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MEL Report 6/67

ABSTRACT

The degree of long-range order has been determined
f or 20 binary A].5-type phases containing various transi-
tion elements. A tendency toward a lower degree of
order was noted as the component elements were chosen
successively from ~o1umns in the periodic table ap-
proaching the Mn column. A comparison of the order-
ing in the A15-type phases with the ordering previously
reported for various binary sigma phases suggests that
the remarkable stability of these phases may result
from an interdependence between the electronic struc-
ture and the ability of the atoms to undergo deforma-
tions in conforming to geometrical packing require-
ments.
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Atomic Ordering in Binary A15-Type Phases

E. C. van Reuth and R. M. Waterstrat

A coamon crystallographic feature of many alloy phases formed by the tran-

sition elements is the occurrence of tetrahedral groupings of atoms throughout

the structure. When the atoms in such a structure differ in size by less than

25 percent , considerable justification may be obtained for the existence of four

characteristic coordination polyhedra (Kaspar polyhedra) each having triangular

faces and possessing coordination numbers of 12, 14, 15, and 16, respectively,

(Kasper, 1956; Frank and Kasper, 1958 , 1959). The icosahedral 12-coordinated

polyhedron would appear to be an appropriate site for the smaller atoms in the

structure , while the sites with 14, 15, or 16, coordinations would seem to be

most appropriate for the larger atoms. If atomic packing considerations are an

important factor in stabilizing these phases, one might therefore expect an

• atomic ordering to occur. Such an ordering of atoms has been observed in many

of these structures , and in some cases it has been possible to measure the ex-

tent of atomic ordering on each crystallographic lattice site. Unfortunately ,

the accuracy of these measurements has often been restricted by the necessity

of simultaneously determining the atomic position parameters.

-
• In the A15-structure type, however , the atomic position parameters are

fixed by the symmetry requirements of space group Pm3n (Table 1). Conse-

quently , measurements of atomic ordering in these phases can be interpreted

more accurately and with less ambiguity, since there are only two crystallo-

graphic lattice sites.
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Table 1

Space Group, Atomic Positions and

Atomic Coordination Numbers for the Al5-Type Structure

(A.9 B) Space Group Pm3n

Number of atoms per Coordination
Atom type unit cell Atom Positions Number

6(c) 6 0 , 1/4 , 1/2 14

0, 3/4, 1/2 
-

1/2 , 0, 1/4

1/2 , 0 , 3/4

1/4, 1/2 , 0

3/4 , 1/2 , 0

2(a)  2 0 , 0 , 0 12

1/2 , 1/2 , 1/2

Geller , Matthias, and Goldstein , (1955); have reported a high degree of

atomic ordering in Nb3Os, Nb3Ir, Nb.9Pt, and V3Sn but only a partial ordering

in Ta3Sn. The partial ordering in Ta3Sn has recently been confirmed by

Courtney , Pearsall , and Wulf f , (l965a);who have also reported evidence that

vacant atomic sites exist in this phase after a vacuum heat treatment.

Matthias, Geballe , Willens , Corenzwit, and Hull, (1965); have produced a

considerable amount of disorder in the phase Nb3Ge by using special rapid-

quenching techniques.

In view of the considerable practical interest in the Al5-type phases as

superconductors with exceptionally high transition temperatures (Matthias ,

1963), it is remarkable that only this rather limited amount of information

is available in the literature concerning detailed studies of the extent of

2
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atomic ordering in these phases. In many instances the A15-type phases have

apparently been assumed to be completely ordered since their composition ranges

of stability are relatively narrow and frequently confined to the so-called

“ideal” composition (A3B). The recent discoveries of binary Al5-type phases

which are stable at compositions deviating significantly from the “ideal” (AaB)

composition (Darby and Zegler, 1962; Hartly, Parsons, and Seedly , 1964; Ray and

Parsons, 1966; Sadogopan , Gatos , and Giessen , 1965; Raub and Rgschel, 1966)

suggest that the crystallographic sites in this structure need not be occupied

exclusively by only one chemical element.

Evidence presented in this paper indicates that many of the A15-type phases

possess rather incomplete atomic ordering. In some cases a substantial frac-

tion of the atoms of a given element may occupy both crystallographic lattice

sites even when the composition of the phase corresponds closely to the “ideal”

•(A3B) stoichioinetric composition (Watératrat and van Reuth , . 1966).

This study of the atomic ordering in twenty binary Al5-type phases was

undertaken pr imarily to ascertain those factors which may be responsible f o r

the atomic ordering and which may perhaps also be responsible for  the remarkable

stabili ty of the A 15-type phases.

EXPERIMENTAL PROCEDURE

Alloy Preparation

All alloys reported here except the Mo-Pt (specimen No. 1 only), Cr-Os

(specimen No. 1 onLy), and Cr-Pt (specimen No. 1 only) were melted in an in-

ert gas arc-melting furnace. The constituent metals had the nominal purities

shown in Table 2. Each arc-melted specimen was melted at least four times and

was inverted between each melting. Melting weight losses were always less than

one percent .
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Table 2

Purity of Metals Used in Alloy Preparation

Metal Purity, 7,

Titanium 99.9
Vanadium 99.95
Chromium 99.999
Niobium 99.9
Molybdenum 99.9
Rhodium 99.95
Osmium 99.999
Iridium 99.95
Platinum 99.99
Gold 99.99
Ruthenium 99.9
Palladium 99.9

The Mo-Pt (specimen No. 1), Cr-Os (speciment No. 1), and Cr-Pt (specimen

No. 1) alloys were prepared by powder metallurgy techniques. Powders having

a minimum purity of 99.9 percent and a 20-50 micron particle size were thor-

oughly mixed in the proper proportions and compressed in a 1/2-inch diameter

cylindrical die at a pressure of 50,000 psi. These green compacts were then

sinte -ed for 48, 8 and 9 hours , respectively , at temperatures of 1600 C , 1400 C ,

and 1300 C , respectively. The weight losses during sintering of these alloys

were between one and four percent. However , in these samples , the losses were

confined to a thin surface layer which was subsequently removed.

