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STABILITY OF AlS TYPE PHhS8S 

L. D. E::.J.rtsoug"b_* 

I' v· -.,. : ...... i'·f·~.--:').c-i lc :"1,"":\--~-r- .... h Di\~-'..;nn I -..,r-....-- .............. ::::\ nc.J"'1cl..--·r _r tO.L g c. .. n l L- ..L.'.-·::1 L·=-- __ a_ ..,;.l ."::• • ....:.:~e:c:l __ C..:.1 _ J ..L..:::, -~'- .:. t DCl ~-, J_ c.J..t. t_.:e ..~ ........ _. L J-<;. ....... ....... c!~ 

IJa.l;orat.or~· <J._:tCt D2l)art.iT1er.tt. of :.-Iu:teriJ::..ls S:::i_er:.c7~ ar1d 
E:t9.-i.necring, College of Engineering; Univer~:;ity of Californic., 
Bed~0ley, California 

Previous works dealing with the stability of the Al5 

phases are reviewed. Data for over 60 know~ AlS phases 
.,_,___' 1- •_.__ • r b-.1·., l'l are usect LO oeve op crl t-erJ.a I:or s·t_a J_ l-ey \•in.lcn mav be 

applied to hypothetical A15 phases. Occurrence of these 

phases -is examined in terms of- the valence bo::1d conc'2P ts of 

t , -- E·r "', --s-~"''·'""'~ - -e· 1 . . ~, -.--. 1. • • +- r •• , , Dt::: _ _._1gc--'-- .LC<''"'--'--. carr: a L.lO~l aua lD l ._s r:requency \'ll -en cnanges-

in electronic density of states. A.lS is most favored t,v-hen t::-~e 

"II'' elemonts are V', nb, or Cr, 'I.·Ihen radii of the cons·ti.·tuent 

atoms Clif£8r b}' no more_ ·tha::. 8%, at can1positic>ns determined by_ 

e lec·tr(:Jtl. concent.rat:ion., and a·t relatively lo~,.; ·temperatures. 

C'(.JHI0()'-_.-j -'·l· 01--. :-.:-.0~ -'-o-r;n_.;e~a+-urn OT _.. -···.[: ~._._1_. ..• J. ~-"' L..G.i.'.~i::-' .L. "- _...._ - for-E""cation are predicted for 

several likc~ly hypo-thetical A15 phases. 

*Present address: Optical Coating Laboratory, Inc~, 
P. 0.- Box 1599, Sa11ta Rosc:;. 1 California 
95403 
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:c l-~-~?.RtJDUCT I 0~\T 

COL!:lpOL1!iCls Al5 ( c1.1bic C r c:; ...,.....f-~,n.=-.' - 3.._.._._ \,. . ..J. .:::' -J 

structure have been found to values of su?er-

conducting critical temperathre, magnetic field, and current 

carr_:.{ing c::.!.pacity (1). Cc>~1sec1c.211 t:ly, mt1cl1 e ffol.--·t hcts beer'1 

' e:<pended in efforts to underst-3.nc1 the stabi1it.y of Al5 

pha3es and to discover new ones. Many new AlS phases .have 

been founC.\ in recent years, but mos-t of the exploration \·Jas 

guided by relative a.-to:m.ic size and position of the components 

in the Periodic 'Table. Recog·ni tion that A15 phases ·are 

electrori phases is relatively recent (2} 7 although Brewer (3) 

promoted this concept as_early as 1964. Thus, the 3:1 atoillic 

cornposi tion ra·tio indicated by the usual che~ical notation 

for ti.J.·esc phases (l'-.:,B) is not rigorol.!sly follo::edr especially· 
. ,J 

\·There both componen t:.s are transition metals. Despite this 

recogni·tion 1 Al5 is- yet ·to be found in a number ~ binary 

sys·tems for "·!hich it seerns favorable. 

This paper \vill re-examine the ope}:ation of parai-.et.ers 

mentioned above 1 as ~ .. Jell as ssveral others r ·and present 

guidelines 'll'lhich can be used to dete:cnine S~.{stem;; 1 co!cipositions, 

and temperatures favorable to formation of ne\'7 AlS. phases. 
. . 

Firs·tr parameters to be exasined _will be. i~J.troduced. Then, 

· previous Hork "~dill be reviewed to provide an historical pers-

pective. Next, the criteria will be developed and sum_,--;:;.arizeC:. 

Firrally, several binary systems •Hhich 2.r.-e favorable for for.n3.-:-

tion of new Al5 phases will be mentioned. 

Fl\C'l'ORS TO BE EXAJ:·Hl:JED 

Factors correlated with stabili·ty of metallic phases may 

be categorized as ge'omet:.rical, electrochemical, and ther!l10-

dynamic (4,5). Of the geor::etrical factors, relative ator:<ic 

size is easiest to compute an:d has lo:.."lg been recognized as 

in;;Jortant in determining extent of primary solid solution (4:} 

and occurrence of the-Laves phases (6). Other geodetrical 

factors ( 4, 7) (usually invoked in exam.i.nation o£ relati·ve 

stability of 
• .c • spec:LLlC ccnnpetin,g phases a·t Gt~_e composition} 
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are b2yond the scooe of this pap~r-

The electrochemical fac·tors ITla.y be ap:_:>:coached from a 

physical or a chemical point of view. Fro-:n t.h·2 forrr.er, 

e le c-t!.-01! concen tra·tion (n u::ilier ( ,-:= 
d. electrons per atom, ..-..,::::.-,-· 

t;-1--

u:r•.i·t C'211, or per unit voluE',e) is related t8 electron ener;:;y 

b:md structure and t~o density of states at t.lie Fermi surface, 

N {0) . Th·2 chemical vie\·lpoint rela.tes electron concen.tration 

to filling o£ bonding orbitals by electron transfer or 
• r , "".. t 1 :1 • l • ' prornot1.on rrom nonnona1.ng o nonu1.ng va ence.s-ca-ces. From 

ei-Uter vie'''pcint there are certain types of phases in ;·rhich 

electron concentration plays a major role in stability. 

