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ST~~\.BII:T'TY OF AlS T~[PE PI-IZ~SSS 

L. D. Eartsough-='< 

Ir1orgc.r1i c i·la.terials I~.esec1_Lc~l1 Division! I;c,_:.~JJ:.-211 ce· .Bf~r1..:;e ley 
Laboratorv and Department of Materials Science and 
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Berkeley, California 

phases are reviev1ed. Data for over 60 known Al5 phases 
., • d 1. . • • ~ ' .· c· • 1. • ' ' . h are usea t:.o eve op. crl ter1a IOr s-c_a_bl l-ey 1iltllc may be 

applied to hypo·thetical Al5 phases. Occurrence of these 

phases is examined in terms of· the valence bond conc,~pts .of 

the· Enge 1-Bre•,·Jer correlation and in its frequency \·Ji th chan;es 

in. electronic density of sta-tes. A.lS is most favored \•Then the 

"1\" elements are V, Nb, ·c , or r, \·Jne.r. rac1i~L of the cons·ti·tuent 

at.oms differ by no ntore tha:-1 8%, at compositions determined bv 
. . : 

elecJcrc-m concent.ra·tior.J and at. relativel~· lo":-7 -t::emperatures. 

Cmnpo:::~ i tion 2nd ·temperature of for-iC,a tion are predicted for 

several likely .hypo·the·tical P~l5 phases. 

*Present address: op-tical Coating Lab.:Jra·tory I 
P. 0. ·Box 1599, Saitta Rosa, 
95403. 

Inc., 
California 
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I 11 te :t.-rne talli c 
. _.._, 

\·Jl Li1 Al5 ( ct1bic 

found to ~lalues of sGper-

conducting criticul ar!c1 currc~1t 

carryi.r:.g c?cpacity (l). Cc)~lseqt"!.2I1-tly, nn.1c':-l effort ha.s beer:. 

e:.-~pe!1c1ed in. efforts t.o unc1erst.=:tnd the stabiJ_i·ty of Al5 

phases and to discover new ones. 

been found in iecent years, but most of the exploration was 

guided by relative atomi~ size and position of the components 

in t.he Periodic 'Table. Recogni t.ion that Al5 phases a:r:-e 

electron phases. is relatively recent- ( 2) ., a l·though Bre';·/er { 3} 

prorr>otE!d ·this concep·t as_ early as 19 6 4. 'l'hus, the 3:1 ato~nic 

composition ratio indicated by the usual ct.e:::nical notation· 

for ti.1esc phases _ {J.'..3 B) is not rigorously follo,:;ed; especially 

where both components are transition me~als. DeSoit~ this 

recogni·tion, Al5 is yet ·to be found in a number k binary 

seems favorable. 

This paper \·;·ill re-examine the opera-tion of parai:eters 

men·tioned above, as ~ .. ,ell as several others r and present 

guidelines 1..-1hich can be used to deter-nine systems r compositions, 

and temperatures favorable to formation of -ne·w Al5 ·phases. 
. . . 

First 1 parameters to be exanined will be introduced.- 'I'hen, 

previous >::7ork \'7ill be revie•,,7ed ·to provide an histo::::-ical pers-

pective. Next, the c:ti teria will be developed and su~-...a:ri zeC:.. 

F'ittally, several binary sys·tems ii!hich are favorable for for::t~­

tion of new Al5 phases will be mentioned. 

FAC'.i.'ORS TO BE EXNULJED 

Factors correlated with stability of metallic phases ma.v 

be categorized as ge'ome·trical, electroc..i-temical, and thermo-

Of the geoDetrical factors, relative atomic 

size is_easiest to compute and has long been recognized as 

important in determining extent of primary solid solution(4) 

and occurrence of the Laves phases (6). Other geolJ.etrical 

factors (4,7) (usually ~nvoked in examination of relativ8 

stabil·i ty of specific cc:>mpetin.g phases a·t Of'.e coBposi ticn} 
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are beyond the scope of this paper. 

The electrochemical factors may be approad!ed from a 

physical or a chemical point of viel.·I. Fro!rr t.h•2 for:;:er 1 

con cen tr a·t ion (nur.'..ber ( ,.::: ,_._ ehoctrons per atom, 

unit c'2ll, or per unit volu:v:le) is related to electron ener-:;y 

b.::md structure and to density of s·ta.tes at t..he Fer:cti surfacer 

N (0) • The chemical vie\·rpoint rel2.tes electron conce.:1tration 

to filling of bonding orbi·tals by electron transfer or 

promotion .from nonbonding to bonding valence. sta·tes- From 

eit~her vie;,lpoirit there are certain types of phases in \•Jhich 

electron concentration plays a major roie in ~tabilitv. 

