium alloy thermocouples produced t e mperatures within ±5° C of 

the transforma tions and the melting point ( 149 3° C) of LaF 3(2 ). Tempera-

tures for e utec tic a nd p e ritectic horizonta ls were reproducible to ±2° C 

below 1140° C a nd to ±7° C a bove 1140° C. Liquidus temperatures were 

reproducible to ± 10° C. Both types of thermocouples were shielded 

with hi gh purity a lumina insula tors supplied by Norton and s pecified to 

be 99. 94 a / o pure alumina . An X-Y r ecorder was used to r eco rd the 

plot of t emper a tur e vs . differential temperature and the arrests wer e 

m eas ured using a prec i s ion potentiometer. 

Liquidus t emperatures were obtained from cooling arrest data 

while both heating a nd cooling a rres t data were u sed to establish the 

r eaction hor i zontals . Heat treatments of a lloys between 3 7. 5 a/ o 

and 70 a/ o Pb during the rmal analyses we re nece ssary to approach 

equilibrium condi tions. On cooling , samples w e re h eld at t e mpera -

tures just below the various peritectic hori zonta ls for a minimum of 

two hours before thermal analysis was continued. 

The entire range of compo sition was investigated with a minimu m 

amount of materials by adding appropria te a mounts of lea d or 

gadolinium to master alloys . Metallographic examinat ion of these 
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DTA samples showed no extensive reaction of the alloys with the tantalum 

crucibles. 

X-Ray and Metallographic Methods 

Slice specimens for metallography and powder specimens for x-ray 

diffraction were prepared from two gram samples sealed in tantalum 

capsules and melted. For low temperature heat treatments ( < l000°C) 

the tantalum capsules were sealed in a rgon filled quartz tubes. For 

high temperature heat treatments the tantalum capsules were heated by 

using induction or resistance h eating in vacuums of 10- 5 torr. The 

samples sealed in quartz were quenched by breaking in water immediately 

upon removal from the heat-treating furnaces, and the second group of 

alloys were r apidly cooled by turning off the power. 

All the metallographic specimens were mechanically polished. The 

gadolinium-rich samples were e tched with concentrated nitric acid, while 

those samples from 14 a/o to 78 a/o Pb were air-etched. Samples from 

40 a/o to 70 a/o Pb, being very reactive with the air, were photographed 

either through plastic medical slides and a very thin layer of kerosene 

or through a sight glass fus ed in the bottom of a b eake r containing 

chilled absolute alcohol. 

Specimens for x-ray diffraction were prepared by c rushing or 

filing the various alloys in an inert gas atmosphere. The powders from 

alloys containing less than 20 a/o Pb or more tha n 45 a/o Pb were heat 

treated at rv 500 °C to remove strains by sealing the powders in 

tantalum tubes and heating the samples inductively in a vacuum. Those 

samples in the 20 a/o to 45 a/o Pb range were used without annealing due 
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to their brittle nature . Powde r patterns were then take n by using copper 

and iron r a diation. A computer program written by J e itschko and Parth~ 

( 3) was used to generate the crys t allographic d a t a fo r the possible inter-

metallic compound structures of the various compounds in thi s system. 

The observe d sin2e and intens ity data for the r e fl ections we re compared to 

the calculated values for an assumed structure and when good agreem ent 

was reache d the structure fo r the compound was conside red solved. The 

extrapolated lattice parame te rs were determined by using the Vogel-

Kempter (4) extrapolation program for the N e lson-Riley function. 
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RESULTS 

The r esults of the investigation of the Gd-Pb alloy system are 

summarized by Fig. 1. This diagram was constructed from differential 

thermal analysis data. X-ray and metallogr aphic results confirmed 

the thermal analysis data and helped locate the stoichiometries of the 

six compounds found in this alloy sys tem. 

T erminal Reactions 

The melting point of l ead was raised 1° C by the addition of gadolinium. 

This is interpreted to be peritectic r eaction and was detected by using a 

sample of pure l ead as the standard in DT A when a sa~ple of 97. 44 a/ o 

Pb was run. 