These are called electron compounds, or more properly, elec-

tron phases. 

. d . ' rrnermo yn2.!."1UC parame·cers to be discussed ar~ temnera ture: 
. . -~ 

and pressure.· In addition to these,internal pressure .>·Jillbe 
.. . 

mentioned as a seconda~y factor iri discussion of the Engel~ 
~ 1 ....... co_,_ re .La Llon .. Internal_pressureis th~ term used by 

Brewer (3) for the solubili'ty p~n.-ameter or ;:cohesive energy 

densi ty 11 term in regular .solution theory {8}. It is the 

molal enr:~rgy of vaporization divided by the mQlal voluiL'.e a.'ld 

is a measure of internal cohesive forces. Intertial pressure 

differences are used }.:o calcula·te the non-electronic con­

tribution to excess thermodyna-mic functions of mixing and 

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

HISTORICAL PERSPECTIVE 

Beta-trtngsten was discovered in 1931 as {perhaps un-

.. fortunately) the prototype of the structure no>:·J designated 

AlS (S-trukturbericht:) or Cr 
3
si -type. . Nhereas in S -W the 

la.tt.ice sites are all occupied by one species r · constituents 

of bin:J.ry Al5 phases prefer one or the other of the types 

of si·tes sho;v-n in Fig. 1. 

cerning the Al5 lattice. 

See Pearson (10) for details con-

Kasper (ll) pointed out certairi 

geoc,~etrical similarities a'Ttcmg tb~ a~i-ln 'o~ ") a 7\ 1 ;:; •· \ ...!- l.. 1 I ... 4. -- .... 1 ~ I 

a..<d Laves phases. For a and Al5, structura.lly quite similar, 

,._.. 

. 1-
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. ' 1n eacn. 

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

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

r,,/a.s a.lso su-ggested ( 15) that the contraction in Al5 phases 

i::> related t.o geometrical packing principles and that 

stabili-ty depends on the cons·tituent atoos' abili~y ·to u!".G.er-

go large deformation. Laves (13) observed that a r2.dius 

ratio .·(Goldschmidt CN 12) near one seerri.s to be favored and 

called a·t·tent:ion to regularities in position of the constitu-

elYts in ·the Periodic Table: the A elem-'::!nt is ah·iays to ·the· 

of the Mn Group. and ·the in or to the 

right. of the Group. 

In the late 1950's and early 19 60 1 sa nu_mbe~ o£ non-

s t:.oi chiom2tric Al5 phases containing transition me·tals as 

the B element 1.·rere discovered. \1!ate~cstra~c. a'ld Van Reuth (2) 

::;ho·,·;ed that the co-s.1position shift \·:ith increasing Group 

nucr~er \·las siElilar to that in 0 phases and suggested ·tho:tt 

similar factors affect stabilitj. For a phases formed from 

Groups 6-8 3d e lements1 it Has shm·m ( 16_:18) that nurnber of 

electron vacancies in the 3d shell correlated Hi th composition 

limi i::.s better than did total number of electrons per atom 

outside a closed shell. Ho~ever, difficulties arose in de-

t.ermining number of electron vacancies for early 3d, 4d, and 

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

to sayinsr that the extent of d shell filling determines phase 

.boundaries. 

In cont::::-ast, the Engel correlation (20) assu!:nes that it 

is I., 1 .C , . ., • l ..1- , • "f 

-cr1e num.oer 0.1.. noncnng s 1 p e ec '-rons ;;-;nlcn correlates \·;i·th 

crystal structure. 'I'his . lr • con cep-e 1 an.lil to Pauling's valence 

bond approach (21), ·was refin~d and us~d by Brewe~ (3~22,23,24) 

to predict phase boundaries in mariy intertra~sition 2etal 

The procedure is to find the distribution between d 

and s ,p electrons which results in highes-t net bo.:cd energy, 

given valu·es for the contribution fro:7l. e.ac.h. type of bond 2.11d. 

"~ 



,P, 

-5-

... ,. t , . . , . , . . "] .. tb2 energy pal a o acr11eve n1l.S o.ls·crlDL1L.lon. (Althoush 

Pauling electronegat:.ivi ty difference is the· traditional 

~easure of tendency to transfer electrons, it is unsatis-

factory for calculations of electronic interactions in 

in tert.r<msi tion metal systems (9, 25) where d electrons 

participate in bonding. ) Then, subject ·to li mi ta tions 

placed on size, internal pressure differences 1 and degree 

of electron transfer, the nw-nber of s ,p electrons determines 

structure. The order in which such electron phases appear 

as s,p electron concentration increases is bee, Al5, a,~, X 

( 3) . Thus,· the phases in co;npeti tion \·7i th Al5 Hill typically 

be ·the bee terminal solid solu·tion and the cr phase. The s ,p 

electron concentrations (e lectro~1S per atom) over "ldhich ·these 

phases occur are {26): 

e/a phase 

l.O 1.5 bee 
1.1 - 1.7 ll_lS. 
1.2 1.9 (J 

... 

Because of considerable. overlap in electron conceritra·tion 

rangeS 1 the Other.· faCtOrS mentioned abOVe mUSt be COnsidered 

~.-1hen comparing stability of the Al5 phase· to Lhat of competing 

phases. 

Brewer (3,26} discussed several of the factors impor~ant 

.in understanding stability of Al5 relative ·to bee and cr in 

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

at~om, perhaps for stericheBical reasons, allo1>7S ·better d 

bonding. than occurs ~n bee. :This is especially true in· ·the 

first long Period; in the third long_ Period (Sd metai.s).d 

orb~tals are stongly bonding in the be~ phase and little is 

gained by distortion. To arrive at the electron concentration 

. rang·e for A15 stability, Bre':Ter assumed that the A me·tal 

achieves a d 5 configuration. Hm·;ever 1 this may he true only 

for the Cr-Group and for V and Nb 1 which seer"t1. ·to utilize 

ex·tra d-bonding most effectively (23). The configuration for 

Ti <:tnd Zr is probably fe,,•7er t.'-l.an five d electror~s. 

