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PREDICTION OF HIGH TEMPERATURE METALLIC PHASE DIAGRAMS
Leo Brewer

Inorganic Materials Research Division
Lawrence Radiation Laboratory
and Department of Chemistry
University of California
Berkeley, California

Abstract

The Engel correlation between electronic configurations and crystal
structures of metallic phases is confirmed and applied to the binary and
multicomponent systems of the thirty metals of the three transition series
from.the alkali metals to the nickel-platinumvgroup. The use of the Engel
correlation to obtain electron configurations and the épplication of
internal pressures of the metals to the regular solution theory together
with consideration of the sizes of metal atoms makes poésible the
prediction of unknown phase diagrams. Diagrams are given as proJections
upon a composition scale and composition ranges given are the maximum
extent over the entire temperature range of the solid phﬁses.

Of the two billion possible multicomponent phas¢ diagrams of the
thirty metals, at least .one ahd a half billion are readily obtained from
the figures, tables, and text and methods arc described for extending the
procedures for prediction of phase diagrams to additional diagrams outside

the range of metals considered.
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‘I. Introduction

The knowledge of high temperature phase diagrams is important for
the design of high temperature purification processes such as zone
refining, vaporization of materials away from impurities, vaporization
of impurities by vacuum heating, and other purification processes. Such
processes can be expected to play an important role in the production
of semiconductors; superconductors, and other materials requiring high
purity. There 1s evidence that certain structures are particularly
favorable for high critical supercondﬁcting teﬁperatures and fields and
phase diagram information 1s needed to indicate the composition ranges
that can be prepared with a given structure.

The present paper deals with the predicfions of the.multicomponent
phase dlagrams for the thirty metals of the three transition series from
potassium through nickel, rubidium through palladium, and cesium through
platinum. The complete dcscription of the phase behavior of these
metals in.various combinations requires over two billion diagrams. For
example, there are 582,000,000 fourteen~comp§nent diagrams, 142,500
four-component diagrams, and even 435 diagrams are required for on}y the
binary systems. It is clear that it is not possible to establish so
many diagrams experimentally in the forseeable future and one must

correlate theory with existing data to predict the missing information.
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II. CONFIRMATION OF ENGEL CORRELATION

In this paper the Engell’2 correlation between electronic
configuration and crystal structure is used together with the regular

solution theory3’u’ll3

nf solubllities to predict the structures of the
various phases of a diagram and their ranges of composition. The
Engel model ascribes the occurrence of the body-centered cubic
structure (Structure I), the hexagonal close-packed structure
(Structure II), and the face-centered cubic structure (Structure III)
to concentrations of one, two, and three valence electrons per atom,
respectively, with these valence electrons in the s or p state. Only
electrons in s,p states are supposed to influence the crystal
strﬁcture. The Engel model provides the opportunity to make rafher
straightforward correlations to determine the distribution of electrons
between d states on one hand and s or p states on the other hand and
therefore to predict the crystal structure as fixed by the average
number of s or p electrons per atom. It has been shown previouslyl’2
that the Engel bonding model does yleld a saﬁisfﬁctory correlation with
existing data. However, it is of value to provide an independent
confirmation of the Engel correlation. |

Moore5 has compiled the exiéting data on the known electronic
states of the gaseous atomic elements. The spectroscopic state
designations are listed together with the excitation energies of the
states and the electron configurations corresponding to each state.
As an example, the ground electronic state of potassium is listed as
8 28 state corresponding to an electron configuration beyond the

closed shells of a single s electron. The first excited state is a
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2P state with an excitation energy of 37 kcals/bole and corresponds to
a sinéle p electron. The 2D state corresponding to a single d «lcetron
has an energy of 62 kcal/hole above the ground 28 state and a promotion
energy of 62 kcals/bole is required to promote the s electron of the
ground state of potassium to a 4 electron. All of these configufations
provide one electron per atom for bonding.

The data tabulated by Moore can be used to determine the prb-
motion energy required.to obtain the various electronic configurations
correspondling to the specific crystdl structures indicated by Engel's
correlation. Two electronic configurations with the same number of

g
5s and d sp, would

unpaired electrons available for bonding, e.g. d
be expected to yield comparable bonding energies. Thus if one configura-
tioﬁ requires a much higher.promotion energy than another; the crystal
structure corresponding to the configuration of higher energy would
be predicted to be unstable.