The addition of small amounts of lead to gadolinium lowered the 

alpha to beta transformation temperature of 1258°C (5) to 1212°C by an 

inverse peritectic reaction. This may not be the true temperature for 

this reaction because tantalum lowers the transformation temperature 

of gadolinium to 1236 (5), and it is quite likely that the gadolinium - rich 

alloys used in this study are saturated with tantalum since tantalum 

thermal analysis crucibles ·were used. 

The melting point of gadolinium is l owered by lead additions yielding 

a eutectic reaction at 14. 5 a/ o Pb and 1120° C. The eutectic composition 

is based upon the extrapolation of the liquidus data to the eutectic tempera-

ture, and it was confirmed by a photomicrograph of a 15. 5 a/ o Pb alloy 

which shows a small amount of the Gd5Pb 3 compound in a eutectic 

matrix (see Fig. 2). 



Figure 1. The gadolinium-lead binary phase diagr am. 

Differe ntial thermal analysis data. 

X - liquidu s points - cooling a rrests. 

O - hori zontal points - cooling and h eating arrests. 
6 - hori zontal points - h eating arrests . 

\1 - horizontal points - cooling arrests. 

O - arrests due to transformations in Gd. 
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Terminal Solid Solubilities 

The limits of solid solubility of l ead in the two phases of gadolinium 

were 0. 5 a/o Pb at 1080° C (a, h ep phase) a nd - 2. 0 a/ o Pb at 1212° C 

({3, bee phase). The solubility in the hep phase was estimated from 

photomic r ographs of alloys of 0. 08 , 0 . 8 , 1. 5 a/o Pb, whi ch we r e heat 

tr eated at a nd quenched fr o m 1080° C (see F igs . 3, 4, 5) . The first 

shows no p r ecipitate while a n increasing amount of precipitate is seen 

in the 0 . 8 to 1. 5 a/ o Pb a lloys . The solubility in the bee phase was 

estimated fr om thermal a nalysis data. 

X-ray powde r patterns of 98 . 83, 99. 17 and 99. 71 a/ o Pb alloys 

showed the same structure and parameter as pure lead. This indicates 

that th e re is very little solubility of gadolinium in lead. 

Inte rm etallic Compounds 

Six int ermeta llic compounds were identified in the Gd - Pb system 

and have the following formulae: Gd5Pb3 (37 . 5 a /o Pb), Gd5Pb4 (44. 4 a/o 

Pb), Gd 11 Pb 10 (47. 5 a/o Pb), - Gd6Pb 7 (- 54 a/o Pb), GdPb 2 (6 6 . 6 a/o 

Pb) and GdPb 3 (75 a /o P b ) . X-ray powder diffraction m e thods were 

us e d to es tabli s h the c r ystal structure of thr ee of the six compounds. 

Evidence for the exis tence, structure and melting characteristics is 

s umma ri zed below. 

M e ta llographic evidence for the compounds is presented in Figs . 

2, 6-17. For each compound there is a photomicrograph of a n a lloy on 

eithe r side of the compound in addition to the photomicrograph of a n 

a lloy on or very near the composition of the compound. Microscopic 

examination of alloys from 40 to 43 a/ o Pb which were heat treated and 



Figure 2 . 15. 46 a/o Pb, furnace 
cooled, air etched, Gd- Gd_sPb3 eutectic; light area - -- Ga, 
X200 •. 

Figure 4 . O. 82 a/ o Pb, quenched 
from 1080°C, etched with concen-
trated HN03, X l OOO. 
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Figure 3 . 0 . 08 a/o Pb, 
quenched from 1080 °C , etched 
with concentr a ted HN03 , 
XlOOO. 

Figure 5. 1. 37 a/o P b , 
quenche d from 1080 °C, etched 
with concentrate d HN03 , 
XlOOO. 
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Figure 6 . 37. 45 a/o Pb, furnace 
cooled, air etched, nearly pure 
Gd5 P b 3 , light·area --- Gd-Gd5Pb 3 eutectic, X500. 

Figure 8 . 44. 34 a/o Pb, furnace 
quenched from 1430 ° C, air etched, 
dar k area - - - Gd5P~ 4, light area 
--- Gd5Pb3 , X20o . 
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F igur e 7. 4 1. 52 a/o Pb, 
furnace cooled, air etched, 
light a r ea --- Gd 5Pb 3 , dark 
area Gd 5Pb 4 , X250 . 