Sd elements are fa'.rored as 8 CO.il:lponents;~ in AlS because of 
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ab.ili ty. 

Al5 will be favored.where internal pressure difference li~its 

bsc to lcsf; than its maxiirn.::m e/a ratio. 

Crys t0.llo,::;·raphic orde:c factor in the 

t8illp~rature stability of phases, because of its effect on 

en t.ropy. It can· also indica·te types of bonding. Order is the 

exten·t to which a particular type of site is filled by ·one 

species of .L . a<-om. The usual Bragg-\-Jillia2s order parameter 

is defined as S = (r -F ) / ( 1-F ) , ~;-;here r is ·the fraction of a a a · a a . 
A sites occupied by a-atoms and Fa is the fi-act.i~n of a-atoms 

in the phase. ~'laterstrat w<d Van Reuth (15) ·disc~ its 

meaning for non-stoichiometric Al5 phases r >.·:hich are usually 

as orderecl. as composi·tion will allm,;. · Hore disorder is found 

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

·typ::::~s of la~tice sites and occur over . " a ·\·Jlo_e combination of 

elements and range of compositions (3;27), yet maintain the 

correct electron concentration. Disorder does not see1.l to 

destabilize Al5 ~hen its constituents are from G~oups close 

·to one another { 15) , as • shm·m by existence . of the Al5 phases 

Mo
45

Tc
55

, v
48

os
52

, and v
63

rr
37

• 

Careful studies of order (15), composi·tion. {28), and 

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

co-<;.·Jorkers :to postulate relationships bet•~Teen bonding, order, 

and band structure. It was found (28) D.~a·t order in cr
72

os
28 

as theoretically possible and was insensitive 

They suggested that L1.e mixture of atoms en 

eac:-,. type of site is controlled by ·the extent· o£ d.-electron 

overlap. _ Elements closest to the J>1n-Group \·lOuld have L"le 

most d-orbi tals available for bonding, allmving increased com-

plexi ty in overlap and more mixing of the atorC'.s. The Labbe-

Friedel band s·truc·ture mcdel for Al5 phases ( 30, 31) uas used 

in explaining this idea: In this model the:!:-e are three shar? 

peaks in the. density of states, representing three bonding 

sub-bands of the d band. 
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These tl1ree sub-banci.s a:ce no·t clearly evident in the 

d2nsity of s-tates curv2 for v
3

Ga calculate-::1 by I,Iatt.'teiss (32). 

His band sL: .. -nctun~ calculations are supported by z-ray emis~;ion 

(33) and '-/JSi (34}. 
.J 

Figure 2 sho~s density 

of states ~s electrons per ato~ for Al5 (V
3

Ga) and bee (Rb} 

computed from values given by Mattheiss (32,35). 'I'he lm·1er 

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

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

and the upper (44--,56 electrons/cell) is for those wi-th a transi-

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

bu tions. ( 32) indica·ted tha·t the· atoms ·in V 
3

Ga are about neutral, 

but wi-th considerable admixture of galliun s an'd p and vanadiu..'TI. 

d ':iave functions. With V 
3
co stron~.r interactions bet>:-1een over-

lapping d b~nds were found. Thu:::;, · the eneroy band s tructur.es 
·. J 

for these types of Al5 phases are considerablv differen·t. . ... 
The limited mu·tual solubilities of the b:o types I-D .. ~_h.t .be due 

to ·this. ·Nevitt (36) · has interpreted the· im.miscibili ty as an 

iridication that different kinds of bonding exist. 

The nature of bonding in metallic transi·tion-nontransition 

metal phases is a controversial subject (37). .Bre>,·7er (23) 

in-terpreted trends in atomization energies to indicate that 
. . 

B,C,N, and Si contribute electrons to .the transition metal, 

allmling it to achieve. an electronic configuration of optimum 

bonding strength. Pauling (21) ·discussed electron transfer 

bet-;;·Yeen "hyperelectronic" and "hypoelectronic" metals. The 

former occur to the right of the Copper Group and the latter to 

·t:he left of D.~e Vanadium Grouo. Unusually short bond lengths 

in intermetallic phases of ·these t'i.vo 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 

st.abili ty indicated by shortened bond lengths \'laS accoUJ.!.ted 

for by the. electrqneutralii;:y principle~ The vie\·Js presented 

above are supported by some band structure .calculations for TiC 

(38,39) I but are COntradicted by other calc:ulations (40) ar!.d 

experimental results ( 41, 42) . Because o£ the uncertainties 
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conce:r:ning these s~y·s tr::n3 _, it perhaps 

dcpead.upon empirical correlations for predictions of f.\.15 

phase occurrence. 

Binary systems in which Al5 phases have been reported 

(prior ·to December 1971) are shmm in Fig. 3,. \vhere B ele0.ents 

are shown as they appear in the Periodic Table. Each B 

po::;i tion is eli vided in·to 9 sub-cells, on2 for each of the 

elements which occupy A sites in t.h.e Al5 lattice. (Because 

no AlS phases containing Hf have been reported, each B com-

ponen t is identified in its lower left Stlb-cell) . t<Jhere data 

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

in the appropriate sub-cell. If Al5 has been reported subse­

guetrt to the compilations, a reference nunber is given. 

Phases \·thich I in the au·thor' s opinion r need ·to be rnfirmed 

are denoted with a 11 ?" Some af'1bigui ty surrounds OLher phases 

not. lis ted in Fig. 3. Cr 
3

0 ( 45) \>~as reported but nc:i·t confirned 

(29). It .\vas suggested that rjo
3
zr ',vas probably oxygen 

s tab i l i zed ( 4 4 ) . Uranium hydrides lis·ted by Laves (13) as 

AlS l.'Jere given by Hansen and Anderko (44) o.s simple. cubic and 

primitive cubic (32 atoms per unit cell). Pearson ( 43) 

apparently does not accept the Al5 structure for these U phases. 

