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Intreduction

At the present time study has beern made of 2 great nmumber of metal cospounds

forzed with twd eleaents, i.e., binary ccapounds.

Aurnavov's teaching on bertholides and daltonides has become the

-
s
-
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basis of the scientific classification of these compeunds, and has made it possible
to deotermine their exact plowe azmang ik binary metal phases. There zre nonograrhs -

P oY

devoted to the classification of birary metal coxpounds according to their crvatal -

}.&?,.»ica 112“!4'[,0 .
Ir recent years a whole m—ber c¢f surveys have been publisted on analysis of the
v s
geferal laws governing the SEEiE s formztion and properties of certain groups
of Tirary metal cozpounds, and also on clarificaticon of the part riayed by the latter
in indusirial sl15ys and Urelr polential application. Data on binary setal cozpounds
has made possible a fuller and more profourd study of binary diagrawsof state.
lesser
three-cozponent systems have been studied to a considerably ssaller extent,

howaver. These systems may contain diverss phases with frox orne to three elenents;
for the aain the? are terrary smapmmmixx phases, since the pure components of
ternary systems, as well as the metal compeunds freguently forzing in these systems,
2re aimays able to soze extent to disfé)lve the excess coxronents, forming either
normal or seta];ide s0lid sclutions, accordingly.

The author /5/ has devised a systez of classification for ternary aetal phases
based on the cozparisen ¢” the nature and extent of the homozeneous areas in the

ternary diazraa of state,
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Out of itnhe eight tyres of ternary metsl rhases there ars foer different tyves,
ipcluding ternary solid soluvtionsbzsed on ore of the system comporents, which cannoi
e classed as metal cozpounds.

Ternary chasss,wshich are limited net.aliide solia solutions,are <izse .n structwe
ard properties 4o the corresponding birary metal comrounds or which they are based,
Since, as noted above, a grezt deal of ressarch has been devoted to vinary metal
coupounds, ternary phaser ~ this ¥yre will not be considered here.

The =most interesting are ternary vhases which are characterized in their
diagrr< -7 state by areas cf homogenreity limited on all sides and degenerating inte
points when they lack the power to dissolve excess components. These phases, which
Fitfexxfrmex usuaily have their own ¥Xind of crystai lattice and properties, are

independent chemical comptunds in the sense established by Kurnakov, and should be

tersed ternary metal comrounds,

The rhases of this type are the main concern of this article,

contimuous
¥e should note in particular the ternary phases which are mxixierrspis= so0lid

solutionibetween two binary metzl cocupounds. &ilthough these thases are a particular

&

v
case of neta.];ide €0l1id solutions, in a number of csses ~- usualily in equimoiscrlar

and sizilar concentrations ~- they show superstruciural lines in x-rays and manifest

ottt e S i




rarticuiasr properties different froz those werked out according to the additivity
crinciple, and hence consbitute independent phases of the nature of terrary compounis.

In view of this we will later consider such phases along side the tyrical metal

1. Ceneral Features of Ternary Metal Ccacounds

metal
Like binsry compourds, terna.ryd COmpOWIraS =33y occur in alloys as a re3unit of

2
-

orimary crystaliization, peripectic transition, precipitaticn frnma solid rhases

LTS I s 4 Ry B s $ 58 4 g5l & v PA- g o

or transition of solid rhases into Xurnakov®z compounds,

-
R
LS

" The sta':;;lity of ternary comrounds depends greatly on their coaposition, and,

gen~rally spzaking, increases with the difference in the chemical nature of the
coxronent elazernce, Amongz the typical ternary metal coc:psmds we fird thases of
e 2 terthelide and daltonide type. —
An exa=ple of a d=itonide iz the compound S(A1 CuMg), which has been studied
2
in datail 3in /6, 7/ ams other work.
<
A bertholiide nature is possessed, for exazpie, by the ternary cormrounds

T(Al, Cu, Mzg)/6/ and T(A1, ¥+, Zn) /6/. The research f9/ is dsvnted in particilar

-

to the investigatisn of ternary bertho L }des.

The principle factors which deterzine the canposition and crx)stal structure of




ternary metal cospounds are: the chaaical nature of the elerents forming them, the

vzience eiectron concentration and tre dimensional relationships of the atoms (ions/.

s

These factors will be considered in more detail below.

The author f20/ was the first to give syst=matized data on iz =rystal lattice

of ternary metal comur~unds. in all, acproximately 25C componds hzve been described -

Y

and their structurzi typss indicated,

Bomn A 2l sacmamadl laowe ~avnsmIens $ha waTadIamealhda = - - - ~
SUIT Ve LiiT ETMUTICLs AGrw UL TL A WMis LCaGwilaviap TCUwSEnn wiif Tlyduwdi Juviul

-

of iernary metal coap~unds, aké the valence electron conceni.rat‘crn, and the atmic

r24ii are considersd in f1i/.

An an2iycis of availl_:a'?\.e date shows that most ternary rmetal coomeounds

-r¥stallize in clese-packed la2itices with high coordiration nusbers typical of

pura netals and binary netal compounds. The coazonest latiices arong them are ones

.,
with a high degree of syymetry — <ubic and hexagonai.