The procedure‘can be illustrated by the data of Table 1 for the
sixth group elements Cr, Mo, and W. The first three columns of
numbers are the promotion energies of the 78, 5D, and 7F states which
are the lowest electronic states corfesponding to the electronic
configurations dss, dhsé, and dusp, respectivelyé. The promotion
energiés shoﬁ that a hexagonal close-packed Structure II corresponding
to the dugp electronic configuration would be quite unstable compared

to the body-centered cubic¢ Structure I corresponding to the dss

configuration. The dhsa configuration is of no value for the metallic
state as the paired s electrons are not available for bonding and this

configuration would yield only four bonding electrons per atom
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compared to the six bonding electrons per atom of the other two
configurations. No data are available for the d3sp2 configuration but
all indications point to a very high promotion energy which would make
the face-centered cubic Structure III unstable. The fifth column
tabulates the enthalpy in kcal/hole liberated when gaseous atoms in

the 7S(dss) state are éondensed to the metallic state. These values
are obtained by adding the promotion energy, if any, to the enthalpy of
subliﬁation. For the present purposes, it is sufficiently accurate to

combine the enthalpies of sublimation at 298°K tabulated by Brewera’llu

with the promotion energles at OOK tabulated by_Moores. The hexagonal
close-packed Structure II would be stable for Cr, Mo, and W,

if the six bonding electrons of the dhsp configuration yielded bonding
energies of 165, 238, and 255 kcal/mole respectively. These are much
larger than the energies of 95, 158, and 209 kcal/hmle obtained by

5

using the six electrons of the d”s configuration for bonding between
atoms in the metal. There is no reason to expect that the six bonding
electrons of one type would yield very greatly different bonding energies
than the. six bonding electrons of the other type. Thus we have an
excellent independent confirmation of the Engel theory as the speétroscopic
data for the gaseous atom rule out any electronic configuration for the
metal other than the configuration with a single s electron corresponding
to the observed body-centered cubic structure.a’lh’lls
In Table 2, similAr data are presented for the fifth group elements
V, Nb, Ta. Although the differences are smaller, the dhs configuration
with five bonding electrons is clearly the only stable configuration

to be expected for V and Nb. Within the uncertainty of using energies
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of lowest electronic levels corresponding to an electronic configuration6,
one can not completely rule out Structure IT for Ta, particularily under
bhigh pressure, but the Structure I has an advantage of around 22 kcal/ﬁmle.

From the occurrencee’lls of the body-centered.cubic Structure I for
the Fifth and Sixth Group transition metals, Engel's rule predicts dhs
and dss electronic configurations, respectively. The above discussion
shows that the spectroscopic data confirm Engel's prediétion.

Table 3 shows the data for the Fourth Group metals. The con-
figurations d3s and dzsp with four unpaired electrons avéilable for
bonding are close enough in energy, within the accuracy of our procedure
of using fhe energies of the lowest electronic states of each configura-
tion,so that the occurrencez’lls of both structures I and II is consistent
with the spectroscopic data. The last two columns list the bonding
energles obtained by adding the promotion energies to the enthalpy of
sublimatione’llh at 298°K. The differences in enthalpy of sublimation of
the two structures is ignored. If aveiage promotion energles of the
electron configuration are used6; the promotion energies are closer and
the two bonding energles are brought closer together, but the dasp
configuration still has a slightly higher bonding energy than the d3s
configuration. '

In Table 4, the comparison of the promotion energies.fbr the
various electronic configurations of Al with those of Sc, Y, and La
is particularily instructive. For Al, the two lowest configurations
82p and 82d are not of value for the metal because the paired s électrons
are not available for bonding and one s electron must be promoted to a
p or d state to make three electrons.available for bonding. No data

are available for the dzs configuration for Al, but all indications are
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Table 1. Promotion Energies and Bonding Energy for Sixth Group Metals,

kecal/mole.
dss( Ts ) das2 SD) d.hsp( 7F) a’s AHg b1
bond
Cr 0 23 70 95 95
Mo o 31 80 158 158
W 9 0 55 209 200

Table 2. Promotion Energies and Bonding Energy for Fifth Group Metals,

kecal/mole.
32 d*s(%p) a3sp(%a) a*s  om b1
. : bond
v ' o € 47 129 123
Nb 0 3 47 176 173
Ta 0 28 50 215 187

Table 3. Promotion Energies and Bonding Energies for Fourth Group Metals,

kcal/mole. ‘
as2(3r)  a3s(°F) a%sp(°a) s a%p
; bond bond
Ty 0 19 s 132 158
Zr 0 1k 42 160 - 188
Hf 0 ko 51 200 211