All annealing treatments were conducted in a vacuum furnace using tantalum

heating elements. During the annealing treatments a pressure of lO~~ to 10~~

torr was maintained. The annealing furnace was calibrated by a thermocouple

and an optical pyrometer jointly whenever possible and separately at high

(>1600 C) or low temperatures (<1000 C). The annealing treatments used for

each alloy specimen are given in Table 3.
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Table 3

Nominal Starting Composition~ ,Arinealing Treatments , and

Long-Range Order Parameters (S)

Nominal Specimen Annealing and Sintering
Composition No. Temperature°C Time S

Cr 79Pt 21 1 1300 ** 9 hours 0.90
2 1200 3 days 1.00

Cr3Ir 1 “as-cast ” * 0.89
2 “as-cast ” 0.89

Cr.,20s28 1 1400 ** 8 hours 0.64
2 1400 24 hours 0.66

Cr3RI-i 1 1200 3 days 0.83

V3Au 1 “as-cast ” 0.99
2 “as-cast ” * 0.92

V3Pt 1 “as-cast ” * 0.95
2 “as-cast ” 0.98

V31r 1 “as-cast” 0.94

V3Rh 1 1200 3 days
1100 2 weeks 0.96

Ti3Au 1 “as-cast” 0.97

TI3Pt 1 “as-cast” * 0.97
2 “as-cast” 0.99

Ti3Ir 1 “as-cast ” 1.00
• 2 “as-cast” * 0.91

Mo4Pt 1 1600 ** 48 hours 0.98

Mo3Ir 1 1800 2 days 0.87

Mo3Os 1 2000 2 days 0.81

• I Nb3Au 1 “as-cast” 0.89

Nb3Pt 1 1600 5 days 0.93

• Cr,2Rt~ B 1 800 6 weeks 0.55

V3Pd 1 800 1 month 0.69

5
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Table 3 (Cont)

Nominal Specimen Annealing and Sintering
Composit ion No. Temperature°C Time S

Nb3Os 1 1800 2 days
1600 5 days 0.90

Nb3Ir 1 2000 3 hours 0.95

Note : All arc-melted alloy specimens were given a final annealing at 800 C.

for one hour followed by slow cooling except those marked (*) which

were allowed to remain in the “as-cast” condition following arc-melting

and solidification in a water-cooled copper hearth . Alloy specimens

prepared by powder metallurgy were cooled from their sintering tempera-

tures by turning off the furnace power. These are marked (**) and were

not given a final anneal at 800 C.

All of the arc-melted alloys were given a final annealing at 800 C for one hour ,

followed by slow cooling to room temperature , except for Ti-Pt No. 1, Ti-Ir

No. 2, V-Pt No. 1, V-Au No. 2, and Cr-Ir No. 1 (all marked with an asterisk in

Table 3) which were examined in the “as-cast ” condition . The powder metallurgy

alloys were furnace-cooled from their sintering temperature to room temperature ,

• in vacuo , by turning off the furnace power.

After the annealing treatments , the alloys were crushed in a hardened-

steel rod mill to a 20-50 micron particle size . This size range was selected

because it was ideal with respect to the avoidance of X-ray diffraction-line

broadening on the one hand and preferred orientat ion on the other hand . The

• samples were not reannealed after crushing , since their X-ray patterns were

devoid of any characteristic line broadening due to residual stresses.

Spectrographic analyses of all powdered alloy samples revealed no major con-

taminants or impurities.6
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X-ray Diffraction

A Debye-Sherrer X-ray pattern was taken of each specimen for use in phase

identification , indexing , detection of possible line broadening , and to assist

in establishing the relative line intensities when extreme ly weak lines or pos-

sible preferred orientation effects might reduce the reliability of the diffrac-

tometer data. These patterns were given a standard eight-hour exposure at a

constant tube current and voltage to facilitate comparison of relative intensi-

ties between films. A back-reflection focusing camera was used for precision

lattice parameter determination. In addition , diffractometer data , were ob-

tained for each specimen using an internal standard of either silver

0 0

(a = 4.08625A) or tungsten (a0 3.16504A) powders. Lattice parameters were

obtained by a least squares fitting of these data with greater weighting as-

signed to lines occurring at high Bragg angles. No angular extrapolation was

used since the use of an internal standard appeared to compensate for the nor-

• mal errors. The lattice parameters obtained are listed in Table 4.

4 The degree of long-range order (LRO) in each example was stud ied by using

data obtained with nickel-filtered copper radiation on a General Electric

XRD-3 Diffractoineter. The -325 mesh alloy powder was carefully packed with an

• uniform standardized pressure into a tray which has a 24mm diameter and a 1.3mm

deep depression; • This size tray offered a maximum radiated area for a 1

degree tube slit , and its depth was selected so that the specimen could be

considered to be of “infinite thickness.” Special care was taken during speci-

men packing not to scrape or drag the surface , since this might result in pre-

ferred orientation effects on the observed relative intensities. The tray into

which the sample was packed was attached to a small synchronous motor . The

L 

specimen was rotated by this motor about an axis normal to the specimen surface

throughout the entire data-taking period in order to minimize any effect of pre-

f erred orientation .
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Table 4

Lattice Parameters for Alloys Studied

Alloy . Number a (in Angstroms)