Figure 9 . 46 . 12 a/o Pb, 
furnace quenched from 1180°C, 
air etched, streaked a r ea - - -
Gd 1 J?b 10, dark area ---
Gds. Pb 4 , light area within 
dark areas --- Gd5Pb 3 , X200. 
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Figure 10. 47. 64 a/o Pb (essentially 
pure Gd 11Pb 10), furnace quenched 
from 1100 °C, air etched, XlOO. 

Figure 12. 53. 45 a/o Pb furnace 
cooled, air etched, probably GdPb2 precipitate in,....., Gd6Pb7 matrix, 
X250. 

Figure 11. 49. 88 a/o Pb, 
furnace quenched from l 100°C, 
air etched, dark area ---
G'!_i0Pb 11, light area ---
...... ud6Po7·, XlOO. 

Figure 13. 60 . 09 a/o Pb, 
furnace quenched from 900 °C , 
air etched, light area ---
...... Gd6 Pb7 dark area -- - GdPb2 , 
XlOO. 



Figure 14. 66 . 99 a/o P b , DTA 
sample , furnace cooled, etched 
with concentr ated H 2 SO 4 , GdPb3 precipitate in GdPb2 , matrix, 
X500. 

Figure 16 . 75 . 24 a/o Pb, furnace 
cool ed , ai r etch ed, X200. 
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Figur e 15 . 7 1. 29 a/o Pb, 
furnace cool ed, ai r etched, 
dark a r ea - - - GdPb...2, light 
a r ea --- GdPb3, X5U . 

Figure 17. 78 . 59 a/o Pb, 
furnace cooled, ai r etch ed, 
light area --- GdPb3' X50 . 
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quenched from approximately 905° C and 1100° C show that Gd 5Pb 3 exists 

over a solid solution r egion containin g excess l ead which precipitates 

out as Gd5Pb4 when cooled. Fig. 7 shows a typical microstructure for 

alloys between 3 7. 5 and 44 a/ o Pb. Figures 8 - 17 show microstructures 

of alloys between 44 and 78 a/o Pb. The se ries of photomicrographs 

agrees well with the phase diagram Fig. 1. 

The relative duration of the thermal arrests for each of the compounds 

was determined from the magnitude of the diffe r ential s igna l a t each of 

the arrest temperatures in the thermal analysis graphs . Gd5 Pb 3 a nd 

GdPb 2 had the largest thermal ar rests while those for Gd5 Pb4 , Gd 11 Pb 10 

and GdPb 3 were all about o n e third or less the size of the first mentioned 

compounds. The compound at app r oximat ely 54 a / o Pb, de signate d 

Gd6 Pb 7 , has a very small thermal arrest compared to Gd5Pb3 and about 

one half or l ess than that of Gd5Pb4 • 

Gd5Pb3 melts congruently at 1670 ±5°C and c rystallizes in the 
0 

hexagonal Mn5Si 3 (D8 8) type s tructure, ~0 = 9. 078 ±. 004A and ~o = 

6. 644 ::I:. 005A. These r esults agree well with structure a nd parameters 

previously reported by Jeitschko and Parth~ (6) and by Palenzona a nd 

Fornasini (7). The generated and observed sin 28 and intensity data a re 

in compl ete agreement (see Appendix II). 

The Gd5Pb 4 compound forms by a peritectic reaction at 1460° ±7° C. 

The r e is a polymorphic transformation a t 1410°C ±7°C. The powd e r 

patterns for the a phase (Cu and Fe radiation) were indexed on the basis 

of the orthorhombic Sm5Ge4 type structure having space group Pnma-D 2h 

( 8 ) . The best agreement b.etween observed and calculated sin 2e and 

intensity data (Appendix III) was obtained for a pseudo-tetragonal cell 
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0 0 

with a = c = 8. 20 ±0. OlA and b = 15. 62 ±0. 02A. 

Gd11 Pb 10, Gd6Pb7 and GdPb2 all melt peritectically at 1212 ±7° C, 

1155 ±7° C, and 1010 ±2° C respectively. Powder patterns for alloys on 

and either side of each composition w e re taken but could not be indexed. 