'I'hese are called electron compounds, or n~ore properly, · elec-

t.ron phases . 

. . 

Thermodyna1-uic paramebers to be discussed a ~L\ · .LL~;-;oo~r;-. r-u. -,-e. .. ~ -..... ~ __ ............. ~ . 

and pressure. In addition to these,. internal pressure .'dill be 
. . 

mentioned as a secondary factor in discussion of the Engel-

Brewer correlation. Internal, pressure is th~ term used ·by 

Brewer (3) for the solubili'ty parameter or "cohesive energy 
. . . 

density'' term in regular .solution theory (8).. It is the 

molal energy of vaporization divided by the molal voluRe a.."ld 

is a measure of internal.cohesive.forces. Internal pressure 

di :Efer.::mces are used ;to calculate the non-electronic con­

tribution to excess thermodyniliuic flli"lctions of mixing and 

solubility limits of solutions (3,8,9)~ 

HIS'E'ORICAL PERSPECTIVE 

Beta-t~ngsten was discovered in 1931 as (perhaps un-

fortunately) the prototype of the structure noH designated 

Al5 ( S trukturberich·t) or Cr 
3
si -type. ~'There as in S -H the 

l.J.ttice sites are all occupied by one species, consti tu2n ts 

of binilr~' Al5 phases prefer one or the other of the types 

of si·tes shm,m in Fig. 1. 

cerning the Al5 lattice. 

See Pearsbn (10) for details c6n­

Kasper (11) point:.ec1 out cer-;:ain. 

geometricc.l similarities a'Tiong ·the a-i>In (or X) , cr, AlS, i1 1 

and Laves phases. For a and Al5, s·tructura.lly quite similar, 
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a particular species 

in <:O ach. Both struct.ures ha\~2 chains of atCms along ~.<:ich 

the interatomic spating is about 15% shorter than in the 

pure eleDent (12). This has been interpreted (13,14) to 

mean that covalent bonding is stro~g along the chains. It 

was also suggested (15) that the con tractio:'l • ., - ... l 

ln fi.L:J pnases 

is related to geometrical packing principles and that 

stabili·ty depends on the cons·tituen·t atoos' ability ·to unC:er...: 

go large defo1.-mation. Laves (13) observed that a ra.dius 

ratio (Goldschmidt CN 12) near orie seems to be favored and 

called a·ttention ·to regularities in position of the consti tu-

en ts in ·the Periodic 'l'a.ble; the A element is ah·;ays to ·the 

left of the !Yin Group and the 3 element ah-_;-ays in or to the 

right. ot: the Group. 

In the late 1950's and ~arly 1 9~()- ' l -~ ov's a numne_ or non-

stoichiometric Al5 phases containing transition metals as 

the:; B element 1.-;ere discovered. Eaterstrat: ar1.d Van Reuth {2) 

shm·;ec.1 that the composition shift ,,;i th increasing Group 

nu:r.,.ber v1.::1.s si~ilar to that it1 a ph.lses and suggested ·that 

similar factors affect stability. For a phases formed from 

Groups 6-8 3d elements, it v1as sho~·m (16-18) that nuJ.--aber of 

electron vacancies in the 3d shell correlated >;'Ji th. composition 

limits be·tter than did total number of electrons per atom 

outside a closed shell. Hm1ever, difficulties arose in de-

te.rmining number of electron vacancies for early 3d, 4d, arrd 

5d met.als (19). The electron vacancy concept is equivalent 

to sayinsr that the extent of d shell filling determines phase 

boundaries. 

In co:1t:::.-ast, the Engel correlation (20) assumes t_hat it 

is the nu::n.ber of bonding s, p electrons •:Ihich correlates ~ . .-rith 

crystal structure. This concept, akin to Pauling's valence 

bond approach (21), \·Jas refined and used by Bre'.ver (3,22,23 1 24) 

to predict phas~ boundaries in ~any intertrarisition ~etal 

sys·tems. The procedure is to find the distribution oet\veen d 

and s, p e lee trans which results in highes-t net bo.:-,d e:-1ergy, 

given values for the contribution fro2 each type of b0nd a:r.d. 
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tb2 ell.2r<:JY paid to achieve this di st:ribution- (Al thous;h 