Ti3Ir 1 5.0082
2 5.0087

Ti3Pt 1 5.0309
2 5.0327

Ti3Au 1 5.0974

V3Rh 1 4.7852

V31r 1 4.7876

V3Pt 1 4.8166
2 4.8166

V3Au 1 4.8813
2 4.8807

Cr 3Rh 1 4.6731

Cr7~Os2 8  1 4.6799
2 4.6842

Cr3Ir 1 4.6808
2 4.6810

Cr7gPt21 1 4.6997
2 4.7058

Nb3Os 1 5.1348

Nb3Ir 1 5.1333

Nb3Pt 1 5.1524

Nb3Au 1 5.2024

• Mo3Os 1 4.9689

Mo3 Ir 1 4 .9682

• Mo4Pt 1 4 .9878

cr v2 R~.~ e 1 4 .6765

V3Pd 1 4.8254

8
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Early results sh owed that the preferred orientation problem may be a serious

one , as has als o been noted by Cour tney, Pearsall , and Wulff,(1965b). However ,

it appears that there is at least one unmistakable check that can be made for

4 preferred orientat ion ef fec ts  on all patterns. If one examines the LRO para-

meter contribution to the intensities £ or the ~ OO)and the ~ ll) reflections in

Table 5, it can be seen that they are identical. A comparison of the ratio of

these two peaks (See Figure 1) should then of fe r  a good check on preferred

orientation effects , since this ratio should be independent of the amount

of LRO ii~ the sample. If the (211) peak is normalized to a value of 1000, the

(2O~~peäk should in all cases have a value of about 460 if there is no preferred

orientat~ion present . The value of this observed intensity ratio was therefore

used as a check for preferred orientation effects. A variation of greater than

±10 percent was considered unacceptable , and any sample showing this much vari-

ation was repacked in the diffractometer specimen holder until satisfactory

agreement was obtained.

Two diffractometer scans were taken of each specimen. One of these,

at a chart speed of two degrees per minute , was used for indexing purposes and

to ascertain the best proportional counter rate setting to obtain a maximum (211)

count. The other scan , taken at a chart speed of 0.2 degrees per minute , was

• used for the integrated-peak-intensity data. All scans were made after an

electronic warm-up period of at least one hour . Usually, the X-ray diffrac-

tometer data included 23’peaks. However , on a few samples , the highest angle

peaks could not be traced because of the extremely high Bragg angles involved.

In all cases, the patterns were indexed completely with all peaks accountable .

In no instances were lines observed which would correspond to the (lO~ or (111)

peaks ; thus confirming the space group type : Pm3n. The integrated intensity of

each peak on the slow diffractometer trace was measured three times with a

p lan imeter.

9
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Table 5

LRO Parameter Contribution to A-l5 Structure Factors

hkl S Contribution to F

110 2 S(f B-fA)

200 5(
~B-~

A) + (3f A+fB)

210 S(fB-fA) — (3f A+f B)

211 S(f B-f A) + (3f A+f B)

220 2S(f B-fA)

310 2S(f B-f A)

222 3 S(f B-fA) - (3f A+f B)

320 S(f A-fB) + (3f A+f B )

321 S(f B-f A) + (3f A+f B )

400 2(3fA+fB)

411, 330 2S(fB-fA)

420 S(f B-fA) + (3fA+fB)

421 (S_l)(fB
_f
A
)_4f

A

332 S(f B -f A) + (3
~A~~B)

422 2S(f B—fA)

510, 431 2S(f _
~
f
A
)

520 , 432 S(f A-fB) + (3fA+fB) H,

52 1 S(f
B
_f
A

) +

440 2 ( 3fA+f B)

530 , 433 2S(f B
_ f

A)

600, 442 S(f B
_fA) + (3fA+f B)

610 5(
~B

-
~A
) - (3

~ A~~ B)

611k 532 S(f B-f A) + (3f A+f B)

10
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The aver-age of these three values , which seldom deviated by more than ±3 percent , —

was taken as the integrated intensity of the particular peak. A few of the speci-

mens were found to have some extremely weak extraneous peaks, none of which

superimposed on the basic A15 pattern. These were identified as resulting from

small quantities of a second phase. Also, in some cases the beta component of

the (2ll) peaks slightly overlapped the(2l0)peak. However , this contribution to

the (210)peak could be easily subtracted. The value to be subtracted from the

(210) intensity was obtained by measuring beta components of the(2ll)peak in sev-

eral patterns where adequate resolution from the -(210) peak was obtained. This

percentage (4 percent) of the (2li) peak was then subtracted from the(210)peak

whenever an overlap was indicated. Aside from the above-mentioned weak peaks ,

the diffractotneter traces were normal in all respects. In particular there

were no indications of residual strains , abnormal line broadening , splitting

of lines at high angles , or forbidden reflections. All peaks were very close

to the usual Gaussian shape and could be readily indexed as resulting from the

cubic Al5-type structure . Typical X-ray patterns for a highly ordered and a

partially disordered Al5-type phase appear in Figure 1.

In the usual intensity equation for X-ray diffraction there are several

terms which are angular dependent. To offset these factors and to minimize

the effects of any long-time electronic circuitry effects , the ratios of ad-

jacent integrated peak intensities were used as raw data for the determination

of the long-range order parameters.

Model Calculations

A computer program was devised to assimilate the data In such a manner as

to select the best ordering model to fit the data. This program contained 4

atomic scattering factors obtained from the International Tables for X-ray

Crystallography, ( 1962). Anomalous dispersion corrections were applied for all

11
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of the elements studied based on the values given by Cromer, (1965). The usual

analytical expression for the Lorentz polarization factors and multiplicity

factors were used in the intensity calculations. A provision was also contained

-: in the program to accommodate off-stoichiometric model calculations. This was

done by inserting a chemical composition factor in the intensity equation (See

Appendix A). Such a procedure is probably valid for small deviations (a few

percent) from the “ideal” (A.3B) stoichiometric composition.