= Tl

Ther2 aregroups of isozorchie ternary metz2l cozpounds differdng in the elements
contained ip the same or neighdocring grours in the periodic table. This is an
>,
:ndication of the great part playsd by th= chenical nature of the elesents =aking - -

up the ternary somp~umnd. 2e_ w we consider some typical exaiples of this

crystallo-chzmical analofy.
¢




The nature of the crystai lattice of similar ternary metal coapounds also
"

derends on the chemical properties of the constituent elemenss. For exaple, a
&

g
i

conparison of o!}/the crystal lattices of.ternary campounds Lilgli and 13Zn¥ (Fig, 1)

shows that the only difference between them is thal ir the case 3i sz fermer
) tiice ths arrangement of metal atms (¥g and 1i) is statistical, while for the
latter it is systematized (i4 and ¥ Zn atems). This can be explained by ihe fact

that 11 and ¥g differ in their chenizal noture to 2 logesr extent than 44 and Zn.

Fig. 1. Srystal lattices of LiMgN and liZn¥N /12/; 1) gg-:-%{.i; 2) N; 3) Zn; L) Li.
Fig. 2. Cryst2l lattices of Milin3c and Ni zltnSb /13/; A’rrange'-!ent of atoms for
NilaSbs 1) Ni; 2) Sb; 3) Mn; arrangement for H1,HnSb; type O /5/: 1) and 2) Ki;

r!/?_/
3} ¥o3 h) Sb; type 'fd‘e 1) and 3) Ki; 2) ¥n; k) Sb.
=

I‘.;'there is a continuous trasitlon between two ternary compounds, the rearrangenent

—

of the crystal lattice is closely linked with a change in the nature of ttlichenical
- bond. Thus, wher going from Mi¥aSh to Mi 2!n3b /13/, the lattice changes from the

CaF type to the Hensler ci.se-packed tyre (Fig. 2). At the same time there is an
2

5 Facrer oy ok o b4 wns




el

of the metal bond, which is confimmed by the corresponding change

ntensification
in ths maznztic proporties and an inorease in plasticity,
¢
I\ri/dentica’. crysial lzttices are often possessed by binary and ternary metal
~ sute °
cempoundSwhish have girilor chenipal formulae. buk Aiffer chemieaily. kaving analagous
- Fe iRl , and Co A1l -~
2 5 3 10 29

elements, Typical examples of this are the pairs Co Al

prcduce
FeKiAl , which Wax® very similar x-ray photograchs /14/.
Q
iven of late to the study of the crystal

7

HUnare and nore attention has been
Weo should point ont the work of Schubert /15/

structure of terrary metal compounds.
on the application of his ovn theory of the spatial correlation of electrons to the

explanation of the structure cf ternary compound lattices. Fig. 3. sljows a model

of this kind for the phase S(&L Cukg) with indication of the spatial distribution

of atoms and electrons.
In the cese of a nuzber of ternary metal compounds with complex crystal lattices

thearrancesent of the atoms has been worked out and Brillouin zones have been
#hen spatial models of the Brillovin zones for similar binary and ternary

constructed.
compounds are coapared, a great sizilarity is often detecied (see, for example, the

3 9

models in Fig. 4 for the .o pounds M¥n SiAl and Co Als according to 16/},
2




Below w2 ive a brief gystematic survey of metal compounds, showing that their
compesition and structure depend first and foremest #n the chemical nature of the
?1&'(1 h
conctituent elements, in accordance with their position in the periocdic tabie;

moreover, all the types characteristic of dinary comrcunds can be fousd among them.

This is a manifestation of the single nature of binary and ternary metal compounds.

Fig. 3. Crvéstal lattice of CuMgAl /15/. It shuws s-rangicen® of
2
atoms and electrons (projection with respect to b irici. Figures

indicate heigh® of atom arrangement in values b/ih.

C AT
-2 e

? _-Ll.:f:.’--. ..:’4-' '-.)n.una’. '

el Spim Sriemtat .

Fig. L. First Brillouin zones for structure of ternary metal

compound ¥nSiAl (I) and binary cowpound Co A1 (II).
9 2 5

2. !K*unakovj}emaryz Phases

There are hardly any references in scientific literature to the eristeaﬁce of
terpary metal compounds formed cdurirg the x& traasition of te-nary solid solutioans.

One can only mention the work of Nemilov and Pudnitsidy 17/, in which proof is

o
giver of the formation of a <rnary metal coupound CaFePt at ~~1200 as a result
2




9

o the transition of the solid solution covper-platinum-iyon (Fisz. £).
- - >

hevertheless, a nuaber of works have established the eifect oi the third
componeni on the conditions for the formaiion of ii_'._t_a,:p‘ak‘.'vfﬁﬁih;x_'y? compounds. It
has besn brought to light that txaxeftestxs? Zn, Ni, Cd4, Ti, ¥g, Al, #n and ag, for
example, affect the formation of the compounds AuCa and i\uCu3 /18-21).

Some of these elements (Zn, ¥i, M¥n, Ag) greatly reduce the formation temperature
of birary coapounds, while others have little effect ijj this sense. The reduction

of the formation temperature of binary compounds intreases with an incx;a‘?se of in

the third element dissoived in them.