'I'he phases Nb
3
In, Nb 

3
Bi, a.."'ld J:Vlo

3
sn are stabilized by high 

pressurei -the latter b7o have been formed solely in t.his r.;vay. · 

From Fig. 3 it can be seen that Laves' observa·tion (13) about: 

the posi·tions of the A and B elertlents in the Periodic 'I'able is 

still valid. 

'l'he. bar chart in Fig. 4 shoHS the number of confirmed P,_l5 

phases occurring t,,,i-thin 0. 04 wide ranges o:f Rl/RB {Goldschmidt 

CN12) • A radius ratio slightly less than one se~ms to be 

fa·vored: the average value is 0. 987.. There are 26 ·phases \·ihich 

occur bebveen 0.92 and 1.00, •·1hile 22 are in the range 1.00 to 

1. 0 8. Toge·ther, these account for 80% of the AlS phases. Thus, 

Al5 is favored when the B radius is within 8% of the A radius. 
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We no':l ex<.unine lattice pa.rar1eter trends for evidel1C:·::! of 

bonding type. 'i'he data are shm·m in Fig. 5, an updated 

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

2.gainst the CN12 radius of C> .u. Radii of the A coDpone!lts 

are given by arrmvs on the absciss.:i. It can easily be seen 

>1hy the existence of several reported phas2s \vas questioned, 

especially for V with In, Ti, Pb, and Bi. Several observa-tions 

can be made -from this figure. First, the assertion (28,56,57) 

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

case born out by lattice parameter trends. Second 1 -G'l.e 

lattice contraction is greater when B is a non-transition 

element,_ perhaps indicative of a larger ionic contribution to 

bonding. Thirdi in several instance~ Hg and Sn have size 

effects consistent with transition metals, especially with Ti 

and Zr. -Fourth, the larger B elemerit:s have- proportionately 

less effect on a
0 

than do the others. This- may be f bondincr 

effect, or it may indicate that an upper ligi t to -t'he A-A 

distance is being approached. Hm,;ever, there is also a com-

posi-t:ion effect _in these phases, most of which deviate· from 
the ideal 3:1 atomic ratio. Predictiori of Al5 lattice para­

meter will be covered in a separate piper . 

. composition ranges reported for Al5 phases are given in 

Figs. 6a~g*, with lities 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 

assu:n<.~d t.he phase to occur at the ideal composition. In spite 

of these uncertainties 1 there are instances >·There phase boundaries 

~:;how an electron· concentration e·ffect. • This has previousij been 

ob:;er-ved and commented upon· for systems .\·lhere B is a transition 

metal, as revie~,Ted i.n- -the previous ·section. Hm,Tever, in many 

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

follow electron concentration. This is ra-ther surprising for 

the follm·J ing reasons. In the valence bond approach 1 stability 

of AlS arisE:-!S from extra d-bonding, presumably largely along 

A-A chains, made available by a·tomic arrangesents in t.ite structure. 

*In addition, the Al5 phase was detected (54) in W alloys con­
taining 13-45% Re. These were formed by decomposition of the 
hexafltto.cides at S00°C. !:>To analysis -£or o:.::_yg·en impurity ~-ras 
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. • t' r Any suostltu-lon or non-transiti8n ]_{l these ch'=lins 

would decrease d-bonding and destabilize the struct~~e. 

Thus,- B-rich boundaries would be controlled by the disorder 

imposed by off-s toichiome tri c co:-o.posi tio::1, r,.;hi le A-rich 

boundaries would follow electron concentration. 

sho1.·1 ·the opposite tendency, al·tl1ough the lat·ter bo~.l!!darics 

fo:Llo~'i electron concentration in some trw1si tion metal syste"l"'J.S _ 

'rhe B-rich boundaries sho',vn usually exist at high tew.per~ture r 

uhere entropy o£ A--8 mixing may serve to counteract the des-

tabilization effect discussed above. 

The role of vacancies in off-stoichm.etric Al5 phases 

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

·transition me tal Al!:i phases deviations from stoichio::netry are 

accommodated by atomic substitution. "V·There the B eler;1ent. is 

not a transition metal~ excess A usually goes into {sites 

(58-Gl)i but a defect st~ucture is possible (62) in heat 

treab:~d samples. In ·this case A a:toms migrat.e to B sites, 

_made available by volatilization, leaving vacancies on A sites. 

A feH non·transi tion A15 phases - Nb
3
l\.l, V 

3
sa, and Cr 

3
si -

can have. more than 25 2.t. % B element. The available evidence 

{ 61) suggests t.ha·t ·excess B goes in·to A. sites. Thus, no va­

cancies \·Jere assumed in calculations of electron concentration 

used here. 

Ano-th-er effect is sho-;,,m by the replotted data in Figs. 72a-i. 

'l'he B elemen-ts chosen. are those "~:7hich form the most Al5 phases. 

:r:-t ·takes less B to s-tabilize Al5 as A elements within a Gro'..lp 

~_:_ro from 3d to 5d. · ·. Sometimes bot.h A- and B-rich boundaries 

follo<.v ·this trend, alt.h.ough the latter do so most strongly.· 

According to the Engle-Bre~ver approach, 3d bee metals have 

subs-tantially less strength per c1 bond than do 5d. Thus, the 

former have relatively more electrons promoted to s,p orbitals. 

The above da·ta are consist-ent \vi t,.1. Bre\·Ter 1 s contention 

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

l\15 phase. To make up for the resultant c.epletion of sIp 

or!:litals, more B element (i.e., s,p electrons) w.ust be aO.d~d. 

Of course, the comaosition - ... 