The observed data were compared first with ten different calculated models

having long-range order parameters (S) from 0.0 (complete disorder) to 1.0 (com-

plete order) in 0.1 increments (See Appendix A). When the region of maximum

interest was found , the computer then compared the observed data with 20 other

calculated models at 0.01 increments of S. The basis by which the computer se-

lected the best ordering parameter was a minimization of the reliability factor :

i=N 2
1 (R0~ - Rci)

R0j ~~~
1=1

where

R is the reliability factor for a given S-value

N is the number of observed intensity ratios

the observed intens ity ratio

R~ 
the calculated intensity ratio 

•

W~ is a weighting factor which was chosen as for the (200)1(100), H

(2 10)/ (200) and (211)1(2 10) intensity ratios ; all other in-

tens ity ratios received weights of either five (ratios f rom

(220)/ (2 11) to (332)/(421)) or one (ratios beyond (332)1(421)).

12
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After the best-fit model was selected , the calculated intentsities were normal-

ized on the basis of a value of 1000 for the ~ 1D peak. These calculated nor-

malized values could then be compared directly with the observed normalized

values.

The computer program contained two implicit assumptions which were fur-

ther checked by experimental methods. The first assumption was that the mod-

els used need not consider the existence of lattice vacancies. This is parti-

cularly critical for the nonstoichiometric alloys. In these cases, it may be

argued that the occurrence of the Al5-type phase at a composition other than

&3B may be attributable to vacancies. However , in the chromium-osmium alloy

the presence of lattice vacancies in an amount sifficient to produce the

observed relative intensities would be easily detectable by means of a den-

sity measurement. The density value obtained in this case (Waterstrat and

van Reuth , 1966) was much too high to permit the consideration of lattice

vacancies as a major contribution to the intensity calculations. Density

measurements on some of the other specimens led to similar conclusions.

The second assumption implicit in the computer program was that the

diffractometer sensitivity on all peaks was the same. It became quite ob-

vious in the course of this work, however, that the diffractometer was not

detect ing certain peaks which were extremely weak . These peaks were detected

in the standardized Debye-Scherrer films but were undetected by the dif-

fractometer. Values of the integrated intensities for such weak peaks were H

therefore assigned by means of a visual estimation of line intensities on the

film. In all of these instances care was taken that the correspondence be-

t ween the f i lm peaks and the d i f f ract om ete r  peaks was qual i ta t ively consist-

eat on all peaks.
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EXPERIME NTAL RE SULTS

The results of this study on the degree of long-range order in 20 samples

exhibiting the A15 structure appear in Table 6. Below each alloy designation

there are four columns of intensity values. The first column lists the ob-

served relative intensities of all lines in the Debye-Sherrer films. The

second column contains the intensity values observed from the planimetered

di ffractometer  traces. The values shown in column three for each specimen are

those calculated by the computer for the selected model whose S-value appears

at the head of that column. The fourth column lists the intensity values one

would expect for a completely ordered structure (S = 1.0). (When the computer

selected an LRO parameter of 1.0, column three has been so labelled and col-

umn four omitted,) In general, it can be seen that the titanium and vanadium

alloys are nearly comp letely ordered. However , when chromium is the A-element ,

there appears a rather wide variance in the degree of LRO . A trend is ob-

vious for the chromium alloys in which osmium , iridium and platinum are the

B-elements. Of these three , the osmium alloy has the lowest degree of order-

lag , the platinum alloy has the highest degree of order , and the iridium alloy

has an intermediate value . In this series , then , it appears that, as the

B-element is selected from a column closer to the manganese column in the pen-

odic table , the degree of ordering decreases. TiLe same correlat ion appears

to hold where molybdenum is the A-element . In this case , the osmium alloy again

exhibits the lowest degree of order. It is alwo worthy of note that most of

the molybdenum alloys are more disordered than the correspond ing alloys con-

tam ing niobium . These relationships are summarized in Figure 2.

Table 6 contains calculated intensities for two different compositions in

the Mo-Pt system . A binary A15-type phase has been reported in this system at

the composition Mo55 Pt~~ by Sadogopan , Gatos , and Giessen , (1965)
; using 

•

arc-melted alloys.
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Table 6

Comparison of Observed and Calculated Intensities

For Samples Annealed at 800 C

Cr3Rh

Relative Intensities
Observed Calculated

hkl Film D i f f .  S = 0.83 S = 1.00

110 MW 165 165 226
200 MS 467 469 468
210 S~ 743 712 624
211 VS 1000 1000 1000
22 0 VW 27 24 33
310 W 35 34 46
222 VW — 19 11
320 - MS 138 136 118
321 S 488 475 477
400 MS 144 142 134
411 , 330 - 18 23 31 4

420 MS 125 151 152
421 MS 117 141 122
332 MS 113 142 143
422 - - 13 18
510, 431 W 36 42 57
520 , 432 MS 234 231 198
521 S 351 346 349
440 MS 246 292 277
530 , 433 W - 54 74
600, 442 Sf - 654 659

R = 0.0248 R = 0.0694

MW = medium weak
MS = medium strong
VW =very weak
VS = very strong • -

W = w e ak
• M=medium

S = strong
(+) or (-) modifies indicated value by plus or minus

Di f f  = dif f ra ctometer
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Table 6 (Cont .)