Fig. £. Diagram of state for Ft~CuFe ailoys f17/; -
Here is shown the fermation of the termary Kurnakov

metal coapound QUTeFt
2

Of great interest are the urusuai methods of investigating the che=m..2l bonds
s s < ed .
i 301id solutions, devised and testy with a great deai of oxcsriwmental material by

Srur~Orzhinaylo /22-27/. Tc detect the electron bonds excressing the nature of the -

chenical interaction im bet” :en the atems, Grum-Grzhilaylo used the method of




16

neasuring the galvanomagneiic affects, ithe Hall effect and the residual electric

Study of the solid solutions in the systees Fe-Cr, Fe-Co, Co-¥Ki, Cu-Ni, etc,
revezled characteristic inflexions ir the curves corresponding to mei~l cospoand-
of 2 gertain compesition. This rezsarch clearly confims the change in the natare of
chexical bonds in concentrations corresponding to the cozpesition of the chezical
cozpounds., The use ¢f thiz sethod enabied Grum-Grzhilayio to discover a number
of net,f'nn_:rﬁnzm zetal coapounds, among tiem ternary coxp:unds. ¥or sxample,
in the ternary svstem Fe-Co-i there were discovered thm ternary cowpounds of the
composition Fe Xi- Fe Co , Fe Ri - CoXi and FeNi - (:o‘!iic (Fig. 6). A nuzber of

2 L 2 3 5 S

terna.y compounds were also discovered inm the systea Cu-Fe-Hi (Fig. 7).

Pig. 5. ¥2t21 cozrounds in the fig. 7. Hetal cowpounds in the
Sysics Fe-Co-%i f25/. xteyex system Cu-Fe-Ni /25/.

The so-cailed G- and [u.—',:hases should also be counted among Xurnakov phases.
The icomorrhisx of the O -rhases and their related chemical nature snygest

the possibility of their :orx_ng tozether continuous solid solutions. This has been




troved_, for example, ir. the csse of the system FeCr-Fe¥ f28/, ir which there is

Similar sclubility relationships exist when the /‘..:.-phases inte;zct. For examrle,
the existance has been confirmed /29/ of continuons solid solutions for the

>I3>
isszorchiae phasss /U-(Fe 3o } and /-'-t(Co ¥o } {Fig. %J.
7 6

5 7

Fig. £. Continuous solid solutions between coapcunds Felr and FeV
(§-phasesj /23/:
. O - halts along the coolinz citve 1) Liquid + ™X-solid sol.
@ - naiss along the neating curve  2) Solid solution
3) G -phases
i) Teght FeV in £ weight

- S_) ‘V’ (v.l'fw'.( 4‘45 Ll‘{ .

Pig 9. Continuous solid solutions tetween co=pounds /U.(Co ¥ )
7 6
o
and W (Fe ¥o ) at 135C in the ternary diagrax Fe-Co-io /29/
‘ 7

1) Fe in # weight  2) Co in % weight 3) Mi in % weight
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s 2 nuober of similar solid solutions there soaetizes form tormery phases
with extrsze property values. Irere is ro doudt that in such thases the magnitule

of the che=ical bond betwesn ih2 =m=% imicracting elezents changes, which is a sign

of the formatien of associations close to typical termary conpounds.

3.Valent Ternary ¥otal Compounds i

At the present time study has besn made cf 2 large group of ternary cospounds

- g . a= A‘.u“-‘: - -

contzining elezents frca the{l and Vireriodic groups; Tacle 1 gives sc=e exaarles.

1

The consitient elements in these ccmpcunds show valence corresponding to their

The investigation of similar cospounds of the
'."_4?.1.
sa=e time has showxn that treir structure and prererties change rmmr=iy system-
:‘4

atizally as their cheaicl coaposition changes.

Table 1

Valent Ternary Compounds

3 3) z ()
1) Amnalogs differing in elements of j'_i';"uug‘
2) Compound

3) Liiterature reference

1) Analogs different in group II, III and IV elements



<) compound

8) literature reference

For exazple, compounds containing the normetals LiMgN, 1i 819 , 1i AlAs ,
3 2 3 2
Agl¥zas, and so on, have a strongly =marked salt~forming neture, whiich is confirmed
in the majority of cases by high =2elting roints, low electrbec conductivity, low
hydrolyzability and other characteristics of cazpounds with an ion bond /32/.
On the other hend, in similar coapounds formed solely froa the metals ColgBi,
CuCa3Sh etc, metal rroperties show up more clearly, and the metal bond vredominates.
A simijar analysis of crystal structures confiming the difference in properties

and nature cf the interatasic LHond of certain grours of these compounds

is given in /30, 34 ard 35/.

4. Rlectronic Ternary Metal Cowpounds

Very few electronic ternary cospounds satisfy the Hume-Rothery rulssiwimmakf if

the velence electron concentration (VEC) is reckoned by the gensral rules, and in

< ! . -
rarticular, if the elexents in wee VII1 -upfare given zero valence. for ex.xple,




-

=etals with incosplete d-levels. According to this theery, when alwminue and

silicon form metal cosrounds with the transition metals of the Lith reriod, Al and Si

while
give up their valent electrons to the coemor electron 'colisctive' mwmax the

-

=
transition siwwmmks metals saksaxga capture some of thesetp cosplete their omm

g-levels. Pzre the mmmber of vaptured electrons deremds on the elecert{s positicn

systes
in the reriodic MM ard can be czlculated on the dasis of the magnetls properties