Table 4. Promotion Energies of Third Group Metals, kcal/mole.

sap( °p ) dsz(zD) dzs( hF) dsp( uF)

Al 0 92
Se 97 0 33
Y 30 0 31

La Ly 0 6

sp2(*p)
190 83
k5
43
40




-8- UCRL-10701 £V

that it has a8 very high promotion energy and that Structﬁre I would

be very unstable for Al. Structure IT corresponding to the configuration
d sp is seen to be unstable by over 100 kcal/holea Thus Structure III
corresponding to electronic configuration sp2 is the only possible
structure. 1In contrast, the electronic configuration of Sc, Y, and La
with three bonding electrons that has the lowest promotion energy is

{1%3 corresponding to Structure I while the d sp configuration is not

mv~h higher in énergyo For Sc, the number of levels to be averaged

1s small encugh and sufficient data are avallable to allow the caleculs-
tion of the average energies of thé configurafions6" Thus the average
energies for d°s and d sp are found to be 50 and 58 kcal/mole,
respectively compared to 33 and U5 kcal/mole-for the lowest electronic
statés of the configurations. The best available datalﬁ’llg
Sc, Y, and La all have the body-centered cubic Structure I at high tem-
peratures and the hexagoﬁal élose—packed Structure II at lower tem-
peratures in agréement with the expectations from the spectroscopic
data and Engel's correlation. La also has the face-centered cubic
Structure III, but no data are avallable to celculate the promotion
energy of the sp2 configuration of La. A high promotion energy is
expected for this configuration. Since the bonding energies of the

d sp configurations ére slightly higher than for-thed?s configﬁrations,
the higher ﬁromotion energy of the sp2 configuration might be offset

to some extent by a high bonding energy, but one would not expect a
substantial difference in bonding energy. In the absence of data for
the promotion energy of the sp2 configuration, one can not say whether

the occurence of Structure III constitutes a contradiction to the

indicate that

(o]
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Engel correlation although one would not have predicted its occurence
a priori.

Table 5 presents the promotion energies for fhe alksline earth
metals. The data5 are complete enough and the calculation.simple
enough to allow tabulation of the average energy of each configuration
rather than the energy of the lowest state of the configuration6° The
data for Mg exclude any bonding configuration other than sp and therefore
any structure other than Structure I1. The sp and sd configurations
for Ca, Sr, and Ba are close in energy. The body-centered cubilc

Structure I corresponding to configuration sd is foundz’lu’lls

~at high
temperature for Ca and Sr and at all temperatures for Ba. Sr also

has Structure II. The non-occurrence of Structure II for Ba is
consistent with the promotion energies. One would have expected Structure
ITI for Ca, but pure Ca apparently does not show this structurelh, Ca
and Sr also have the face-centered cubic Structure III. Such a
structure seems incompatible with the Engel correlation. It would
require promotion of an electron from a closed shell to the configura-
tion psd sp. Such a configuration should have a considerable promotion
energy aithough no data are available, but it would have four bonding
electrons which might yield enough extra bonding energy to make up for
the additional promotion energy. One would not have predicted the
occurrence of these structures a priori.

Examination of the bonding energies of the various elegtron
configurations tabulated in Tables 1-5 together with the additional
data to be presented show that generally the bonding energy of a 4
electron increases very markedly with nuclear charge from the first

transition series to the third transition series. Thus the bonding

2
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Table 5. Promotion Energies of Electron Configurations
of Alkaline Earth Metals, kecal/mole. +

2

8 sp sd .
Mg o 80 140 -
Ca 0 55 60 vy
Sr 0 52 56
Ba 0 1l 29

Table 6. Promotion Energies and Bonding Energy for Seventh Group Metals,

kcal/mole.
d552(6s) d6s(6D) dssp(aP) dssp
. ' bond
Mn o) 49 53 <120
Tc 0 6 L6 202

Re 0 , 35 56 2h3

Table 7. Promotion Energies and Bonding Energy for Eighth Group Metals,

kcal/mole.
as? 5D) dTs(5r)  ®sp(™)  Cep
v bond
Fe 0] 22 ST < 157
Ru 19 0 70 203

Os 0] 15 T0 257
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energy of the d5

s configuration is 114 kcal/mole larger for W than for
Cr or 23 kcal larger per d electron. The data for the transition
elements of the fourth to seventh groups, considering both structures
I and II, show increased bonding energies for the third transition
series compared to the first transition series ranging between 21 and
23 kcal per d electron. This trend is in contrast to the almost
universal trend among all types of compounds2 for bonds involving only
s and p electrons to decrease in bonding energy as one moves downward
in the periodic téble to larger nuclear charge. The effect of increas-
ed nuclear charge upon the strength of d bonds must be due to contrac- .
tion of the closed shells and increased exposure of the d orbitals
relative to the‘closed shells to allow better overlap of d orbitals

-between atoms at the internuclear distances fixed by the balancing of
attractive bonding forces by the repulsive forces due to interpenetra-
tion of the close shells.