Mo3Os

Relative Intensities
Observed Calculated

4 hkl Film D i f f .  S = 0.81 S 1.00
-4 --

110 1,1 125 120 173
200 MS 497 450 449

J 210 S 734 752 659
211 VS 1000 1000 1000
220 W 21 20 28

1 310 MW 30 28 40
222 MW 20 27 17
320 MS 166 162 141

t 321 VS 507 516 517
400 MS 169 159 150
411 , 330 MW 22 18 25
420 MS 160 155 156
421 MS 156 164 143
332 MS 127 141 142
422 W - 9 12
510, 431 MW 20 25 36
520, 432 MS 190 222 194
521 S 211 271 2,1
440 MS 177 222 210
530, 433 W 10 20 28
600, 442 MS 170 234 234
610 M 97 117 102
611 , 532 VS 557 704 705

R = 0.0066 R = 0.0655

1
I
I
I
I
I
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We hav.~ prepared alloys at this compositon by both arc-melting and power met-

allurgy methods , but the X-ray patterns of these alloys contained Mo lines.

Consequently , we repeated our alloy preparation method on an arc-melted sample

and on a powder sample both having the nominal composition Mo4Pt and this

time the X-ray patterns did not contain Mo lines. The X-ray patterns of the

alloys Mo4Pt did contain a few very weak lines in addition to the lines of

an A15-type phase and it is possible that this alloy has not been annealed

long enough to permit a complete reaction . Lines of the Al5-type phase were

very sharp and prominent , however , even at high angles where an excellent

resolution of the Kcw doublet was observed. The line intensities of the

Al5-type phase in this alloy were therefore measured with the diffractometer

and compared with calculated intensities for both the Mc~5Pt15 and the

Mo4Pt compositions.

The order parameters obtained for the Mo-Pt A15 phase were between

0,96 and 1.00 depending on the weighting of the lines and on the assumed

composition.

Neither of the two assumed compositions permit a completely satisfac-

tory agreement between observed and calculated intensities as can be seen

in Table 6. It appears , however , that a satisfactory agreement might be

obtained for a composition lying somewhere between the two assumed compo-

sitions and further work would be required in order to verify the exact

composition of this phase. Nevertheless , it appears safe to conclude that

the order parameter for the Mo-Pt Al5-type phase is approximately 0.98

within the limits of experimental error (+0,05).

In the Cr~Ir , Ti3Ir , Ti3Pt , and V3Au systems , additional samples were

made in precisely the same manner except for the final annealing at 800 C.

These new specimens were prepared in order to permit a comparison of the LRO

26 
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parameters in specimens wflichhad been subjected to fast cooling in contrast

to specimens which had been slowly cooled from lower temperatures.

In two of these samples (Ti3Ir and V3Au), when the degree of order was

restudied , it was found to d i f fe r  slightly from the previous values , as shoi.n
- 

in Table 3. An error analysis of our data leads us to believe that our LRO

parameters for alloys containing Cr , V,or Ti, are accurate to a value of

+0.03 and alloys containing Mo of Nb to about +0.05. Therefore, the above-

mentioned changes in the degree of order with heat treatment appear to be sig-

nificant . In addition , these samples exhibited differing superconducting

transition temperatures which will be reported in a future publication

(Blaugher , Hem , Cox , van Reuth , and Waterstrat , 1967). These results suggest

a possible relationship between the LRO parameter (5) and the superconducting

transition temperature (Tc) in A15-type phases.

Examination of the observed and calculated intensities given in Table 6 rI
— reveals that in many cases the observed intensities of peaks occurring at the

higher Bragg angles are considerably weaker than the calculated values. These

diminished intensities may result from the effect of a temperature factor.

In order to test this hypothesis , several of the more intense peaks occurring

I 
at the highest Bragg angles in each pattern were measured in the diffracto-

-

~ 

- 
meter at both room temperature and at liquid nitrogen temperature. In each

I case where the room temperature data suggested a temperature factor contribu-

- - , t ion to the intensities , an enhancement of the observed intensities was found

to occur at the liquid nitrogen temperature. The increased intensity at liq-

uid nitrogen temperature seemed , in all cases, adequate to explain the high-

I angle intensity discrepancies at room temperature as being largely due to the

I 

, influence of a temperature factor . It may be noteworthy that the temperature

factor correction appears to be unusually small in the AIS-type phases contain-

ing Ti or V as the A-element and also when the A-atom positions have mixed

occupancy.

1 27
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DISCUSSION

In the course of this investigation of the A15 structures , two of these

phases were found to occur at compositions other than the ideal A.3B. These

hav e been reported elsewhere (Waterstrat and van Reuth , 1966). In addition

to these , a vanadium-osmium AlS-type phase , occurring approximately at the

equiatomic composition , has been discovered recently by R aub and Rgschel ,

(1966) . These f indings coup led with the previously reported off -stoichio-

metric A 15-type phases (Darby and Zegler , 1962 ; Nevitt , 1962; Hartley , Parsons,

and Seedly, 1964 ; Ray and Parsons , 1966 ; Sadogopan , Gatos , and Giessen , 1965)

add considerable impetus to questions of fundamental importance. Since this

st ructure occurs so frequent ly ,  it obviously has a rather high degree of

stabil i ty.  Because many of these phases do not even include the ideal A.3B

composition , stoichiometry cannot be weighed too heavily in stability consid-

erations. In fact , since the A3B composition is not even included in some

instances , some of the A-atoms are forced to occupy B-positions and vice

versa. Therefore , one must search for other factors leading to the stability

of the MS structure . One such factor appears to be related to a generalized

plot first shown by Nevitt , (1962).