Diffractome t e r traces for polish ed and etched sections of alloys were 

also taken but revealed no particular evidence which would help solve 

the structures. 

GdPb3' which melts at 969 ±2° C has the cubic Cu3Au(_!:.l 2) type 
0 

structure with ~0 = 4. 8261 ±. 0007A. The structure and parameter of 

the compound have b een reported previously by Iandelli ( 9 ) and 

Kuzma et. al. ( 10) and the value obtained in this investigations agree 

quite well with Iandelli 's value and reasonably well with the Russian 

results. 



16 

DISCUSSION 

Through th e years, metallurgists, physicists and chemists have 

searche d for laws or rules which will tell them how two or more 

metals will combine . Most of the rules will work some of the time on 

some metals. As yet there are no rules which will cove r all of the 

metals in all possible situations. Thus, as more phase diagrams 

are studied, more information will be available to test the rules that 

have been proposed . 

Gschneidner and Waber (11) have studied the relations that had 

been proposed and that seem to work well for many metals. They 

applied them to the known rare-earth binary phase diagrams to see 

how valid they would be for these alloys . At the time they wrote 

their paper of all of the possible rare-earth-lead phase diagrams only 

the lanthanum-lead phase diagram was thought to be reas onably well 

established. Thus it is interesting to see how well the rules which 

they have said applied to the rare-earths will apply in the case of the 

gadolinium -lead binary phase diagram. First let us predic t the 

results and then compare these with the experimental results. The 

aspects that they considered are size factor, e lectronegativity, valence, 

electron numbers and some thermodynamic relationships. 
0 0 

If the sizes of lead (R = 1. 750A) and gadolinium (R = 1. 802A) ( 12) 

are considered s olid solutions of both l ead in gadolinium and gadolinium 

in lead would be expec t ed since the size difference, 2. 8%1 is much 

less than the 15% Hume-Rothery size rule (1 3) . However, size effects 

should be considered along with electronegativity. The difference in 
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electr on egativity (e nPb = 1. 80, enGd = 1. 20) (1 2) is 0. 6 units. If we 

look at the position of the two metals on a Darken-Gurry plot ( 14) of 

electronegativity vs . r adius (Fig. 18) it can be seen that lead does not 

fit inside the ellipse d efin ed by a cente r at gadolinium , the major axis 

of ±0. 4 electronegativity unit a nd the minor axis of ± 15% variation in 

r a dius. If th e ellips e wer e shifted to a center at lead, gadolinium would 

not fall within this ellipse. Thus, a very limited amount of solid solubility 

would be expected a t either end of the diagram. Complete solid solubility 

would not be expected because the c rysta l s tructur es of gadolinium (he p} 

and lead (fee) a re diffe r ent. The maximum solubility of lead in 

gadolinium is ,..., 2 a/o . The lead-rich end of the diag r am showed no 

particular solubility fo r gadolinium as mentioned previously. 

Many times valence compounds, so name d for compounds whose 

ratios are small whole numbe r s equal to o r multiples of the valences of 

the atoms, a r e formed . A valence of 3 is commonly assigned to 

gadolinium and Pauling ' s valence scheme ( 15), also uses this value . Lead 

has been as signed a valenc e of four by its position in the periodic table 

but Pauling assigns it a val e n ce of 2. 56, and Hume-Rothery and Raynor 

( 1 3) have consider e d l ead to be divalent. If the common valences 

associated with gadolinium and lead are us ed then we would have expec ted 

Gd4Pb3 to form . This compound does not form but if we u se P auling ' s 

scheme we would have to have a compound of Gd2 . 56Pb 3. By 

coincidence this corresponds approximately to the compound Gd6 Pb7' 

This compound is probably not a simple valence compound because there 

is no corresponding compound in the dysprosium-lead phase diagra m 

(1 6) . By using the Hume-Rothery, Raynor valence a compound of the 
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Gd 2Pb3 stoichiometry is expected but not observed. 