It is of interest at this point to inquire why only the s and p
and not the d eiectrons should in%luence cfys@al structurg. In com-
paring the close-packed Structures II and III, the nearest neighbors are
the same for two structures. Any differences have to do with more dis-

13

tant neighbors. Altmann, Coulson; and Hume-Rothery 2 have followed

133 134

and Wallace that Structures I, II,

3

the suggestions of Ganzhorn

and ITI might be associated with hybrid orbitals of the type sd-, spdh,

p3d3 and have developed a treatment that is iargely consistent with the
Engel correlation. It appears that a resonant mixture of these three

hybrid orbitals with pure 4 orbitals and possibly additional hybrids

‘would fully account for the strong structure directing influence of
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electronic concentration as indicated by the Engel correlation.

For the metals of the first six groups, electronic configurations with
palred velence electrons were excluded as the promotion energies were
smaller than the bonding energies and configurations that did not use all
of the valence electrons for bonding were unstable in the metallic state.
Beyond the first six groups, some configurations require pairing of
some of the d electrons and not all configurations of importance will have
the same number of bonding electrons. In addition to differences in pro-
motion energies, one}must consider differences in bonding enérgy due to
different number of unpaired electrons. Table 6 shows the promotion energies
for electronic configurations of the seventh group metals. Unfortunstely
no data are available for the dhspa configuration. The d6a configurations
with five bonding electrons have lower promotion energies than the dssp
configurations with seven bonding electrons. Comparisons of bonding
energies for other metals would indicate that the two extra bonding eléctrons
for Tc and Re would contribute at least forty kcal/mole additional bonding
energy which would make Structure II more stable than Structure I, in

2,115 The bonding energies due to d58p bonds

égreément with observation.
are 202 and 243 kcal/mole, respectively, for Tc and Re or 29 and 35 kcal
per bonding electron. Thus, an electronic configuration with a high
promotion energy can be the most stable configuration in the metal if it
provides more bonding electrons than othef configurations. For the metals
of the second and third transition series which have large bonding energies
due to more effective use of 4 electrons in bonding, the two additional
bonding electrons provided by promotion of one 4 electron can offset a very
large promotion energy. Table 7 shows a similar behavior for Ru and Os

where the d6sp configuration with six bonding electrons yields a more

stable Structure II than the d7a econfiguration of Structure I with only

2

o
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four bonding electrons even though the additional promotion energy
amounts to as much as 70 kcals. No data are available for the promotion
energies of configurations of interest for Rh, Ir, P4, Pt, Ag, and Au.
All of these metals have the face-centered cubic Structure III corres-
ponding to an sp> electronic configuration with from six to eight d
electrons. The promotion energies required for the sp2 configuration
must be quite large. However, the promotion of 4 electrons to s and p
states unpairs d electrons and makes them avallable for bonding.

Before turning to the behavior of the metals of the first transition
series, it is instructive to examine the trend of bonding energy per
bonding electron for the metals of the second and third transition series
ag one goes from left to right in the periodic table. The s bond of the
alkali-metala provides around 20 kcal bonding energy per electron. The
sp and sd configurations of the alkaline earth metals yield bonding
energies of 36-47 keal per bonding electron. The d ep and des qpnfigur-
ations of the third group metals yield bonding energies of LO-50 kcal
per bonding electron. The fourth grouﬁ configurations dasp and d3s yield
over 50 kcal rer bonding electron. In deaiing with promotion energies
and relative stabilitiesbof structures, it was possible to ignore the
difference between the energy of the lowest state of a configuration
and the average energy of an electron configuration6 because of similar
corrections for the various configurations. This difference can not
be neglected for absolute values of the bonding energies and the values
cited above for the first fourth groups have been corrected approximately
to the value corresponding to the average energy of the electronic con-
figurations. The increase in effectiveness of a bonding electron in