Pauling electronegativity difference is t:he.traditional 

measure of tendency to transfer electrons, it is unsatis-

factory for calculations of electronic interactions in 

intertransition metc:tl systerr.s (9 ,25) '"here d electrons 

p21rticipate in bonding.) Then, subject to limi ta. tions 

placed on size 1 internal pressure O.i fferences 1 and degree 

of electron trans fer 1 ·the · nurnber of s 1 p electrons determines 

s t:ructure. The order in which such electron phases appear 

as s;p electron concentration inc~e~ses is bee, AlS, a,~, X 

( 3) - Thus, .the phases in co;:npeti tion '''i th Al.S ~t•Till typically 

be the bee terminal solid solution and the cr phase. The s ,p 

electron concentrations (electrons per at-orct} over idhich ·these 

phases occur are (26): 

1.0 
1.1 
1.2 

e/a 

1.5 
1.7 
1.9 

phase. 

bee·· 
ll_lS. 

(J 

Because of considerable overlap in electron concentration 

ranges, >che other factors mentioned above must be considered 

\·Jhen cornp21.ring stability of the Al5 phase to t.hat of competing 

phases. 

Brewer (3,26) discussed several of the factors important 

in understanding stability of Al5 relative to bee and cr in 

intertransition metal: systems. In Al5 1 distortion of the A 

atom, perhaps for stericheBical reasons r allm·.Js better d 

bonding than occurs ~n bee. ·This is especially true in· t..he 

first long Period; i:n the third long_ Period (Sd me·tais). d 

orbitals are sto::1gly bonding in the bee phase and li t·tle is 

gained by distortion. To arrive at the electron concentration 

range for Al5 stability, Bre>.-7er assumed that the A :metal 
.. · ds acnleves a configura tiort. However, this may be true only 

for the Cr-Group and for V and Nb 1 which seerr. to utilize 

ex-era d-bonding most effectively (23). The configur~tion far 

'I'i and Zr is probably fe,.-rer L.'tan five 0. electrons. 

Sd elements are favored as B component~ in AlS because of 
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s i.. zc; ab:L li ·ty. X·iccordi::s· 

A15 uill be favored Hhere i!:-~.:.crnal presst.~.re c1i£fe:cence lii::.i ts · 

bsc t:o less than its maxim·~~m e/a ratio. 

Crystallographib order is an isportant ~actor in the high 

of phases, because of its e:Efebt on 

ent.ropy. I ·t can also indi ca·te types of bo:0.ding. Order is the 

ext.ent to •.vhich a particular type of site is filled by -one 

species of atom. The usual Bragg-\'Jillia.TI'.s order parameter 

is. defined as S =(r -F )/(1-F ) , \·There r is the fraction of a a a a a 
A sites occupied by a-atoms acid Fa is the fi-act.ion of a:_ato:ms 

in the phase. ~vaterstrat a<d Van Reuth (15) ·disc~ its 

meaning for non-stoichiometric Al5 phases, \·:hich are usually 

as ordered as composition will allo:-;.: Hore disorder is found 

in bee solid solutions and a phases. The latter have five 

types of la-ttice sites and occ1..1r over a: -:·Tide combination of 
elements 

, . .c . . •.• 
ana range OL composlclons ( 3, 2 7) , ~'e t the 

correct electrdn concentration. Disorder does not see2 to 

destabilize AlS when its constituents are from Groups close 

·to one ano-ther (15), as ··shm·m by existence. of the AlS phases 

Mo
45

Tc55 , v 48os52 , and v63 rr37 . 

Careful studies of order (15}, composition (28), and 

superconductivity (29) in such Al5 phases l~d Waterstrat and 

co-workers to postulate relationships bet,tTeen bonding, orderj' 

and band structure. 

\·las not as high as theore-tically possible and >Has insensitive· 

l:o ·-temperature. They suggested that t:.1.e nixture of atoms on 

each type of site is coritrolled by the extent-of d-electron 

overlap. _ Elements closest to the f.1n-Group .... ,auld have b'1e 

most d--orbi tals available for bond_ing, allmv-ing increased corr:.-

plexity in overlap and more mixing of the atoss. 'I'he Labbe-

Friede+ band structure mcdel for Al5 phases (30 ,31) \·las used 

in explaining this idea. In this model there ar-e three sl1ar?. 

peaks in the density of states, representing -b'lree bonding 

sub-bands of the d band. 
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'I'hes2 three sub~band.s are not clearly evident in the 

densi·ty of states curve for ~J3Ga calculated by r,lattl!.eis::; (32). 