The next factors to be considered a re the Hildebrand factor { 17 , 18) 

and the Mott number {19). Hildebrand originally proposed a quantity 

defined byH. F . = 1/2 {V 1 + V 2) (6 1 - 6 2) 2 where Vi is the atomic 

volume and 6. i s the solubility parameter {equal to [~H bl/V J l/2) 
l . SU 

of the ith atom . If the Hildebrand factor {H. F.) is less than 2R T, that 

is, when the heat of mixing is less than the thermal energy, then 

separation of the liquid phases is expected. An H . F. value less than 

2RT is obtained for T equal to the melting point of gadolinium and 

liquid immiscibility for the two metals is incorrectly predicted. If, 

however, the melting point of lead is used then 2RT is less than the 

H. F. value and liquid miscibility is correctly predicted . 

Mott { 1 9) modified the Hildebrand approach by pointing out that if 

there is a pronounced tendency of the components to form bonds in 

solution, the ener gy of mixing is reduced, and immiscibility is less 

likely to occur if a number of 11 bonds 11 are formed . He defined a 

bonding number, K , as 

K = 
1/2 {V 1 + v 2) (6 1 - 62) 2 - 2RT 

23, 060 {en 1 - en2) 

The denominator is the energy in calories of forming a bond b etween 

components 1 and 2, if their electronegativities {en.) are expressed 
- - l 

in electron volts . Mott found that if K is less than 2, the metals are 

generally miscible in all proportions, but if K is larger than 6, 

immiscibility was to be expect ed. For va lue s of K from 2 t o 6 the 

size factor of the two constituents would determine whether there would 

be liquid miscibility. 
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T he Mott bonding number, K, as computed by Teatum, Gschneidner, 

and Waber ( 12) for the gadolinium-lead phase diagram is 0. 277 at room 

temperature. At T = 1 700° C or"' 2000° K the Mott numbe r is less than 

zero and thus the metals should be miscible throughout the entire temper a -

t u re range of the investigation. The results show that Mott's bonding 

number co rrectly predic ts complete miscibility. 

Pauling wrote a pape r about elec tron transfer in metal compounds 

( 20) to explain the formation or absence of compounds between two metals. 

He divided elements into four classes: stable, hypoelectronic (more 

bond orbitals than electrons), hyperelectronic (less orbitals than electrons) 

and buffer (can accept or lose electrons without changing valence). 

Gschneidner and Waber observed that hypoelectronic a toms do not form 

compounds with the rare earth elements; the hyperelectronic and 

stable atoms form compounds, while buffer atoms show a g radual 

transition from non-compound formers to compound formers. 

Gschneidne r a nd Waber assigned an elec tron number to each of the 

elements on the basis of its position in the periodic chart (se e Fig. 19 ) 

so that they could put thes e ideas for compound formation on a somewhat 

quantitative basis . They found that if the s um of the e l ectron numbers 

for two elements they were considering was eleven or greater then 

compounds would be formed in the a lloy system . If the sum was nine 

or less then compounds would not form and those whose sum is in 

between nine a nd eleven might or might not form compounds. The 

rare-earth metals (see Fig . 19) except for e uropium and ytterbium, 

are assigned a n electron number of three a nd lead is assigned an 

e l ectron numb e r of fourteen. Thus their sum is 17 and compound 

formation would be expected. 
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The logical extension pointed out by G schneidner and Wabe r is 

that the number of compounds ought to depend in some way on the 

electron number. A g r aph of the number of compounds vs . the summation 

of electron numbers of the known systems a t the time Gs chneidne r and 

Waber wrote their discussion is shown in Fig. 20. An estimate of three 

to four compound s for the gadolinium -lead system is made from the 

data in Fig. 20. Experim entally six intermetallic compounds were 

found in this system. Th e prediction does d emonstrate the correct 

trend even if it does not give the correct number. 
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SUMMARY 