E |
u
- 3’;;‘..!:'12, according to /35/,an3 CuAnZné,according to /37/,have 2 VEC = 3/2 and .
cn}stallize in the {’:—arass structure. If it is assumed that, according to ‘
/11/, the vzlence of manganese is ejual to umity, then ameng the cleciranic
- ,‘3 -rkases we can also class such compeunds as Cu nAl, Cu ¥nln, Cu ¥nSn, Hi MnSn.
i z 2 z 2
zxx=zix and SO on.
;
Fig. 10. Valernce electron contentraiion of ternary metal compounds | ‘
containing aluvinus and trarsitiopal zmetals /28/.
1) electron concentration el/at.
Fex of the other ternary electronic ccapourds conform to the Hmme-Fothery :
role. To explain their structure Ksynor and his coworkers /M. 39/ made use of
Pauling‘s’ theory, which is based on the idea of the “negative" valence of transition



tve C p——
In group I the cozrounds 1, 2 and S are isosorphis; they ali contain %at:n}

7£0 Tahle 2
. c
Valence electron confentration and erystal lattices of
soze termery metal coxpoundgs

1) ¥oy 2J Groupy 3) VE" e ‘atoz; L) Ternary compownd; 5) Crystal lattice; 6) lit. ref;

7) crthorhombicy 8} hexagonaly 9) cubic; 10} ietrazchal; 11} moncclinie.

! as infuze-Fothery™s binary phases, :
of the elements. Thus, the transition elements are not given a zero valence,}l‘bnt
rathar a regative vaience which, accerding to Pauling, is egual to the mnﬂer of
electrens in +he so-called "atomie® orbitns {TzAde 2}, .
\Table 2
7.
s
1) ¥uzber of "Wacant® electrons for certain metals {from magnetic measurement)
2j Eiesent
37 Kuzher of el/atom in the "atomic® orbits.
C
If we work out the TER for varicus ternary compounds from these values, we can
>ngie out several grours with identicai VEC valiues (‘Tab}.e 3 and Fig. i0j. )




ovs
In grour II the compounds % and 10 are isomorph¥e and form continuous solid

solutions togetner /28/.

In group III compounds 13 and 1k have close moncclinic lattices; it is interest~
ing that the electronic concentration mexrmxmawx for this group is =" :0 aytained in
the iso:mrph;’ maximum-saterated solutions of silicen or ni:kel in the binary
coapeand Cozﬁg; ¥aynor and Pfeil_ccnsi:ier that this electron concentration
is generzlly speaking the maxi=um for ternary nmetal compcunds.

A calculation of the electron concentratior can also be made by another method,

if it is assumed that transition =etals acquire a whole nu=ber of elsctrons per atoa

{Table 4).

1) Rowher of ®wacant® elactrons for certzin metals according to //3R/

2) Elezent

-

3) ¥umber of el/atoxs in "atomic® orbits

The data obtained by this method, however, tally to a lesser extent with the
shape and voluxe of the Brillouin zones, and d- not show such a gamst close correspond-
ence in the electron conveni.ations for certain solid soluticns Yssed on binary

zetal compounds.




P
these calculations is not the only onepossible. For exasple. the research 729/

on solid solutions betwe:n the O - and /l-t ~rhases in certain ternary systeas recognizes
g the advisability of givins transition metals the va2lues for the nuxbe-: of vacant
electrons shewn in Tsble 5.
In this case, for example, for solid solutions betwezn the/u—;-isases, the
electren valence corncentration maintains a constant value ranging from 2,95 to
3.2h eifaton.
Table 5.

185 1) Fumber of ®vacani” electrons for certain metals according to /29/

W
Nos

Eumher of 21/ates in Matomic® oxbite
o
The exazrles siven show 38t a certain artificiality in the VEC calculation
based on the vacant electror theory,which shows up in the tendency to level out
data
this value for certain grours of ternary metzi phases., Moreover, The figwxms in

24
Table 3 Gemonstdrate that the laws governing the link between electron concentration

and cr%stal structure, discovered by Hume -Fothery jcr a number of birary metal

corpounds, do not arrly to the case of ternary cowpounds, with rare exceptions.



Thus, the resulis of the study of ternary eieciron-tyre corpounds doc not
m2ke it possible at the pressut iime to find 2 satisfaoiory explaration for their

structure. 4 more letailed study of the conditions for chemical interaction between

the elevents during the formation of these compeunds xill alone helr lo biring their

nature to light and exrlain their inérent properties.

5

Considerabiy clearer is the siructure of termary eleciren pRases #aich are
sciid sdlutions between binary electronic coarounds. It has been established that
in most cases the binary cc=pounds reiating to the Hume-Fothery phases, which posses
an identical electron concentration and indenticzl types of crystal lattice, fora

»
-
continucus solid solutions together; some exazples age given in Table 6.

Table &
Continuous solid soiutions between dirary electronic compounds
1) P-brass tyoe; VEC=3/2; 2) ’i’-—brass trpe VEC = 21/13; 3) € -phase type; vEe=7/h4

literaiure
}4), Shxamixfx system; 5) Yitmraxy reference.

In =ost cases the formation of these continucus solid sclutions conforas to
conditions forsulated im by Kornilov /56/. In tne given case binary cozpounds

with a close chemical compo=ition consisting of anaiog-elements asuaiiy for=

continéa::s solid sclutions together with a comsisnt VEC waliue,

*kscribed in more detail in /5/.