Figure 3 is a p lot similar to Nevitt ’ s except that we have utilized the

lattice parameter data obtained in the present investigation . It now appe ars

that points obtained for A15-type phases having a common A-element (Ti, V, Cr ,

Nb , Mo) fall along separate straight lines hav ing similar slopes but d i f f e r -

ent extrapolated origins. Thus, the observed “contractions” in the direction

of the A-A interatomic distances depend not only on the Goldschmidt radius

ratios (RA/RB) but also on the identity of the A-element. Of particular in-

terest in this connection is the “contraction” occurring when the Goldschmidt

rad ius of the A-element and the B-element are identical (RA /RB = 1). In this

28
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special case , the observed A-A interatomic distances for each A-element rel-

ative to the distances observed in each pure element may be compared. As-

suming a value of unity for the CN12 interatomic distance in the pure elements ,

one obtains the following values for the A-A interatomic distances in the cor-

responding A15-type phases (at RA /RB = 1): Ti 0.875 V 0.889 Cr 0.889 Nb 0.892

Mo 0.894. Thus it appears that sizable contractions occur in the direction

of the A-A interatomic distances even when the Goldschmidt radii of the A- and

B-elements are identical. 
-

The existence of these abnormally short distances between atoms itt the

A-positions is suggestive of a strong electronic bonding (Nevitt , 1962). How-

ever , Frank and Kasper , (1958); have pointed out that packing considerations

alone would suffice to account for this behavior as well as for similar effects

occurring in the sigma phases. It may be noted that for simultaneous A-A and

A-B atom contacts in the A15-type structure , assuming the atoms are spherical ,

the radius of the A-atom would be 0.81 relative to a value of unity for the

B-atom, (Nevitt, 1962). The A-A interatomic distances observed would , there-

fore , be compatible with this hard sphere model only if the radii of the

B-atoms were slightly greater than the Goldschmidt radius values. It appears

that the radius of the A-atoms can undergo variable contractions , depending

on the value of the effective atomic rad ius for its B-atom partner . This

would account for the observed variation s in the contraction of the A-A in-

teratomic distances shown in Figure 3.

In view of these realtion ships it seems highly probable that phase sta-

bility would depend not only on the ri-lative sizes of the atoms as expressed

by the Goldschmidt radius ratios , with the ir implicit assumption of rigid ,

spherical atoms , but rather on the abilit ’ of the atoms to undergo sizable

deformations. The degree of atomic ordering in the Al5-type phases could

29
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also be expected to depend on the ability of each constituent atom to undergo

appreciable deformation. These deformations would accompany the interchange

of atoms between two crystallographic lattice sites differing markedly in their

coordination geume~ ry .

Our results seem to indicate that elements such as Cr or Os possess a

greater ability to undergo the required deformation than do atoms such as Ti

or Pt. In fact , an increased tendency toward disorder is noted as one selects

either A- or B-elements progressively closer to the manganese column in the

per iodic table (Figure 2 ) .  These periodic table e f fec t s  may be an indication

of an intimate relationship between the eletronic structure and the ability

of the atoms to undergo size adijustments. Any gain in phase stability result-

ing from a more efficient atomic packing must certainly be balanced against

possible gains or losses in stability resulting from concomitant changes in

the electronic band structure .

It is also interesting to compare the data obtained on atomic ordering

in these binary A15-type phases with similar data on atomic ordering in

binary sigma phases (Kasper and Waterstrat , 1956; Wilson and Spooner , 1963 ;

Forsyth and d ’Altc da Veiga , 1963; Wilson, l963;Spooner and Wilson, 1964; Algie

and Hall, 1966~. Both the sigma and the Al5-type structures- may be regarded as de-

termined by geometrical requirements for sphere packing (Frank and Rasper ,

1958 , 1959). The atomic packing requirements seem to be partly responsible

for the occurrence of common structural features in these phases. In parti-

cular , both structures contain chains of atoms with abnormally short inter-

atomic distances. As shown in Figure 4 each atom in these chains occurs at

the center of ~n atomic polyhedron formed by 14 near neighbors in which two

planar atomic hexagons share a common hexagonal axis. These hexagons are

30 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - 
- - - - 

~~~~~~
-

~~~~~
- -- - - - - -

1~ rotated with respect to each other. The atoms forming the chains are sand-

wiched between the hexagons and each atom chain coincides with a hexagonal

axis.

The data on atomic ordering for both sigma and the AlS-type phases

(Tables 7 and 8) reveal that the atom chains are frequent ly preferred sites

for atoms such as Ti , V , Cr , No, or Nb , but a mixed occupancy is also fre-

quently observed (Table 7). Atoms to the right of the manganese column in

the periodic table (B-elements) show a definite preference for atom sites hav-

ing the icosahedral 12-fold coordination in both structures. Although these

effects may be attributed to the operation of an “atomic-size”factor , it is

inQortant to consider the sphere-packing principles for these phases as des-

cribed by Frank and Rasper , (1958, 1959). These principles require that

the atoms in such structures should behave not as “rigid” spheres but with

a considerable capacity for undergoing deformation . Thus, it would appear

that the atomic ordering in these phases might depend largely on the ability

of the constituent atoms to undergo the necessary deformation ,

If the ability to undergo such deformation were related to electronic

structures or to the position of the constituent atoms in the periodic table ,

then one might expect to observe common trends with respect to atomic order-

ing in both the sigma and AlS-type phases. In this connection it is interest-

ing to note that , among all binary sigma- and A15-type structures in which

atomic ordering has been studied , the most considerab le disorder has been

observed in the chromium—ostnii.nnphases. Furthermore the chromium phases, in

general , seem more disordered than do the vanadium or niobium phases. Phases

containing molybdenum appear to be slightly more disordered than phases con-

tain ing niobium , but perhaps not quite as highly disordered as the chromium

phases.
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Table 8

Order Parameters for Binary A-15 Type Phases (Annealed at 800 C)
And Fractional Occupancy Of Each Atomic Site