If a prediction were to have been made for the gadolinium - lead 

phase system from presently known and accepted rules and empirical 

r elations the following would have been expected: very little terminal 

solid solubilit y , complete miscibility and three or four inte rm etallic 

compounds . These predictions a r e co rrect as fa r as they go except 

for the numbe r of compounds predicted. The ac tual da ta shows that 

th e a ddition of lead lowers the a - f3 transformation of gadolinium 

fr om 1258 °C to 1212°C, and the gadolinium melting point 13 13° C to a 

eutectic r eaction at 14. 5 a/ o Pb and 1120° C . The addition of gadolinium 

r aises the melting temperature of lead from 327° C to 328° C. The 

room temperature solid solubility for both metals is negligible . Of 

the six compounds form ed one, Gd5Pb 3 melts congruently at 1670° C 

and the rest, Gd5Pb4 , Gd 1 l Pb 10, Gd 6Pb 7, GdPb 2 and GdPb3' form 

p e ritectically at 1460°C, 1225°C , 11 6ll°C , 10 10°C and 969°C, 

r espectively. In addition there is a polymorphic transformation in 

Gd5Pb4 at 1140° C. The crystal structures for Gd5Pb3 and GdPb 3 

were r eported previously to have the Mn5Si3 (_!?88 ) and AuCu3 (~,1 1 ) 

structures, respec tively, and these results were confirme d in this 

investigation. The a phase of Gd5Pb4 was indexed o n the basis of 

a pseudo - tetragonal modification of the Sm5Ge4 orthorhombic structure 

(Pmna) with~ = ~· Although the other c ompounds were investigated, 

th ei r crystal structures w e r e not solved. 

F rom the practical aspect, it was found that most of the Gd - Pb 

alloys which w o uld be useful fo r higher temperatur e rea ctor applications 
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were v e ry r eactive with air and quite bri ttl e. Therefore they would have 

to be alloyed with some other element to r educe oxidation or clad with 

another substance to provide a u seful, workable alloy. 
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A P PENDIX I 



APPENDI X I 

The Impurities in the Gadolinium and Lead Used in 

Element 

H 
c 
N 
0 
F 
Na 
Mg 
Al 
Si 
Cl 
K 
C a 
Sc 

Sample 1 
ppm 

18 
102 
60 

411 
81 

3 

425 
0.6 

Gadolinium 

Sampl e 2 
ppm 

18 
90 
16 

170 
1 

20 
2 

10 

20 
70 
30 
5 .7 

1Impurities listed are maximum amount s 
2

v ery faint trace 

3Not d e tected 

4F . a1nt tr ace 

Sample 3 Sample 4 
ppm ppm 

23 10 
100 45 
30 1 

630 521 
17 11 
10 

1 
20 10 
10 50 

50 30 

This Investigation 1 

Lead 

Comnico Spe ctro s co pi c 
Ana lysis group anal ys i s 

ppm ppm 

N 
-.D 
cr' 

o. 1 vft 2 
nd3 

ft 4 o. 1 

o. 1 ft 



APPENDIX I (continue d ) 

Gadolinium Lead 

Comnico Spectroscopic 
Element Sample 1 Sampl e 2 Sampl e 3 Sample 4 Ana l ysis group analysis 

ppm ppm ppm ppm ppm ppm 

v nd 
Cr 10 10 10 nd 
Mn 40 nd 

ts F e 31 0.7 3 0 30 o. 1 
Ni 1 10 100 nd 
Cu 20 10 5 0.2 ft 
Zn 3 nd nd w 
A s nd 0 

y 20 4 0.6 20 
M o 3 
Ag 3 o. 1 nd 
Cd nd t 
In nd 
Sn 20 nd 
Sb nd 
L a 50 
C e 6 1. 4 
Pr 6 8.7 
Nd 1 4 500 
Sm 200 4 1 200 
Eu 10 100 1 100 

5 Trace 



APPENDI X I (continue d ) 

G a dolinium L ead 

Comnico Spectroscopic 
E lement Sample 1 Sampl e 2 Sample 3 Sample 4 Analysis group analysis 

ppm ppm ppm ppm ppm ppm 

Tb 100 500 3 500 
Dy 8 100 
H o 2 2.7 50 0 
Er 1 0 . 4 
T m 2 0. 3 
Yb 9 5 
L u 6.6 w 
H f 5 ...... 