5. _Z_e_rL.a::rffa—v—esE Phases

Amonc the ternary metzl cozpounds were found ghases with homotectic structures
Uzlu -¥ghi -¥gZn  which satisfied the condition of volume relationships for the

atozic radii tyrical of the 3inary Iaves. chases.

“

7
}2’ 4 detailed amalysis of the crystal etructure of theose phases, which are zarked
N3

by high coordiration nu=bers, and their syst=matics are given in the rez‘s’!earch /59/.
~

—_— %2,
A mober of [ternary laves thases ie 2lse given in 11/ with the etress on their
+

ahundancee.

Tsbie 7 gives soze exazples on the basis of data contained in /60/.

Table 7
T_ernary. laves Fhases

2 . 2} )

1) Tyre of crréstal strusture; 2) cosposition; 3) ratio of radii R /R : kix
A 3

For these cospounds R /B 1is as an average egqusl to 1,205, which is only slighily

Y =3

48

different from the ideal ratio (1.225).




There is a notable chemical simiiarity in a mumber of compounds compesed
€

of analnr elements. Thsi shows that the chrnical nature of elements making up
A

a given group of compounds is of great impocrtance in addition to the volue i

factor.
The binery Izves bonds rarely fom continuous solid solutions among thesszives.
Y¥ore characteristic during their interactiocn are cases in which tnore is 2
B successive transition froe the structure ’igCua to lngn2 via ligliiz, ooserved in
certain ternary systems /61-65/.

It is possible that the intermediate thases forming in the prccess can be

relsted te the ternary metal compound grouv.

| 6. Ternary Ni}el-érsenide Phases .
So far few ternary =etal compsunds have been fcund with a Niks struclure.
- Exa=ples are the cowpund 2eSiZr /65/, and also Sertain corrcunds containing
ger=anivm (MnFeGe, MnCole, ¥rNiCe, FeCoGe, FeKiGe) and others systematized in

/677

W®e lnow, however, of many ternary vhases which are continuous solid solutions
tetween two binary metal c-mpounds, some mf exawpies of which are given in Table 8.

The solid solution area betweern FeSb and NiSb is shown in the diagram {Fie. 11J{69/.




This system is interesting as an example of the formation of continuous solid
solutions between a daltonide {HiSb) and a bertholide (FeSb). 5

In a chemical sense these rhases are very close to each other, since the Pl
are formed by analog elenents of groups V and VITY. At the same time, they are
2 clear example of the <prearance of the earlier established regularitiee governing
the formation of continuous metallide solid soiutions /56/.

Table 8
Continnnaie anlid solutions between binary nickei-arsenide metal coxpounds

1) system ; 2) literature reference

7. Ternary Laves Fhases

Borides. The formation of ternary compounds ccntainingz boren /72, 73/ has ‘ =

already been noted. The ternary borides found have the coaposition shown in Tabie 9. i

Fig. 11. Continuous metallide solutions

in the system Sb-Fe-M /69/.

1) ¥ atom #; 2) Fe atm %.

" Translator's note: In the 1list of contents at the beginning of the article

+his secticn (7) is entitied 'Terriary Interstitial Fhases.'
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Table 8 9

Ternarr metal compounds contairning boron

1) compositicn 2/ literature reference.

Compariscn of the formulae for ternary borid-s enables us teo estsllish
2 rrofound similarity in their chemical nature, since their only differenmce in
the ‘cormesmemdinc columns (Tzble 9) is in the analog-elewents of VITI group in
the periodic systen.

A number of cases have also been established in which there is formation of

continuous so0lid solutions between binary borides {Table 10).

Table 10

Continuous solid solutions between borides

.

1) system; 2) literature reference.

An analysis of these systems shows that 1/ the formation of continuous solid

solutions conforms to basic laws /55/, sms thatEhers are a large numher of cases

o
pot

c? the formaticn of ¢hese scluticnsbetwsen binary compounds composed of analog-
eleaents*, and that 2) in 111 known cases (with the exception of three s&steas

containing the elements of IV and V’I"‘g;éupsf), ttese solutions formm between binary

* In Table 15 these systems are grouped separately.
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horoceneous areas on the ternary diagrams. They are all interstitial phases,
A nutber of tcrnary phases containing carbon are continuous solid solutions

betreen isomorphous caroides {Table 12).

L
%
3 ¢
borides containing transition metals of either the same group or adjacent groups
n the periozic syrstien.

These da%2 show the close chenical nature and similar structure of certzin
zrours of continuous selid solutions containing becon.

Carbides. Termary compcunds containing carbon censtitute a clear exampic
of chexical analogv. ¥e can single osut a muzber cof groups of thes:z compounds,

g
vhich differ ir analoz elements amd bhave identica® moiecular compositions and
3 o 3 ks 3!
isomorchie crystal lattices (Table 11,)
TSle 11
Ternarv cetal conpounds containing carbon
Y Y . . ' i -

1) composition; 2) literature references.

The carvide$studied are mainly coarosed of elezents in the VI and VIIX

e oalie ezl

reriodic groups. ¥any of them can dissolve excess comronent elements and form
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Table 12 '
Contiruous solid solutions between carbides
1) system; 2) literature reference.

. S circraoaaatynoaimtnonaaeoetl

The chemiczl anglogy 2len chows wp well here., The systems in Table 12

vt

are coaposed of phases containing either elements of kx group IV or 7V of the
- Teriodic tadble.
co=pounds

Silicides. The xikixihilwx which have studied most among the ternary silicides
are are thosz containing alumimm or elezents in iim group VIII of the periodic
systez..Som2 exsmples are given in Table 13.

also

Ternary silicides related to electronic compounds are, consifiered jmpm on

Lo 761 zxom.