r· • b :l • -'- 1 1 ' • .I , • • rns 'anc s·crucLUre ca cu~a-cl.ons are supportec, ny x-rc..y er::tl.SSl.On 

spectra of Cr 3Si (33) and V,Si (34). 
..J 

Figure 2 sho~s density 

ot states vs elect.rons per atom for AlS (V
3

Ga) c:md bee (t-;b) 

computed from values given by Mattheiss (32,35). 

peak for the AlS density of states (36-39 electrons/unit cell) 

is for phases in which the B element is a non-transition metal 

and the upper (44-:56 electrons/cell) is for those with a transi-

tion metai as B component. Calculations. of the charge distri-

butions. (32) indicated tha·t the atoms in V 
3

Ga ar.e al::lout neutral, 

but \vit.h considera.ble admixture of gallium s and p and vanadiu.'"fl. 

d •:rave functions. With V 3co strong interactions beV,·iee:n over-

lapping d bands were found. Thus,· the energy band structures 

for these types of Al5 phases are consic1erably different. 

The limited ffilJ.tual solubili·ties of the> tr.,Jo types m-\2:_ht be due 

to ·this. ·Nevitt ( 36) has interpre·ted the im.rniscibili ty as an 

indication that different kind~ of bondirig exist. 

. . 

The nature of bonding in metallic tr~nsiii6~-~ontran~itio~ 
metal phases is a. controversial subject (37). 

in·terpreted trends in ator.:lization energies to indicate tha.t 
. . . . 

B,C,N, and Si contributeelectrons to the transition ~etal, 

allowing it to achieve an electronic configuration of optimum 
. . 

bonding strength. Pauling (21) ·discussed electron transfer 

beb•ieen "hyperelectronic" and "hypoelectronic" metals. The 

form2r occur to the right of the Copper Group and the latter.to 

·the left of t..'le Vanadium Group. Unusually short bond lengths 

in intermetallic phases of these two groups Here taken to in­

dicate· electron transfer from hyperelectronic .to hyp9electronic 

element. Since this·· is opposite to the direction of charge 

transfer predicted from electronegativity difference, the extra 

stability indicated by shortened bond .lengths \'las accounted 

for by the electroneutrality principle. The views presented 

above are supported by sowe band structure calculations for TiC 

(38,39), but are contradic·ted by.other calculations (40) and 

experimental results (41, 42). _Because of the uncertainties 
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concerning bonding in these it 

depend upon empirical correlations for predictions of Al5 

phase occurrence. 

DEVBI..OPi'tE,:rr OI•' CRI'l'ERIA 

Binary systems in which Al5 phases have been reported 

(prior ·to Decernber 1971) are sho,,.m in Fig. 3, \·Jhere B elc::s~nts 

are shmvn as t.hey appear in the Periodic Table. Each B 

posi·tion is divided in-to 9 sub-cells 1 one for each of the 

elements \•Thich occupy A si·tes in t.he Al5 lattice. (Because 

no AlS phases containing Hf have been reported, eachB com­

ponent is iden·tified in its lo'der left s>X:J-cell). ~·Jhere data 

a.re frorn readily available sources (27 1 43-4 7) an "X" is entered 

· in t ... ~e appropriate sub-cell. If Al5 has been reported subse-

quen·t to the compilations, a reference nurber is given. 

Phases \·thich I in the au-thor Is oplnlon: need to be rnfirmed 

are deno·ted "l.vi th a 11 ? i• Some am.'0igui ty surrounds · o Lher phasa 

not listed in Fig. 3. Cr
3
0(45) was r~ported but not confirced 

(29). · It was suggested that !'lo..,Zr ',vas probably oxygen :~, . ~- -

st.abilized (44). Uranium hydrides lis·ted by Laves (13) as 

A15 ~.ve re given by -Hansen and Anderko ( 4 4) as . simple cubic and 

primitive cubic (32 atoms per unit cell)- Pearson· (43) 

apparently does not accept the 1\15 structure for these U phases. 

The phases· Nb
3
In, Nb 

3
Bi, ru'ld 'fvlo

3
Sn are s_tabilized- by high 

pressure; ·the latter tHo have been forz;.ed solely in this \vay. 

From Fig. 3 it can be seen that Laves 1 observation (13) about 

·the posi·tions of the l~ and B elements in the Periodic Table is 

.still valid. 