T a 20 0 12 500 300 
w 8 
R e 2 
O s 3 
Ir 2 
Pt 4 
A u 2 
Tl nd nd 
Pb 30 
Bi 1. 0 ft 
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APPENDIX II 

Intensity C a lcula tion for Gd5Pb 3 w i th Mn 5Si 3 (D88 ) St r ucture Typ e . 
0 0 

Copper Radia t i on; a 0 = 9 . 078 ± • 004A1 c 0 = 6 . 644 ± • 005A • 

I . 20 h k l . 29 I s in sin 
0 0 c c - - -

w • 0427 l l 1 • 0423 46 . 4 
M .0545 0 0 2 . 0539 226 . 9 
vw • 0 668 l 0 2 • 0635 75 . 5 
M • 0683 2 1 0 • 0673 260 . 6 
v s . 08 15 2 l 1 • 0808 1000 . 0 
s • 0834 1 l 2 • 0827 650 . 4 
s . 0872 3 0 0 • 0865 282 . 2 
w • 093 1 2 0 2 • 0923 151. 9 
w • 1261 3 1 0 • 1250 68 . 1 
w . 1294 2 2 l • 1288 72 . 4 
M • 1389 3 l 1 • 1385 2 12. 0 

vw • 15 10 {l 1 3 • 1500 8 . 9 
4 0 0 • 1538 12 . 8 

M • 1698 2 2 2 • 1692 94. 5 
s • 1892 2 1 3 • 1885 287 . 8 
w • 1963 3 2 1 • 196 1 42 . 6 
w • 2 024 4 1 0 • 20 19 60 . 4 
w • 2 084 4 0 2 • 2 07 7 43 . 5 
M • 2163 0 0 4 . 2154 102 . 0 
M W • 2363 3 2 2 • 2365 63. 4 
M W • 2472 3 l 3 • 2461 86 . 9 
vw • 2691 4 2 0 .2692 67 . 5 
w . 2726 3 3 1 • 2731 105 . 6 
w • 2829 {4 2 l • 2827 41. 5 

2 l 4 • 2827 60 . 3 
M . 2944 5 0 2 • 2942 202 . 3 
w • 3024 3 0 4 • 3019 83 . 3 
w • 3124 3 3 2 • 3134 69 . 6 
vvw • 3228 4 2 2 • 3231 19 . 4 
vvw • 3408 3 1 4 • 3404 28 . 3 
vvw • 3682 4 3 1 • 3692 21 . 4 
vvw • 3809 3 3 3 • 3808 62 . 0 
vvw . 3895 4 2 3 . 390 4 25 . 0 
vvw • 3993 6 0 2 • 3999 43. 9 
vw • 4046 2 1 5 • 4039 85 . 0 
vvw • 4 123 6 l 0 • 4134 40. 8 vvw • 4 164 4 1 4 • 4 173 37 . 4 
vvw • 4549 5 0 4 • 4558 51 . 0 vw • 4840 4 2 4 • 4846 55 . 7 vvw • 4936 1 0 6 • 4942 3 . 4 vw • 5 120 6 2 1 . 5134 42 . 8 
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APPENDIX II. (continued) 

I 
. 2 hkl . 28 I sin e sin 

0 0 c c -
w • 5240 {7 0 2 

5 3 2 • 5250 77 . 9 
vw • 5607 7 1 1 . 5615 21. 5 
vw • 6177 6 3 1 • 6192 65. 2 
vw • 2670 6 1 4 • 6288 55. 1 
w • 6580 6 3 2 .6596 63.2 
w • 6671 8 0 2 • 6692 42. 9 
w . 7256 5 0 6 .7250 83. 6 
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APPENDIX III 

16 Intensity Calculation for Gd5Pb4 with Sm 5Ge 4 St;ucture Type. (Pnma-D2h) 
0 

Copper Radiation; ~ = ~ = 8. 20 ± • OlA, b = 15.62 ± .02A. 