The limited nature of experimental datza on the comrlex silicides makes it

impossible to make any generaiizations. Only a few representatives have been

more
e studied in detail (For instance, Mn SiAl ; see above).
3 9




Some ternary silicides are contiruous splid solutions betwe=n binary comp~

ounds (Table 14J,

“he first two sysiems are chemicaily anal;gous. The other systeas contain
analog elexm2nis of groups IV, V and 7I of the periodic systez and closely cocnform
to the rule for the formation of continuous sciid solutions fij8/.

“x
Table 13

Tarnary metal compounds containing silicon

1) compound; 2} literature reference.

Iable 14

Contirmous solid solutions between silicides

1) systea; 2} literature reference.
Nitrides. Xcnevalert ternary coopounds contading nitrcgen were sisswmwwyst
cnly discovered coiparatively recently. Sose of thodones grouped in Table iS5

a
show clcariy-m=ar¥ed cues..alXy anaisgy in structure,




Table 15

Ternary metal coapounds containing nitrogen

1) co=pound; 2) literature reference.

Table 16

o

1) system; 2) literature reference.

Cozparison of the continuoue sciid sclnticms formed by nitrides (Tadle 18)
aiso shows the close chemical nature of ternary phases containing nitrogen.

An analrsis of the data given above makes it possidle to lay down that
jn all the grours, known so far, of typical ternary metal co=rounds and ternazy

Thases relating to continuouns metai solid solutions between two tinary metal

compounds, the effect of the chemical factor shows ur clearly ax in the

chemical and crystalechenical ama sirilarity of the ternsry phases in this groud.




. The part played by the chemical factor is also a doninang one in the

~

formatiun of the termary pkases of other groups unrelated to the ternary

compounds /117, for exaaple, limited organic mztal solid sluiicns or ternary

s2lid solutions based on a coaponrent ol the termary diagram. This makes it

} possible ir many cases to rredict the formation of ternary phases in systems -
as yet uninvestigated, and thereby sreztly facilitates the constructior of the

latter.

8. Froperties and Fractical arplication of Ternary Metal Coecounds

There has been very littie investigation of the properties of ternary

metal corrcunds., 3Sut even the experinertal data te hand snables us to establish

the relationshin between the properties and chmmiczl naturs of the ternary

coapounds.

T le 17 gives data on the shade of color of coopounds classed as ™valent™.

It is easy to see that in each triad which has two comion elements the intensity

of the chade increases with the atoaic rusdber of the thirg eleaent {grourc V)

according to a law.




Ccaposition

Table 17

Shzds of color of soze "valent® ternary compounds

Color koxef. Lit. kef.
light red-bromn

red-
Tixkt brown

brosn

wnite to light gray
to red brown
to darx brown

light gray

lizht brom

'clask-brﬁn to black

yellowm-zray

orown

gray-black to black

yellow

browm

gray-hlack

Yeliow




{Tacle 17 cortinuedj

Color

- ‘1

Yxmerous investigationsof the sc-cailed BHeusler ailoys" /111-}23d/ have proved

that their nmagnetlic prorerties are closely associated with the formation of <.
ternary me2tal compounds Cu MniAl, Cu ¥nGs, Cu Xnin and Cu ¥nSn. The first
2 2 2 2

three of these are chenical analogs and the Iastodimsxaxw last differs in

one elsment cliose in chewical nature .

A2/

A similar connection shows up in other ternary systems. for exsrie,
mammetic properiies are possessed by a mi=ber of other ternary coapounds
homical nature and identical crvstai skrawkxyex lattices, namely

=ith 2 coomon

3

Co YnGe, Ni ¥nSe, Cc inSn and Ni ZnSn.
2 2 2 2
¥oridrg in collaboration with Chermov /125/ the author has determined

the electrochemical potentials of certain ternary metai coapounds containing mxswesi

magnesiut or 2lwmimm (Table 1E).

i Table 18

\ Electrochanical potentials of certain ternary metal cospounds
é‘ containing maznassimm or almimn.

3¥x Composition of ternary co=pound £lectrochemical potential Lit, Rer.

at 209 V% -
#¥e give the steady-state values of the potentlais in a 3% NaCl sol. from hydrogen elect!
AL




L ccaparasen of ternary coapounds with two comzon elements shows that
- 31 most cases whxmthevcdsxmucaermoecaxkmxEk the greater the difference in
chenical comrosition between =ach of the two elements and the third, tne acre
rositive the rotentials becone.

The quantitative volues of the microhardncss of certailn ternary aetal compounds
were determined f7, 1255127/. The author determined the microhardness of soae
ternary cocpounds containing alwmimum and magnesium of interest froz the stand-
point of developing light 21loys for aviation. The rzsults of this invac,qéigatinn

ars given in Tables 19 and 20.