The bar chart in Fig. 4 shmvs the number of confirmed AlS 

phases occurring "''i thin 0. 04 \vide ranges of RA/RB {Goldschmidt 

CN12). A radius ratio slightly less than o:le seems to be 

favored: the average value is 0.987. There are 26 phases which 

occur bet•,~Teen 0. 92 and l. 00" •·1hile 22 are in the· range 1. 00 to 

1. 0 8. Together, thes~ account for 80% of the .P_lS phases. Thus r-

Al5 is favored Hhen the B radius is within 8% of the A radius. 
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noo;.-; e)~aw.lr'.e lattj_ce for evidenr:::c of 

bonding type. The data are shown in Fig. 5, an -updated 

version of one of Nevitt's figures (27), where a is olotted 
0 ~ 

2.g a ins t ·the CN12 radius of B. Radii of tb.e A componec1 ts 

are give11 by arrmv-s on the abscissa. It can easily be seen 

why the existence of ~everal reported phases was questioned, 

especially for V with -r m• .Ln I J.l I Pb, and Bi . Sev~ral observations 

can be rnade ·from· this figure. First, D~e assertion (28,56,57) 

that Gold should be ·treated as a ·transition :metal is in each 

case horn. ou·t by lattice parameter trends. Second, D~e 

lattice contraction is greater when ~ is a non-transition 

elemen-t, perhaps indicative of a larger ionic contribution to 
. -

bonding. Thirdi ~n se~eral instances Hg and.Sn have size 

e ffec·ts cons is tent \vi th transition metals, especially \vi th · Ti · 
- . 

and Zr. Fourth, the larger B elemelit.s have proportionately · 

less effect on a
0 

thari do the others. · This may be (' bonding 

effect, or it may indicate that an upper lini t to ·the A-A .· 

distance is being approached. Ho>:"7ever, there is also a com.-

position effect in these phases, most of which devia·te · t":i:-o.m 

the ideal 3:1 atomic ratio. Prediction of Al5 lattice para-

meter \•Jill be covered in a separate paper. 

Composition ranges reported for Al5 phases are given in 

Figs. Ga-g*, with liries of constant electron concentration 

ske-tched in for reference. In some cases phase boundaries 

,,,ere no·t determined in detail, in several others ·the- authors 

assucn2d ·the phase to occur at the ideal composition. In spite 

of t.hese uncertainties, there are instances \·!here phase boundaries 

~:;how art electron concentration effect. This has previousij been 

obser-ved and commented upon· for systems \·lhere B is a transition 

metal, as revi~wed iri ~he previous section. H0\•7ever, in many 

cases B-rich boundaries in non-transition metal systems also 

follow electron concentration. This is ra·t...'!er surprising for 

the · follo•,Jing reasons. In the valence bond approach, stability 

of Al5 arises from extra d-bonding, presumably largely along 

A-A chains, made available by atomic 2~rrangesents in t.11e s-tructure. 

*In additioni the Al5 phase was detected (54) ln W alloys con­
-tc:tining 13-45% · Re. These I.·Tere formed by de com2osi tion of t~ie 
he~zafl(torides at 500°C. · L'lO analysis 'for o:.:ygen impu:ci ty ~-;a.s 
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Any subs ti. ·tution of non-transi ticm met2.ls J_n these chains 

':lould d·~crease d-bondillg ct!1d des·tabilize the structure. 

Thus,. E--rich boundaries vwuld be con trolled by the disorder 

imposed by off-s toichion~etric co:J.positio•:l, while I~-rich 

bound:~.ries r.'lould follm·i electron C·:::mcen·trat:ion, The figu:::-~s 

shcM the opposite tendency, al-though the la·t-<:::.er boundaries 

fo:Llmv electron concentration in some tra.nsi·tion metal systs-::1.s _ 

'l'he B-rich botmdaries shmv.n usually exist a·t high ·temperc.ture 1 

Hhere entropy of }\--8 mixing may. serve to counteract the cles­

tabilization effect discussed above. 

·rh , .c · · .c ~ • · • · · · 1 5 , , e ro..Le O.L vacanc1es 1n o_,_I-st:olcnme·crJ.c A_ prrases 

should be discussed. Evidence suggests (2, 15, 29) that in 

·transi-tion metal Al5 phases devia·tions from stoichiow.etr:y are 

accommodated by atomic substitution. v-7here the B element is 

not a transition metal, excess P.. usually goes into {sites 

(58-61), but a defect structure is possible (62} in heat 

treab::c1 samples. In this case A atoms migrat~ ~o B sites, 

m~de available by volatilizationr leaving vacancies on A sites. 

A few nontransi tion Al5 phases - Nb
3
Al, V 

3
Ga, and Cr 

3
si -

·can have more than 25. at. % B element. The available evidence 

(61) sugges·ts t.hat excess B goes into A sites. 'I'hus 1 no va-

cancies were assumed in calcula·tions of electron concentration 

used here. 