Order Parameter* Fractional Occupancy , Percent

System Atomic Site Composition Atomic Site
6(c) 2(a) (Atomic ‘-/.B)* 6(c) 2(a)
CN14 CN12 CN14 CN12

Ti-Au 0.97 0.97± 25 Au 0.7 Au 97.8 Au
Ti-Pt 0.99 0.99+ 25 Pt 0.2 Pt 99.3 Pt
Ti-Jr 1.00 1,00+ 25 Jr 0.1 Jr 100.0 Jr
V-Au 0.99 0.99+ 25 Au 0.2 Au 99.3 Au
V-Pt 0.98 0.98+ 25 Pt 0.5 Pt 98.5 Pt
V-Ir 0.94 0.94+ 25 Ir 1.5 Jr 95.5 Jr
V-Rh 0.96 0.96+ 25 Rh 1.0 Rh 97.0 Rh
V-Pd 0.69 0.69+ 25 Pd 7.7 Pd 76.8 Pd
Cr-Pt 1.00 0.80+ 21 Pt 0.0 Pt 84.0 Pt
Cr-Jr 0.89 0.89+ 25 Jr 2.7 Jr 91.8 Jr
Cr-Os 0.57 0.66+ 28 Os 12.2 Os 75.6 Os
Cr-Rh 0.83 0.83+ 25 Rh 4.2 Rh 87.3 Rh
Cr-Ru 0.47 0.55+ 28 Ru 14.8 Ru 67.6 Ru
Nb-Au 0.89 0.89+ 25 Au 2.7 Au 91.8 Au
Nb-Pt 0,93 0.93+ 25 Pt 1.7 Pt 94.8 Pt
Nb-Ir 0.95 0.95+ 25 Jr 1.2 Jr 96.3 Jr
Nb-Os 0.90 0.90+ 25 Os 2.5 Os 92.5 Os
No-Pt 0.98 0.74+ 20 Pt 0.4 Pt 78.8 Pt
Mo-Jr 0.87 0.87+ 25 Jr 3.2 Jr 90.3 Ir
Mo-Os 0.81 0.81+ 25 Os 4.7 Os 85.8 Os

*Elements in the Mn column or to the right of the Mn column in the Periodic
Table are designated as NB-elements .” Elements to the left of the Mn
column are designated as “A-elements.” Order parameters are printed with
plus sign (+) for atom sites preferred by “B-elements.”

These observation s suggest that consideration should be given to the

effects of chemical composition on the atomic ordering and on phase stability

in general. One may note that in alloy systems where both a sigma phase and

an A-15 type phase co-exist , the sigma phase usually possesses a broader

composition range of stability . Perhaps the sigma structure is more stable

because of the smaller geometric distortions required for its formation (Frank

and Kasper , 1959).

The periodic table relationshi ps giving rise to “composition shifts” in

both of these phase types (Sully, 1951-1952 ; Rideout , Manly, Kamert , Lement ,
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and Beck , 1951; Greenfield and Beck , 1954; Waterstrat and van Reuth , 1966)

have been discussed as evidence of “electron compound” behavior. However ,

these “composition shifts” can also be explained by assuming that certain

critical ranges of the “electron concentration” create favorable condition s

for atom deformat ion. Thus, even if packing considerations are of major

importance in stabilizing these phases , the formation of appropriate

atom sizes may be facilitated within certain ranges of “electron concentration .”

The remarkable stability of the sigma- and A15-type phases would , therefore ,

result not primarily from the interaction of free electrons with the Brillouin

zones as in the classical “electron compound” picture , but rather from the in-

terdependence between electronic structure and the ability of the atoms to con-

form to geometrical packing requirements.

Although a quantitative evaluation of these relationships would be highly

desirable , our present understanding of the electronic structure of the tran-

sit ion elements is incapable of dealing with this problem. Nevertheless , the

qualitativ e relationships obtained experimentally in the present study may

be helpful in understanding and perhaps even in predicting certain effects.

One mighe~estimate the probable degree of atomic ordering in a given alloy and

possible deviations from the “ideal” stoichiometry . Such information may be

helpful in evaluating certain physical properties , such as the superconducting

transition temperature , when these properties are partially dependent on the

nature and degree of atomic ordering .
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The use of the Bragg-Williams order parameter for an alloy whose composi-

tion does not correspond to the relative number of crystallographic positions

in the structure (the so-called “ideal” composition) may require some justifi-

cation . We have therefore made the following analysis:

We assume a binary alloy containing atoms “a” and atoms “b” where “a” and “b”

identify the chemical elements present in the alloy . Let us also assume that

the structure contains two crystallographic positions designated as “A-positions ”

and “B-positions .”

Let x the number of “b-atoms” in the B-position per unit cell ,

n the number of B-positions in the unit cell ,

then L the fraction of the B-positions occupied by b-atoms

(this corresponds to r~ in the Bragg-Williams equation)

and n - x the number of “a-atoms” in B-positions

(assuming that there are no vacant positions)

then hz-i the number of A-positions in the unit cell.

Let y ~ the number of a-atoms in the A-positions per unit cell

then hn - y = the number of b-atoms in the A-positions per unit cell

and the fraction of A-positions occup ied by a-atoms

(this corresponds to r in the Bragg-Williams equation)

Also hn + n the total number of positions which is equal to the total number

of atoms assuming there are no vacant positions .