, •• .c-'-
SDll. L.S shown here could be due to 
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Qcn•.d structure effects. Hm,;2ver, kno;;.;ledge of differences in 

band structure among Al5 phases is still too sketchy to look 

for such subtle effects. The gross correlation bet:.<.,;een b.:md 

s·tructure and occurrence of Al5 pl1ases is discussed next. 

The range in 2/a ('total electrons/at:.c:n outside a closed 

shell) over which bee occurs is about 3.5 to 6.5, while AlS 

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

bo·th structures have two nearly coincident_ peaks in N (E) ·at 

4.75 .and 6.76 eja. Thus, if stability is related to these 

peaks, judgement about relative stability of bee a..1.d AlS is 

difficult. The band structure of a phases has not been calcu~ 

lated, although they bccur in the range 5.6 to 7.7 eja (5). 

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

and density of states~ as shmn'i in Fig. 8. It appearC that Al5. 

is favored a·t compositions \vhich maximize N {0). ·. The grid used 

in the histogram ~orresponds to an increase of one in e/a of 

.B (at 3:1 ratio of A:B). If ternary data were included, a 

narrower grid \vould be more appropriate. Phases which oc~ur 

belmv 32 electrons/cell are Ti and Zr \>Ji th Hg and Tl. This 

could be due ~to a lm,Jer d electron concentration achieved by 

Ti and Zr ·than for o·ther A elements, as postulated by Bre~ver. 

Another possibility is ·that, \vi t.h Ti and Zr, the d electrons 

in Hg and Tl participate in bonding, resul-ting in a higher 

electron concentration than calculated here. In general,. 

hm,rever, one can treat Fig. 8 as representing p::::-obability 

of occurrence of Al5 as a flliJ.ction. of electron concentration, 

with maxima at 4.7 and 6.4 e/a. 

Thermodynamic factors \vill nmv be exa:.!lined. Only a 

sho::::-t discussion of pressure is required*. For transition 

metals decreasing the interatomic distance favors phases which 

can utilize the maximum number of bonding d electrons (6 4) , 

because d orbitals begin tb overlap._ Hen~e, for 3d and 4d 

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

s-tablli·ty of coi-c~peting ph;;:..ses as terr~perat.ure lncre:::.ses 

is determined by the bala~ce bet~een enthalpy and entropy. 

Structures ~,.Ji th high entropy, such as bee a0_d c;, are fa;::::;:::-ed 

over Al5 a-t high tel::lpera tures. 

highes·t bond s trengt.h (enthalpy) - t:_hose '.-ii t.~ 3d·- aud 4d 

t.ransition metals - are st.able enough to ITtelt congruently. 

Readily available phase diagram information \•las used to 

classify 40 A15 phases according to type 6£ reaction by which 

they form and/or temperature to ':vhic~- t.rrey are sta:.':>le. ";'. 
- rt 

Formation Temperature Ratio (F'i'R} \.·ras used to enable co::-::tDa.rison 

-.:.·d·th corapeting phases. FTR is defined a.s- the maximum 

(absolute) temperature at v1hich Al5 is stable. divided by b"le 

weighted mean of- the maximt!Irt te~-r,peratures for the corq;e-tin:g 

solid phases. 

cas.e vThere Al5 

F1gure 9 illustrates calculation of FTR for: the 

forms peri tec·ticci.Ily and- the competi_ng phases 

melt congruently. Fig~re 10 presents the data and s.hor.·i~ a. 

:fairly even representation over the Periodic Table, except 

for Group_6 non-transition elements. The data are Slli~arized 

in 'I' able I. A fur-ther classification reveals that over half 

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

be ernphasized that these results, especially relative 

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

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

reveal ·that the average FTR is lower than its present· 0. BO 

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

:reaction. In fact, many recently discovered AlS phases were 

found by such re la ti vely lmv te1nperature techniques as solid 

state diffusion ( 49) , lo~.-r temperature ru.1n2aling of alloys. ( 4-8} , 

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

Because of· inadequate data many such phases ~,,;ere not included 

in the above calculations. 
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SUH11l.tl.RY OF CRITERII1. 

Each of the factors - geometric~l, electrochemical, and 

·thermodynamic - plays a role in detero.ining binary systems 

in \'7hich l'-_15 occurs and the composi-t:ion and temperature at 

\vhich it is stable. A determination of relative inportance 

among ·these factors has not been attempted, althou·;h some work 

tm·7ard this end has been done ( 9) . The conclusions are 

presented as a procedure to de-termine the likelihooa: of find;i:.ng 

Al5·:_for a particular binary system. 

First, the· A element is a Group 4,5,. or 6 transition 

metal a.Tld the B elemen·t is from Groups to the righ·t, up to 

Group 5A. Second, ·the tendency of A elements to form Al5 

decreases approximately in the order V, 
Ta, H, . Hf. Third, the size ratio RA/RB 

Nb Cr, Ti, £)_9, Zr, 

(CN12} sho~d b~ . 

betvieen 0. 92 and 1. 08. ·Figure· 4 may be taken tO express the 
. . ,• . .' 

probability of Al5 occurrence as a_function of size ratio..: 

Fourth, the most likely composition is strongly affected by 

electron concentra-tion. . Figures 6 and 7 or those of Bre~ier ·{3} 

may be used t:o determine "b.~is. composition by extrapolation from·.· 

knov-m systems. Figure 8 is an expression of t..'le probability 

of finding Al5 as a function of eja (except perhaps for·systems 

with •ri and Zr) and shows the strong correlation between Al5 

occurrence and density· of states .. Fifth, Al5 ""ill likely form· 

by a solid state reaction. Finally, the maximum temperature 

at wh.i.ch it·"~;qill form is given by an FTR < 0.80. FTR is de-

fined in Fig. 9. In many cases, this temperature ;,.,ill be too 

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

tiori to be successful. Each binary system must be considered 

individually and all. knm.;n data about its phase diagram should 

be ·taken into accm .. mt-

BINARY SYSTEMS FAVOR..l\BLE FOR Al5 

Perusal of Fig. 3 reveals that there are over 150 binary 

systems· whid1 could be e.Xa.tTtined in berms· of the first criterion. 
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Here, only a selection :from the most. probable ccu.cdidates ~-;ill be 

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

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

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

V-Re AlS·should form at about 65~ Re, at less than 700°C. 