Anotner effect is shmm by the replotted data in Figs. 72?..-i. 

'The B element.s chosen.are those \•lhich fo:rrn the most Al5 phases-

I·t takes less B to stabilize Al5 as A elements within a Group 

go from 3d to 5d. Sometimes both P.~- and B-rich boundaries 

follmv ·this trend, although the latter do so most strongly.· 

According to the Engle-Bre~ver approach, 3d bee metals he.ve 

subs·tantially less strength per c1 bond ·than do 5d. Thus, t~1~ 

former have rela·tively more electrons promo·ted to s 1 p orbitals;. 

The above da·ta are consistent \vi t..~ Bre\·Ter' s conten·tio!1 {3) t...~2.t 

d-bonding strength is markedly increased for 3d metals in the 

Al5 phase. Td make up for the resultant depletion of s,p 

orbitals, more B eiement (i.e., s,p electrons) r.:mst be add"=::l. 

Of course 1 ·the 
• • • , ... ..£::.) 

composl-c~on SDlLCS shmvn here could be due to 
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band structure effects. Howaveri knowledge of differences in 

band structure among Al5 phases is still too sketchy to look 

for such subtle effects. 'I'he gross correlation be·t;.,;een band 

structure and occurrence of Al5 phases is discussed next. 

'I'he range in e/a (total electrons/atom outside a closed 
-, , l) sne.L over "''hich bee occurs is about 3. 5 to 6. 5; \•Ihile 1\15 

occurs from about 4.0 to 7.0. As can be seen from ~ig. 2, 

both structures have two nearly coincident_ peaks in N{E) at 

4.75 and 6.76 e/a.- Thus, if stability is related to these 

peaks, judgement about relative stability of bee and Al5 is 

difficult. The band structure of cr phases has not been calcu-:-

lated, although they occur in the range 5.6 to 7.7 eja (5}. 

There is a· .strong correlation between- occurrence of AlS 

and density of states, as shm·m: in Fig. 8. It appearCthat Al5 

is favored a·t cornposi tions 't·Thich maximize N {0). · The grid used 

in the histogralll corresponds to an increase of one in e/a of 

.B (at 3:1 ratio of A:B}. If ternary data \vere included, a 
--

narrower grid would be more appropriate. Phases which occur 

below 32 electrons/cell are Ti and Zr -vri th Hg and Tl. ·This 

could be due to a lmv-er d electron concentration achieved by 

Ti Ct.nd Zr ·than for o·ther A elements, as postulated by Brewer._ 

1\.nother possibility is that, \vit..h. Ti and Zr, the d electrons 

in Hg and Tl participate in bonding, resulting in a higher 

elec·tron concentration than calculated here. In general,. 

hoNever, one can treat Fig. 8 as represen-ting probability 

of occurrence of .Al5 as a fu..'1ction. of electron concentration, 

wit.h maxima at 4. 7 and 6. 4. e/a. 

Thermodynamic· factors Hi_ll nmv- be exae1ined. Only a 

short discussion of pressure is required*. For transition 

me·tals decreasing the interatomic distance favors phases \vhich 

can utilize the maximum nurnber of bonding d electrons (64), 

because d orbitals begin to overlap.. Hence, for 3d and '~d 

*For a more extended discussion see (63). 
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metals ol Groups 4-6 pressure will stabilize AlS over be=. 

s-tabj_li·ty of competing ph::-_ses as ter"..perat:ure incre~S2:5 

is cle te~cmir1ed b~{ the bala::.c;e bet-:1>·1e2n en-tltalp:~{ and entrap::~. 

Structures with high entropy, such as bee and cr, are fav::;::-ed 

over Al5 a·t high terapera·tures. hO'd27er r 1\15 phases \o,"i th :l-12 

highest bond strength (enthalpy) - t:_hose •.·1]_ th 3d- and 4d 

transition metals - are stable enough to melt congruently. 