Table 19
Microhardness of sme ternary metzl coxpcunds containing magnesius

Y . ) 2) 1) ¢)

(23]

W

2
1) ¥o; 2) composition of ternary compound; 3) microhardness at 20° E a kz/== ;

43) literature reference.
By comparing tne values for microhardness it is possivie to ses that in
. most cases the latter incridses ¥ith an increase in ths chemical dif{erence in

the siezents forming the ternmary ccmpound. A similar re rity can be ohserved

e s

compare ternary compounds with Uwo elezents in coazon, for examrle, (Tab1e 19},

i




dam

Nos. 1-2; 34-5; 6~7; 7-€. KHereover, in this gseries of termary coupounds
containing magnesium, the harfiness is greater in caseg where the nagnesiws

coshines with elements along way away from it in the pericdic systen (¥os. 5-8

have H -~ T

(Nos. 1~ and 67 with a hardness EG: 239-345 kgf=m ).

-

2
= 145461 kgfm= ) compared with those caopased of elosar-*Ting 2lements

2

Teble 20

#icrohardness of some ternary compounds cosntaining aluminuza

' 23 1) u 1) 2} 2) (")

- 2
1) Nos 2) compcsition; 3) miceohardness at 207 ED kg/me ; h) literature ref.

A similar regnlarity is ohserved, generally speakinz. in the group conteining

aliainum {Table 20). Thus, the hardness of coapounds 1-5 in Talle 20 contairning,

apart from aluwwirnom, elements of pericdic groups I ani II varies wikideex c7er a
o2
range of fairiy small values (g = 297-41l kg/=a ); compounds 6-10, which inclunde
2
group VI and VII elezents, show increasad hardress (= 4“2-BEO kzfm )3
finglly, the last five compounds (Nos. 13-15 in Table 20) containing group VIII

2
eiesents have the greatlest iardness (Hg - 740-2247 xe/on )/

Tnus, the hardress of ternary meiai compounds is a knomn function of the



3 Q«.;{-em
cositicn of the constituent elements in the periodic Sekde, thai i3 to say,

it increases as the chemical prorertiss of the elements differ,
A mmber of publications /125, 125/ are devoted to determination of the ‘
hardness of ternary metal coarounds at elevated texperatures., ,
%
Ths microhardness of certain termary compounds containing alvminumat
at 300° is shown in Table 21 /125/. i
1
;
Table 21 i
i
i
Microhardness at 300° of ternary metal i
* !
compounds contairning alumimm i
A X T :l i
1) - 2N o) 1 i
# Indentor load 50 ¢ ]
“ 2 <
1} composition; 2) microhardness in kg/mo , scaking for; 3j 30 sec; k¥ 60 min;
It should be pointed out that when the temperature is sufficinidtly high,
2
2o0st ne*al co=pounds charge to a plastic state and accuire property cf easy

.,
+

deZormation.
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This was Zirst proved for the case of binary metal campoumds by Savritskiy.

carrded ou:r a great deal of axperimental =p 1 /128-3 1/ which has been general—-

- - $ St ot NSRS LLO=L 22 WNRALCN

i

ized in an extensive monogpaph showing the possibility of pressing metal compounds
during heating, and investigating in detail thz structural and v:v.2roy changes
taxing place during the process.

Cur own experizenis on pressing ternary metal compounds zlso enable;{s to
establish that ternary ccapounds fragile at normal tesperatures change to 2
pilasiic state wnen heated and become iizble tc considerable deforsation. it
was established, in particular, that thke rossibility of de=foraing certain ternary
conpounds (for example Caﬁl‘gSZns) enabies us to give thzm a more favorable

2

structural share and thereby have an positive effect on the alloy's plasticity

indices as a whole.

+ should be pointed out in conclusion that there are as yet too faw
experimental datato establish the definite quantitative relationships betwzen
k
the composition of terzary compovnds and their properties. 3ut the investigations

'3
carried out indicate the existpnce of certain naturals laws in this raspect

determined by ithe cheaice. nature of the elezents forming the termary compound}-

[
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properties
the greater the difference in tne chemical xutwxe of the elements,fwwimExiheroo -

stronger _
the xrme¥sy their chenical bond, and the more stable the compounds formed become; .

He
- N - - - - . - e -
their hardness incteases , the melting proint is raised and electrochemical

petentials improve., 1ln a musber of cases ithese rrogerties can be sucressfully

agplied in alloye for impreving the mechanical rropesrties, heat resistance and

14
corrosion restisternce.
A -

metal
- Ternarypacomprounds ars met with in the structure of many allorys of practical

importancc. Thz greatest amount of research in which this is desonstrated is

devzetel to alminm alloys f133-142/. The ternary coarpounds are present in them

st .

e e Y
&= < s <
both in a free! Structurs®) state 2s wxell as in the fom of solid solutions contairing

these coxpcunds. i
The preperties of ternary metal compounds and the conditions under which

they interact with the base metal of the alloy make it pcssidble to note the following

gereral princirles for their uses

-

1). Hardening of solid solutionsiby déssolving timsodmx ternary metal compounds

in them. ¥hen such iernary ssxmmniz<feysy solid solutions form, the interatomic
bonds which occur are more Xkxx comrlex than in birary compounds, and there is

2 siderably more distdrtion of tle crystai lattice,giving rise to greater

N COnSAGET AT

nardening,




2}. Hardeninp alioys by foming in thex structure-free terpmary metai

Some of these ternary compounds

compounds marked by greater mechanical properties.

have rreater hardness than the binary ones, hencs the hardening effect may als.
be more clearly marked. Ty¥pical in this respect are cases of the improvement in

the hardness of insirument steels iy through the formation of ternary carbides

ey

e W C, Fe ® C /81, 1h3/, T1 ¥ C /i4k/, and so on.

cf the {yre
22 56 22

3}. The hardening of alloys through the fomation in them of ternary metal

compaun-is confaining a relatively creater quantity of metal 2s the base than in

birary compounds. Here the effect of *he alloying eliements on the structure ,

i

and properties shows up more strongly thar in the formation of the birary compounds.