Addition of small amounts o£ Os would decrease the 

range of bee (V) fu'"ld lmver the v eutectoid, favoring 

peri·tectoidal formation of Al5 from bee ar.d cr. 

Nb-Re Al5 is favored to form peritectoidally from x 

No-He 

and bee (Nb) a·t the equia·tomic composition,· since 

a e.xis·ts only at high ·temperatm:;e. The forro.ation 

temperature is probably belo•.-.r 1200°c. 

I·t has been found (68) ·that Al5 Ho
5

P·t disso~es Re 

to a composition of about lYio 67Re 24Pt
9
at 1600 C and 

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

However~ bee \vas found in Iio70 P..e
30 

at 2000°C. Ex-

. ·trapolation gives AlS near 40% Re. The maximum 

temperature of formation would be be lmv the a eu·tec-" 

toid at ll50°c. 

Ta-Al The a phase is cornposi·tionally rather ';·Tide (20-36% Al) 

and probably forms peritectically a·t 2100°C, \v-hile bee 

Ta-Ga 

(Ta) is limited.in composlt:.lon. Thus, Al5 probably 

forms peri tectoidally belmv 1400°C at. a_ composition be­

tween 13 and 18% Al. The existence (69) of a hexagonal 

oxygen stabilized phase in t.his region may' make it di-ffi­

cult to 1 find Al5. 

Ta Ga has been reported to have the ~Lsi 3 tvpe 5 3 - . :> ~-

structur~, which is the structure competing with Al5 

in systems o£ Mo, V, and Cr with Si and Ge. Cr B _ .... \.P"" -5 3 ... _. ~-

ha.s also b(.::en repor-ted (70); ho'.•Jever, these authors 

found ·the H
5
si

3 
structure in an alloy •dit..'L 25'6 Ga 
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annealed at l000°C in a quartz tube. 1\15 is favored 

at a eomposi tion of abou-t 16% Ga. 

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

H.u, 'iilhile bee (W) dissolves about 13% Ru. r_rnus 1 l\15 

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

t~idally from (~'7} and (Ru) belm·T 1500°C. 

Zr-Sb The extrapolated com?osi tion for l'..lS is at 17% Sb. 

A body centered tetragonal phase, Fe..,P-type, has 
..) 

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

belov-1 600°C. 

.. __ 



. . 

-16-

ACKNOWLEDGEMENTS 

This r,,;orl: ''1as done under _the auspices o.f the Atomic 

Er.~~rgy ComRissio.n. The author \·Iishes to ·thank Leo Bre'.'ier, 

Victor Zackay, 2nd Rob-e:r:-t Ea.mmoncl for encouragerr..en·t, advice 

and helpful discussions . 



.. 
-17-

1- NEWHOUSE, V.L., In ~uperconductivitv (Edited by R.D. Parks) 
Vol. 2, pp 1285-1288, Marcel Dekker Inc., New York (1969). 

2. HJ\TEE"\ST.R.AT, R.N., and Van P...EUTH, E.C., Trans. AinE, 236, 1232. 

3. 

(1965). 

BRm,IER, LEO, In Hiqh Stre::1gth f.-Iaterials, (Edited bv V. F _ Zackay) 
pp 1.2-103, J. Hiley and Sons, Ne<.·l York (1965). 

-1. BARRETT, CHARLES and l1lASSALSKI, T.B., Structure of I-let.a1s, 
'l'hird Edi·tioh, Ch. 13, HcGra'.v-Hil1 ~ .Ne•.v York(T9 6 6-) • 

5. HU:i"'E-ROTHERY, WILLI.N-1 1 In Phase Stability in Metals and Allovs. 
(Edited by Pe-ters •. Rud..rnan;John Stringer a:ctd Robert-y::- Jaffee) 
pp 3-24, H~Gra;,v-Hill, Ne;,v- York (1967). 

6. See Ref. 4, pp 256-259. 

7. AI,Tr1ANN, S. L. , COULSON, C. A. and HU!'1E-ROTHERY 1 W. , Proc. Roy. 
So.c. 1 A240 ,· 145 (1957). 

8. HILDEBI~'\ND, JOEL H. 1 PRAUSNITZ, JOHN N ~; ·and SCOTT 1 ·RoBERT L. ; 
R<:~qular and Rela·ted Solutions 1 Ch. 6 ; Van Nostrand, Reinhold, 
New-"York-(1970). 

9. Kl\.UFJYIAN I LARRY and BERNSTEIN, I-LA.ROLD T in Phase Diaqrams: 
H~tE:~~rial~ Science_ and Technology, Vol. I (Edited by A1lep H.· Alper) 1 

pp. 45-112 ·' Academic Pr2ss 1 New York {19 7 0) . ' 

10. PEA"RSON 1 ~'1- B. 1 La-ttice Spacings and s-tructures oU:Ietals and 
Alloys, p. 884, ·Pergamon-Press, Oxford (1958). 

11. KASPER, J.S., In Theory of Alloy Phases, pp. 264-2.78, A.rner:Lcan 
Societ.y for .Metals, Cleveland (1965), 

12. GREENFIELD, P. , and BECK, P. A., J. · of Hetals . 8; Trans. AI~~IE 

~06, 265 (1956}. 

13. .LAVES, F., i:l:1 Ref. ·11, p. 183 ff. 

14. rULLNJ.:".:R, T.1 J. Iriorg. Chern. USSR"~, 945 (195-8}. 