Readily available phase diagram inforrr.-ation was used to 

~lassify 40 Al5 phases according to type of reaction by ;·;hich 

they form and/or temperature to which D.~ey are stable. . A 

Formation Temperature Ratio (F;_tiR) ~.-ias used to enable co:::nparison 

I.•Ti L'i competing phases. FTR is defined as the maxiillum 

(absolute) t~mperature at which Al5 is stable. divided by 7-he 
. ht d . f. "-h . . . . . . ~ .L.h . r- .L. •• we1g e · mean o_ '-- e m~xlmlli-n L.e::npera-ct.1.res ror '-. e corr;.pe ~...J.ng 

solid phases. Fl.gure 9 illustrates calculation of FTR for the 

case where Al5 forms peri tec·ticaily and.. b~.e compet~ng phases 

melt congruentiy. Fig~re 10 presents the data and shm~'s a 

fairly even representa·tion over the Periodic Tabler except 

for Group_6 non-trans~tion elements. The data· are Slli~~arized 

in ':L'able I. A further classification reveals that over half 

of these Al5 phases form by a solid state reaction. It must 

be emphasized tl1at these resultsr especially relative 

frequencies of reaction types, do not hold for the total popu-

lation of A~S phases. In the author 1 s vie•.v more data \vill 

reveal ·that the average FTR is lmv-er than its present 0. 80 

and ·that a higher proportion of Al5 phases form by solid state 
. . 

reac·tion. In fact, many recently discovered AlS phas~s were-

found by such relatively lmv te!TI_?eratur~ techniques as solid 

sta·te diffusion (49), lm·T temperature ili<nealing of alloys (48), 

high pressure (66~67) and condensation of the vapors (51,52,54). 

Bocause of inadequate data many such phases ~;.;ere not incl'.lded 

in the abov2 calculations. 
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SUL-l.N..!-l.RY OF CRITERill. 

Each of the factors - geometrical, electrochemical, and 

tb.errr.odynamic - plays a role in detemining binary sy.s tems 

in \'7hich Al5 occurs and the composi·tio:l and tern.perat.ure at 

which it is s·table. A determination of relative importan·;:::e 

aro.oDg these factors has no·t been at temp"ced, although some w-ork 

·tm,;ard this end has been done ( 9) • The conclusions are 

presented as a procedure to determine the likelihooa·of findtng 

AlS :_for a particular binary system. 

First, the A element is a GroU:p.4,5, or 6 transition 

me·tal and the B element is froru. Groups to the righ·t, up to 

Group SA. Second, ·the tendency of A elements to form· AlS 

decreases approximately in the order v~ 

'ra, \v, Hf. Third 1 the size ratio RA/RB 

beh,Jeen 0. 92 and l. 08. ·Figure 4 may be 

Nb Cr, Ti, Mo, Zr, 

(CN12) shou(d be 

taken to express the 

probability of AlS occurrence as a function of size ratio~ 

Fourth, the most likely 
. • L • •. 

COinpOSl.LlOn lS strongly affected by 

electron concentration. Figures 6 and 7 or those of Bre\:Jer (3} 

may be used to determine b~is composition by extrapolation from 

knovm sys terns. Figure 8 is an expression of b'le probability 

of finding AlS as a function of e/a (except perhaps for· sys·tems 

\•li th 'ri and Zr) and sho~t7S the strong. correlation beb·Jeen AlS 

occurrence and density of states. Fifth, Al5 will likely form 

by a solid state reaction. Finally, the maximum 

at which it·will form is given by an FTR < 0.80. 

• L-LemperaLure 

FTR is de-

fined in Fig. 9. In many cases~. this teEnperature \vill be too 

far below the melting point for any method save vapor deposi-

tion to be successful. Each binary system must be considered 

individually and all. known data about its phase diagram should 

be ·taken into accmmt. 

BINARY SYSTE.iYlS FAVOR.I\BLE FOR AlS 

Perusal of Fig. 3 reveals D1at there are over 150 binarv 

systems i:Jhich could be examined in te~s of the first crite.cion. 
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l[.:)re, only a selection from the most. probable C2 .. Ildidates ~-iill be 

mention2d. The AlS phases predicted by Brewer (3) will not 

be c'ove:ced here. References 44-46 should Se consulted for 

phase rcl~tionships. All compositions are given in ato~ic 

percen·t. 

v--ne Al5·should form at about 65S Re, at less than 700°c. 

Addition of small amounts of 0:::; "tvould. decrease the 

range of bee (V) . ar1d lm·Ter tc"le v eutectoid, favoring 

peri tectoidal formation of Al5 from bee and cr •. 

'Nb-Re Al5 1s favored to form peri tectoidally from x 

l''lo-Re 

and bee· (Nb) at the equiatomic composition,· since 

CJ exists only at high ·temperatu~e. The 

temperature is probably belm,r l200°C. 

It has been found (68) ·that AlS No
5

P·t dissotes Re 

to a composition of about 1Ylo67Re 24Pt
9
at 1600 C and 

·tha·t Re increases the temperature range of stability. 