I . 20 h k 1 . 29 I sin sin 
0 0 c c 

vw • 027 6 1 2 1 • 027 4 30.7 
M W • 0393 1 3 1 • 0396 21 6 . 4 
w . 0 462 1 1 2 (211) 1 • 0466 3. 8 
MW • 05 41 2 2 1 (122) • 0539 211. 9 
vs • 0668 2 3 1 ( 132) • 066 1 14 29.8 
M • 0704 2 0 2 • 0707 421.5 

MS broad . 07 37 {2 1 2 .07 3 1 85 . 5 
2 4 0 (042) • 07 43 67 8 . 1 

M • 0789 1 5 1 • 0786 2 6 2.3 
w .0795} 2 2 2 • 08 04 98 . 3 w • 08 0 5 
w • 08 16 0 1 3 • 082 0 28 .2 
s • 083 2 2 4 1 ( 142) • 0832 68 0. 1 
M • 0882 {o 6 o • 08 77 347. 6 

10 3 ( 301) • 0844 348 . 6 
s • 0902 3 11(11 3) • 0 902 8 36 . 3 r 3 2 

• 0926 1. 9 
MW • 095 5 2 5 0 • 096 2 9 4 . 1 

3 21(1 23 ) • 098 1 5 .6 
MW • 1043 2 5 1 ( 152) • 105 0 132.7 
w • 1101 33 1(1 33) • 1103 45 . 8 
w • 1143 20 3 (302) • 1149 166.8 
w • 1236 26 0(062) • 123 0 1. 0 r 7 I 

• 1282 5 . 5 
vw • 1293 2 5 2 • 1316 29.7 

2 6 1 ( 16 2) • 13 19 9 .0 
M S • 1377 {2 3 3 (332) • 1368 8 1. 5 

1 7 1 • 1370 226 . 5 
vw • 14 13 4 0 0 (004) • 14 14 12 .9 
vw • 145 1 4 1 0 • 1438 2 1. 7 
M S • 1493 1 53 (351) • 1493 418 . 8 
w . 1521 11 4 (411) • 152 7 124. 9 
w • 155 1 {2 7 0 • 1547 19.0 

0 8 0 • 1559 7 5 . 1 

12 
6 2 • 158 4 56.7 

M • 158 0 3 0 3 • 1591 36.8 
4 2 1 ( 124) • 1599 60.8 

Due to the ps eudotetragonal structure there are two planes which have 
the same sin29 value. 
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APPENDIX III . (continue d) 

I sin2 e h k 1 . 2e IC 
0 0 

sin c 
- . 

,... r I 3 
• 1615 8 . 1 

vw . 1623 4 3 0 • 1633 2 6 . 1 
172 (271 ) • 1634 10. 5 

w • 1686 3 2 3 • 1688 5 . 6 

M • 1734 {4 3 1 • 1722 136 . 8 
1 8 1 • 1736 0 .2 

MW • 1767 {3 6 1 • 1761 104 . 7 
4 0 2 • 1768 84. 8 

vw • 1794 2 1 4 • 1792 52 .7 

w • 18 22 {4 4 0 • 1804 9 . 5 
3 3 3 • 1810 11. 8 

w • 18 47 4 2 2 • 1865 18. 0 
w • 1844 4 4 1 • 189 2 7. 1 

vw • 1968 {3 4 3 • 1981 83 . 8 
4 3 2 • 1986 22. 5 

vw • 2005 2 8 1 . 2001 13.9 
vw • 2070 {o 9 1 • 2061 13 . 4 

3 7 1 • 2077 39 .0 
vw • 2165 {3 5 3 . 2200 72 . 0 

3 0 4 . 2210 14 . 6 
vw • 2237 {3 1 4 

0 1 5 . 22 34 10 . 0 

vw . 2340 2 7 3 .2342 91. 0 
vw • 2399 1 9 2 • 2415 57.3 
vw • 2518 5 3 1 • 2517 23.9 

{ 3 4 4 . 2599 18. 1 
M • 2617 4 7 0 . 2608 57 . 1 

1 1, 0 1 . 2613 2 . 9 
M • 2666 5 2 2 . 2661 72 . 7 
M • 2697 4 7 1 . 2696 156 . 1 
M • 2776 { 3 7 3 . 2784 84. 4 

0, 10, 2 • 1789 168 .0 r 5 5 
. 2818 43 . 1 

M • 2836 4 0 4 . 2828 45 . 
4 1 4 . 2853 72 
1 9 3 .2857 126 . 3 

w • 2870 1, 10, 2 .28 78 8 1. 1 
M • 2909 5 5 1 • 2907 103. 6 
M . 2958 5 4 2 . 2953 107.2 