15. Van REUTH, E.~., .and HATERSTRAT, R.H., A_cta Cr:-yst. B24, 186 (1968). 

16. DAS, K., RIDEOUT 1 _S.P. 1 and BECK,. P.A.,-·'I'rans. A.If.:IE 194, 1071 {1952 

17 .. HOODYNfT, L.R., SINS, C.T., and BEATTIE, JR., H.J., Trans. 
AIBE 236,. 519 (1966). 

13. MIHALISIN, J.R., BIEBER 1 C.G. and GRi\NT; R.T., Trans. A.HlE 2<12, 
2399 (1968)·. 

-19. MURPHY, H.J., SH1S, C.T. and BELTRAl,J, A.H., J. of ~-letals AHS 
46, (1958) 



. • 

-18-

20. Ei:JGE.L 1 N.N. So~~~~~-,.,_vie~O~!lt.s S2Cl the ~~c:t.::tllic ~on0_, Inqenioren 1 

MlOl (1939), Ml (1940); Haandlogi Metalare:Selskabet for 
Netalorskning, Copenhagen, 19457 Kern. Maane~sbled, No. 5,6,8, 
9 and 10 {19 40) , (in Danish) . A mimeographed manuscript i:1 
EncrLish idas circulated in ·this countrv in 'che late fortie::; and -· ~-

early fifties. A brief sumrnary is given in Pmvder H~tallur.gy 
Bulletin, 7, ~ (1954). 

21. PAULING, LINUS,. 'The Nature o£ ·the Cher·1ical Bond, p. 431 1 Cornell 
University Press, Ithaca, (196~ 

22. BRE\\fER, t.EO, Ref. 5, p._ 41. 

23. BREWER, LEO, in Electronic Structure and Alloy Chemistry of 
!b·2 Transition Netals, (Edi·ted by Paul A. Becl~), pp 221-235, 
In·tersc:ience Publishers, Ne~., York (1963) . 

2 4. BREWER, LEO, Acta r'le·t. 15, 553 ( 196 7) . 

25. See Ref. 5~ pp. 337~341. 

2 6 . See R·2 f . 5 , p . 3 50 . 

27. NEVITT, H.V., In Ref. 23, pp 101-178. 

28. vJATERSTHAT, R.H. and van REUTH, E.C., In Ordered Alloys: 
Structural Applications and Physical Netallurgy (Edited by 
B. H. Kear, C.T. Sims, N.S. Staloff and J. H. Westbrook), 
pp 95-110, Clai·tors Publishing Division, Baton Rouge (1970) ~ · 

29. BLJ\UGHER, R.D., HEIN, R.E., COX, J.D. and ~~JATERSTRAT, R.H., 
J. J_,o\v Temp. Physics i, 539 (1969). 

30. LAB£3E I J. 
(1966). 

and FRIEDEL, J., J. Phys. Radium 27,153, 303 

_).' 
31. LABBE, J., BARISIC, S. and FRIEDEL, J. Phys. Rev. Letters 19, 

1039 (1967) . 

32. rvlATHEISS, L.F., Phys. Rev. 138, 112 (1965)_. 

') -, 
,. J .. ) .. 'NEMNONOV, S.A. and KUill'Ll\EV, E.Z.~ Phys. Stat. Sol. 24, :£\43 

(1967). 

34. l\URl'"lAEV, E.z~ and NElYfi\fONOV, S.A., Phys. Stat. Sol. (b)43, K49 
( 19 71} 

35. MATTHEISS, L.F., Phys. Rev. B l, 373 (1970). 

36. See Ref~ 5, p~ 347. 

37. See Ref. 5, p. 355 

38. LYE, R.G., In Atomic and Electronic Structure of Metals,(papers 
pr:esented at a seminar Oct. 29-30, 1966) pp 99-12:J, Amer:ica.n 
Society for Metals, M~tals Park, Ohio {1967). 

39. LYE, R.G. and LOGOTHETIS, E.Mp, Phys. Rev. 147, 622 (1966). -



-19-

LHJ. EHd, V. and S~HTENDICK 1 A. C., Phys. Rev. ~37, Al927 {1965). 

> " '} .L • Hl\l·lQVIST I 
NORDLING, 

L., HN·1lUN, K., JOHANSSON, G., FAriL!•1AN, A. 
C., J. Phys. Chern. Solids 30, 1835 (1969). - -

and. 

42. Rm-!QVIS'I', L., EKSTIG, B., KALLNE, E., 1:-!0P..t:LAND, E., and 
r~lANL-JE, R., J. Phys. Chern. Solids 30, 1849 (1969). 

43. PEARSON W.B., Lattice Spacings and Structures of Metals and 
Allovs, Vol. 2, Pe_ rgamon Press, Oxford (1967)-
----A-.... 

41. HANSEN, JYla~< and ANDERKO, Kurt, Constitution of Binary Alloys, 
.McGra;,-v-Hill, Ne\" Y.ork (1965). 

45. ELLIO'rT,_. Rodney P. , Constit.ution of Binary Alloys, 
·First Supplement, HcGra•,v-Hill, New York (1965) 

46. SHUNK, Francis A., .Constitution of Binary Alloys, Second 
Supplement, HcGrar.v-Hill, NeH York (1969). 

4 7. .LvJATTHIAS, B. T. , GEBALLE 1 T. H. and CONPTON 1 V. B. , Rev. !:1od .. 
Phys. 35, l (1963) 

48. VIELHABER, E. and LUO, H.L. 1 · Solid .State Co:rnmun. · .?._, 221 (1967). 

49. SAVITSKII, E. H. ; BARON 1 V. V. and EFnmv, Y. v., . Soviet Physics­
Doklady 11, 988 {1967). 

50. 

51. 

52. 

.. 53. 

• 54 .. 

c: t-
.) _) ., 

HOLLECK, H., 
4 7 3 . ( 19 6 3) • 

NmvoTNY, H. , 

·.: 

and'BENESOVSKY, F. ' 11Ih • Chern. 
"'.-··· 

Oil 
::..2.1 

HARTSOUGI-C L.D., and HAMN9ND, R.H., Sol. State Com.rnun. 9 885 _ 
(1971)-

Hfu'JAK, ,J. J- ~ GITTLEHE.N I . J. I. I PELLICANE I J- p .. s;Jd BOZOWSKI I s. I 

J .. Appl. Phys. 41, 4958 (1970). 