Hm•Jever I bee \vas found in r·i.070Re30 at 2000°c. Ex­

·trapolation gives AlS near 40% Re. The maximum 

ternpera·ture of formation would be belmv the cr eutec-: 

toid at 1150°C. 

Ta-Al The a phase is composi-tionally rather \·Tide (20-36% Al) 

and probably forms peri tectically at 2100°C, \·ihile bee 

(Ta) is limited in composition. Thus 1 Al5 probably 

forms peri tectoidally belmv 1400°C at a. composi tio:L! be­

hv-een 13 and 18% Al. The existence ( 69) of a hexagonal 

Q.xygen stabilized phase in ·t_his region may· make it di.ffi­

cult to find Al5. 

Ta-Ga Ta
5
ca

3 
has been reported to have the Iv-

5
si

3 
type 

s·truc·ture, \'ihich is ·the structure cor::p2ting •.·lith Al5 

in systems of Mo, V, and Cr with Si and Ge. C r B --'-'"P"" -5 3 L~ ~. 

has also been reported (70); ho~ever, these authors 

found _._ 1, C> •·! s i 
L.L~ ; 5 -3 structure in aa alloy I:Tit...~ 25'6 Ga 



Zr-Sb 

'• 

fJ ·:) n u f I 1 i .. ~ .... -I <,.) 0 J ") ' ':.1s':: t: .• d!1 

anneo.led at. 1000°C in a quartz tube. 1\15 is favorE:d 

at a composition of about 16% Ga. 

, 

The 0 phase resorbs eutectoidal1y at l667°C and 40% 

Hu, 'i.-7hi1e bcc {'i'J) dissolves abou't 13% Ru. 'i'nus, Al5 

is favored from 20-30% Ru and probably forms peritec-
. .. 0 

·toidal1y from .(H) and (Ru) belm·T 1500 c. 

The·extrapolated composition for A15 is at 17% Sb. 

A body centered tetragonal phase, Fe
3
P-type, has 

been reported at 25% Sb. The Al5 phase probably forms 

belov.r 600°C. 

·,·.,_.· .. ·· 
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TABLE I FORt·lATIOci REACTION l\l'lD TENP:SR1\TUPE RATIO 

FOR FORTY A15 PHl\SES 

REACTION TYPE NUMBER OF SYSTEMS · A\tER.'-\.GS F'TR 

Congruent me1·ting 6 0.91 

Peritectic 11 0.90 

Peritectoid. 19 ·o.11 

Congruen·t from Solid · 4 0.69 
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Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig .. 6 .. 
(a-g) 

Fig. 7. 
(a-i) 

Fig. 8. 

Fig. 9. 
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-~- v. 
FIGURE CAPTIONS 

'I'he cubic Al5 (Cr Si-type) struc·tu:;:-e. 
'l'he A typ~ si·tes ~shaded) form three ortho;onal chains 
along the cube faces. 
cubic positions. 

B type si ·tes are. the bccy cen te:ced 

Densi·ty of states for bee Nb and A15 V -:>Ga. as functions 
of electron concen·tration. Construc-ted. fro!n the calc•-t­
lations of Ha·ttheiss (33 ,36). Above 4 e/a, the pe2.ks 
and valleys in N(E) are roughly coincid~nt. 

Occurrence of Binary Al5 phases· in L~e Periodic Table. 
See text for explru1ation. 

Number of confirmed Al5 phases as a function of atomic 
radius ratio (Goldschmidt CN12). 

Lattice parameter of Al5 
{after Nevitt {27)~. For 
Fig. 3. Vertical arrows 
A atoms. 

·• phases vs slze of B atom 
data, see references given for 
on abscissa give sizes of tb~e 

Composition ranges reported for binary Al5 phc.ses fo.rmed 
'l.vi·th a given A element. The curved lines follor,q constant 
eja and are for-reference only. 

Composi ·tion ranges reported for binary Al5 phases formed 
with a given B element. Within a group of A elements 
(e.g. V, Nb, Ta) less B is required to stabilize Al5 as 
the Period number of ·the A element increases. 

Correspondence bebveen densi-ty of states, N (E) , ·and 
number of AlS phases as functions of electron concentration. 
The grid of t'l.vo electrons/cell is equivalent to a change 
of valence for the B element by one electron per atom 
(a·t 3: l stoichiometry) . 

Procedure for calculation of Formation T-emperature Ratio 
(FTR) as a measure of the relative·stabilities of com­
pe·ting solid phases. 'l'he S phase _is th~ Al5 phase. 

'l'ype of reaction by which· Al5. phase forms upon cooling 
and Formation Temperature Ratio~ 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for ·the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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