Thus Dudzinskiy /145, 146/ and his soworkers have shown that the formation

of fernary metal compounds in aluminum alloys car in certain instances appreciably

stressing
increase the moditlus of normali siesticity of the latter. Fhile mitakwgxswk

that in certain cases the acdulus of alwminun alloys increases 20%, the atthors

- note the gres

ct

effect, of great practical importance, of %fer ary metal compourds
on the properties of industriai alloys, particularly those :sed in aviation.
“”
L. The use of the tesrerature-variable solubility of ternary metal compounds

in the base metal in order to bring a2bout hardening through heat treatmeni, vhich

;; o

T 2412
consists in guemehinp with suthsequent aging. It has been established that in a
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nurber of ternary systems solid solutions with metal bases mav be in 2 state of

equilibriuz with different ternary meial compounds; for many alloys?%h'e system
"metal-ternary metal compounds™ it has been dewcnstrated that thers is an in~rease
in the soiubility of the ternary compound during heating. Thus, as a result of

(1%
the tempering of certair zllicys of this type we can obtain su;cersaf;rabed solid
sciuticns capable of herdening during subsequent agirg.

The po53ibility 35 noted of using ternary compounds for hardenming aluminum
alleys/16, 138, 147, Wh8/. In particular we should point out a nurber of
investigaticns by Bagaryatskiy f149-152/ in =xhich he sives a detailed analysis
of the role of the fernary phase S(A].,Cuifg) during the aging of aiwminum z1107s.
From scme other invesigation /153-156/ the similar réie of the ternary cospound
T{Al, ¥z, Zn) is obvious.

Ve mad: a special investigation /157-159/ of cast and pressed aluvminum-
ang maenesiur-base 2lloys during which we demonstrated the possibility of hardening

these alioys with ternary metal compounds.

5). Improving the heat resistarce of alloys centaining ternary metal compour.ds

by creating a structure v ich prevents plastic deformation to the maximum extent

during heatinz. at certain tesperatures this structure, as shown by Kornilov in
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mmber of investipations /160-162/, corresponds to a stat: ir which the selid

maximum. In the given case there fom snlid soluticns
saturated with ternary metal c¢ozpsunds. By virtue of their more cozplicatdd
crystal lattice ternary solid solutions should have greater resis.ance to

deforiaticn at elebated temperatures comrared with binary solutions.

Influence of temperature on hardness of sgme met2: comcounds and heat-resistant

1
ailcys f163/; arrows irdicate 0.6 T o= (l}fe UoT; {2) 1 Fe o C3(3) Fe ¥o ; )
T : L 2 2 2 4 7 6

(Lh) alloy S-816; (5) jetailoy i650.

influence of temperature on hardress of certain metal coxzpounds J1€3/; arrows

show C.6 T : (1) § Fe Cr Ko ; (2) x?e cr ¥o 3 (3)e Colr; (4) ¢ FeCr.
36 12 3G

decomposition
The dORAY[of ternary solid sdlutions with precipitation of pariicles of

ternary metal compounds, in 2 state of dispersion or with pre-precipitation

of the particles, mzay 2isc cause greater plastic sirength during heating, and

consequently, may increase heat resistance.
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Tt is also aavisatle to use the high derree cf hardness and oxidation xwxi

reciatznee of a numher of irr-ary =etal coipounds when develorins tm hea

resistont skwrkxx aillovs. Scme ternary caapunds /i$3/are considerzbly greater
in hardness than modern heat-resistant alloys (Fiz. i2J) and birary metei ceapo
(Fiz. 13) at normal, and rpariiculariy, elevated, ienreratures.

The possibility of incresaing the heat resistance of aluminuz alloys ®ith
“ernary metal cotrounds was desmcnst:ated by us in earlier research f18h, 165/.

addition to thex
(;5). The imprevement of corresion registance in alloys oy the intyminxtkeny

and suitable structural distribuiicn in them of ternary metal cowpounds with
fzvorah e zlectrochemical potantisls in the given cperstionsl ==dia.
study

Tne investigation fi64/ is devoted to X srecizi WNIPWFREGAGH of the
effect of termary =aetal cocepourds on the ccrrosion resistnace of pressed alwins
21loys.

7). The rroduction of alloys with definite ghysical properiies by using

the corresccnding prorperties of ternary metsl compounds . This includes, for
exazple, tie zbove-guoted work on Heusler alloys {mox3idfix (v. 787).
8). The use of tern: cy metal compounds in order to imrart technolegical

nronertizs to alioys. In this commection we sheuld point out investizations




i

cenesrnea with the effect of termary compounds cn modified siimines, on the

- - - - f*‘ - - - i
tlasticity of castings of alwminu= alleys /133, 171/ and chrome-mangancse f172/5
2nd 21ea on refining metals, for exaxrle, the <ecardonization of uranium f173/.

The efrect of ternar

o

metal cozpounds on th? froperties . alwzinus and

=zenesium alloys is comsiderad in more detzil in fi7h/,
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