HOLLAH, L., LECOCQ, P. and HICHEL, A., Compt.-' Rend. Acad.-de 
Sci., Paris 260, 2233 (1965) ._ 

FED:Ei.:ZER, J.I. and STEELE, R.fJI., Nature 205, 587 (1965).· 

ill\UB, E. and ROOSCHEL, E., NatUPdiss, 53, 17 (1966); Z. 
Netallk, ~ _ _? __ , 470 (1966). 

56. ~'lAT1'HIAS, B.T., J. Phys. Chern.· Solids 10, 342 (1959). 

EOBER'I:'S, B.v-J. 1 in Intermetallic CompouD;ds (edited by J.H. 
Westbrook) p. 588, John Wiley and Sons, New York (1967). 

58. REED, T.B., GATOS,. ILB., LaFLEUR, ~·LJ. and RODDY, J.T., in 
r'~e tallurqv of Adva.11.ced Electronic Na·terials, Vol. 19 (Edited by 
G.E. Brock)-,-p. 71, In·terscience _Publisher, Ne~·T York (1963). 

:=,9. HULLER, A., Z. NATURPORSCH, 25A, 1659 (1970) . 

. ::;o. NEI'TKIP-K, L.R. and TSUEI, c.c. ,· Phys. Stat. Sol. (a) L:, 387 
(1971). 



. ' -20-

6.L L:t:Vn,:S'I'L:~ni, H.J., \-IEFGJICI(, J.H.! and Ci\l?IO, C.D., .::. Phys. 
Chern. Solids 26, 1LL1 (1965). 

62. BACHNER, Frank J. and GATOS, Hu.rry C., T:catlS. AII•IE 236r 1261 

63. 

6 t±. 

G5. 

(1966). 

~illNGERT, Paul Richard, Thermodynamic Stability of Certain 
In teriTJ.etalli c Co-;npouDds Ila.de frO£c1 Trarrsi "t:i .. c:in Elements (P~. D. 
Thesis) UCRL-18727, 1\.pp<O~ndix A1, Lawrence Berkeley Laboratory, 
Berkeley ( 19 6 9) . 

.. . . . . .•, 

BREWERr -L~;~~ci~nce 161; 215-·{1968): 
. .. 

ZENER. C~. in ~~f1 _5, pp 25-38. . ~.: .. 

.. : -.... - -~ ... ... ' ·=· ~---·· .. . -... ';.. ·_ .. - . 
- __ , ___ . ----·-~---

.. > . -~··.; :.. 

66. BA...NUS, N.D., REED, T.B., GA'rOS, H.D., LEVINE, r1.C. and K."i\FAL.AS, 
J.A., J. Phys. Chern. Solids 23, 971 (1962). 

67. KILT!ATRICK, D.H., J. Phys. Chern. Solids 25, ·1213 (1964). 

68. ROSCHEL, E. and Rl\.UB, E., Z. Neta11k, 61, 71 (1970). 

69. f.Z.A~,ll\N, A., Aluminum 41 7 318 {1965). 

70. HOLLECK, H.,RIEGER, Td., NO'dOTNY, H. and BENESOVSKY, R., 
Nonatsh, Chern. 94, 841 (1963). 



·' 

-21-

TABLE I FOPJ:~L'i\Tim1 REACfiO:N FJ·JD TENPERATUP.E RATIO 

FOR FORTY AlS PHA.SES 

RI~~ACTION TYPE 

Congruent mel-ting 

Peritectic 

Peritectoid 

Congruent from Solid 

NUMBER OF SYSTEMS 

6 

11 

19 

4 

\ __ 

A\TER:~GE FTR. 

0.91 

0.90 

0.71 

0.69 
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Pig. L 

Fig. 2. 

Fig. -, 
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Fig .. 4. 

Fig. 5;. 

Fig. 6. 
(a-g) 

Fig. 7. 
(a-i) 

F.ig. 8. 

Fig. 9. 
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F'ICURE CAP'l'IOl\JS 

The cubic Al5 (Cr~Si-type) structure. 
'l'h,3 A type sites ·?shaded) form three orb'-logonal chains 
along the cube faces. B type sites are the body cen·te:ced 
cubic positions. 

De11si ty of sJcate·s for bee I'·1b and 1\.15 V ?Ga as func:tio.ns 
of electron concen-tration. Construc·teci fro!TI the c:::~.lcu­
lations of I'-'Ia·ttheiss (33,36). Above 4 e/a, the peaks 
and valleys in N(E) are roughly coincident. 

Occurrence of Binary Al5 phases in the Periodic Table. 
See text for explanation. 

Nufilber of confirmed Al5 phases as a function of atomic 
radius ratio (Goldschmidt CN12)~ 

Lat-tice parameter of Al5 phases vs size of B atom 
(after Nevitt (27)J. For data, see references given for 
Fig. 3. . Vertical arro-rt~s ·on abscissa give sizes of ·the 
1\ atoms. 

. . 

Composition ranges reported for binary Al5 phases forrr>.ed 
'>vi·th a given A element. The curved lines follm·T constant 
eja and are .for- reference only. 

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

Correspondence behveen densi'ty_ of states r N (E) , ·and 
number of Al5. phases as functions of electron concen-tration. 
The grid of t~vo electrons/cell is equivalent to a change 
of valence for the B element by one electron per atom 
(at 3:1 stoichiometry). 

Procedure for calculation of Formation T-emperature Ratio 
(E'TR) as a measure of the relative stabilities of com­
pe·ting solid phases. The S phase .is the Al5 phase. 

Type of reaction by >;,vhich Al5. phase :terms 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, subcontract0rs, 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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