Let FA — the fraction of a-atoms Cn the alloy

FB the fraction of b-atoms in the alloy

then FA 
n - x + y  (1)

h n + n

x + h n - y  (2)B hn -f’ n

A- 1

~~ ~i~— - -~ ~~~~

---— :1
; 
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The Bragg-Williams order parameter may be written

r - F
SA =  i F  

(3)
A

r - F
SB i - F  

(4)
B

where SA and SB are the Bragg-Williams order parameters for the A-sites and

the B-sites, respectively. When S
A 

= S
B one may of course use a single order

parameter (S) to describe the ordering in the phase. It is of interest , there-

f ore, to define the conditions under which = SB. Equating (3) and (4) we

obtain :

r - F  r - F
~ A 

= ~~ B (5)
l
~~~

FA l - F B

Substituting in this equation one obtains

x ( x + h n~~~ Y)
hn h n + n  -

~~ = 
a h n + n  (6)

x + h n - y  n - x + y
h n + n  h n + n

This may be simplified by cross-multiplication after first factoring out com-

mon denominators. Omitting detailed algebra one obtains

yLy - (2h - l)n + (h - l)xJ = hx[x + (h - 2)n] - (h
2 

- h)n2 ...(7)

or

y
2 + (h - l)xy + (1 - 2h)yn - hx2 - (h

2 
- 2h)xn +

(h2 - h)n2 = 0  (8)

This equation may be factored as

Cy + hx - hnJ[y - x - (h - l)ü] = 0 (9)

Two solutions to this equation are obtained

y~ = hn - hx (10)

= (h - l)n + x (11)

A-2

~~ ~— - —
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This is the general solution for SA = SB in a binary alloy phase having

two crystallographic positions and assuming there are no vacant lattice

sites.

For the A15-type phases;h = 3 and xi = 2 .

The conditions for S
A 

= SB can be solved by substituting these- values in

Equations (10) and (11) to obtain

yi= 6 - 3x (12)

y2= 4 +x  (13)

The alloy compositions at which SA = 5B can be determined by substituting

Equations (12) and (13) into Equation (1), which may be rewritten

(hn + n)FA = n - x + y  (Ia)

Solving in this manner one obtains

FA = 1.00 
- 0.50x (14)

FA = 0.75 (15)

These solutions, of course , also define FB since

FB = 1 - FA by definition .

Thus,

FB = 0.50x (16)

FB = 0.25 (17)

Equation (16) requires that the fraction of “b-atoms” in the phase must

be equal to one-half the number of “b-atoms” in the B-positions per unit cell.

Since the B-positions contain a maximum of two atoms per unit cell in the

A15-type phases , one-half the number of “b-atoms” in these positions is

equivalent to the fraction of “b-atoms” in these positions. Equation (16),

therefore , simply requires that any binary Al5-type phase must be c~mp1etely

disordered with SA = 5B = 0 regardless of the chemical composition of the
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phase. Equation (17), however, requires that the composition of the Al5-type

phase must be restricted to the so-called “ideal” composition (A.3B) regardless

of the degree of ordering.

If the Bragg and Williams order parameter is to be used for “nonideal”

compositions one must therefore assign different values of this parameter to

e~-c,~ crystallographic position. In crystal str~!t-tures containing more than

two crystallographic positions , or more than two components , it appears that ,

in general , the order parameters on the different atom sites will be unequal

and, consequently , the order parameter must be defined for each posit ion.

One must use only positive values , however , since one is defining the prefer-

~~~~ of an atom for a given position and not the tendency of the atom to

avoid the position .

In our computer program we adopted certain simplifying assumptions in

dealing with “nonstoichiometric” compositions. In order to avoid solv ing for

a separate order parameter on each atom site , we redefined the order parameter —

in a manner which differs somewhat from the usual definition as given in the

Bragg—Williams equation . Our redefined order parameter retains an assigned

value of zero as corresponding to a completel y disordered alloy , but instead

of defining S = 1 as the value for a completely ordered alloy we have defined

this value as corresponding to the maximum amount of ordering possible con-

sidering the alloy composition.

In a binary nonstoi~hiometrlc alloy this simp ly means that the atom

position which can never be Lompletely filled by one type of atom is assigned

an order parameter value of one when the position is filled to the maximum

extent permitted by the alloy composition. The other position , of course ,

must be completely filled at this point with one atom type and its order

A-4
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parameter would Lt~eref ore correspond to the usual Bragg-Williams definition ,

or in other words , to a value of one also. Thus, by redefining the order

parameter in this manner , a single order parameter suffice s to describe the

extent of atomic ordering on both atom sites as it varies from random occu-

pancy to comp1~ te ordering . The computer may then obtain a single solution

in terms of this redefined order parameter. The single value so obtained

may subsequently be converted to separate values describing the extent of

ordering on each atom site in terms of the usual Bragg-William s definition

given by Equations (3) and (4). This may be done by equating the Bragg-

Williams order parameter (SA or SB) to a constant (KA or KB) times the single

value obtained for the redefined order parameter (S’).

Thus ,

SA = K AS’ (18)

SB KBS’ (19)

For a nonstoichiometric composition , either K
A 

or K
B 

must equal one , but

KA cannot be equal to KB. One may solve for KA or KB using the values of

SA or SB and the value of 5’ corresponding -to maximum ordering . The value of

or SB corresponding to a maximum ordering in the site not completely filled

can be obtained using Equations (3) and (4) by using values of r~ or r~~

‘.‘hich correspond to the maximum filling of this site .

In making these simp lificat ions we assigned a modifying constant to the

atomic form factor for the position which cannot be completely filled by one

type of atom. This constant changes the form factor so that when the rede-

fined order parameter for this position equals one , the scattering corre-

sponds to what one would expect for the amount of dilution obtained by the

partial filling . This simp lification ignores the slight differences in
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- angular dependence of the form factor which would exist if a weighted average

- of each form factor were used . In the case of small deviations from the ideal

-
- stoichiometry , however , (only a few percent) this error is probably not signi-

ficant and is certainly small relative to the overall experimental error .

For larger deviat ions from the “ideal” stoichiometry , the weighted average

of the two form factors must , of course , be used.
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