going from left to right in the periodic table reflects the effect of
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increasing nuclear charge in shrinking the closed shells. This reduces
the size of the closed shells, thus, allowing closér approach of the
atoms and more effective overlap of electron orbitals. Beyond the d3s
configuration, there appears to be a reduction in effectiveness of a
bonding electron as one approaches the dss configuration. Without going'-
to the effort of calculating the average energies of the electron con-
figurations,6 the exact extent of this reductiom is not clear. If

one merely uses the energy of the ldwest electronic state corresponding
to a given configuration, the total bonding energies change from 160

to 176 to 158 kcal/mole for Zr(d3s,5F) to Nﬁ(dhs,GD) to Mo(d5s,7s) or a
change in bonding energy per electron from 40 to 35 to 26 kcal. Like- ’
wise, for Hf to Ta to W, the bqnding energy per electron changes from
50 to h3'to 35 kcal. The correction to the average energy of the elec-
tron configuration increases as one goes from d3s to dss because of

the increase in the total number of states corresponding to a given
configuration. Thus, this correction will probably largely wipe out the
apparent reduction in effectiveness of a bonding electron as one goes

p)

from the d3s to d”s configuration. However, there may be steric problems
involved in using all five 4 orbitals in bonding that may reduce their
effectiveness. The dssp configuration of Tc and Re yields bonding energles
5

per bonding electron similar to those for the d”s configuration. However,
beyond Te and Re, the bonding energies per bonding electron increase
gteadily. This is due in part to the decreasing number of electronic
states for a given electronic configuration as the number of unpaired
electrons decreases, which brings the energy of the lowest electronic

state closer to the average energy of the configuration. The lower stability

of a d orbital compared to a sd3 hybrid may also .play a role}32 but the

i
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effect must be due mostly to the effect of increasing nuclear

charge in shrinking the closed shells and, thus, decreasing the repulsive
contribution to the emergy due to interpenetration of closéd shells.

This large contribution to the energy per bonding electron for the trans-
ition metals to the right of the periodic table, amounting to around

50 kcal per bonding electron, strongly favors the promotion of 4 elec-

115

trons to increase the number of bonding electrons. Thus, the occurrence

2, d7sp2, and d83p3

of Structure III and electron configurations d§sp
for Rh and Ir, P4 and Pt, and Ag and Au, respectively, is in full
agreement with the Engel correlation. Although no spectroscopic data
are available for the sp2 configuration, the data tabulated by Moore5
indicate unusually high promotion energies to promote 4 electrons to
the p state for Pd and Ag compared to Pt and Au. This is aﬁparently

the reason for the abnormally low net bonding energies and low subli-
mation enthalplies of Pd and Ag. The correspondingly low internal
pressures or solubility parametersB’h’ll3 then reduces the solubilities
of Pd and Ag in the other transition metals.

The primary factor in the understanding of the behavior of the
metals of the first transition series is the relative bonding ineffec-
tiveness of the d electrons. It was noted previously that the bonding
energies per d electron are over 20 kcal smaller for the first transi-
tion series than for the third transition series. Table 6 shows similar
promotion enexrgies for the dss and dssp configuration of Mn. One would
expect Structure II with five bonding d electrons to be more stable than
Structure I with only four bonding d electrons. It was noted above that
there appears to be a reduction in the bonding stability of the d5 con-

figuration. Since 4 electrons do not bond strongly between atoms of
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the first transition series, the actual stabilities of Structures I,

II, and IITI are very close together for Mn. There are only a few other.
instances of metals with a number of electronic configurations yielding
structures of comparable stability. U and Pu show similar behavior.

The result is a structure like that of @-Mn, B-Mn, or the complex struc-
tures of U and Pu in which the same element can display different elec-
tronic configurations and, therefore, different radii and bonding
characteristics in the same phase. Mn does form the simple Structures
I and I1I, corresponding to d68 and dhspe. In the more complex struc-
tures. it undoubtedly takes on the configuration dssp in addition to

the previous ones.

Table 7 shows that the promotion energy for the d7s configuration
of Fe 1s considerably smaller than the promotioh energy of the d6sp con-
figuration. The relative ineffectiveness of the d bonding results in
Structure I being more stable than Structure II. The magnetic behavior
of Fe and the close-by metals of the first transition series is direct
evidence that the d electron contribution to bonding is poor enqugh 80

-that they are not used for bonding and are left unpaired. One does not
observe this evidence of unpaired elect?ons for transition metals.of

the second and third series since the d electrons can be used so effec-
tively in electron pair bonding , which removes their magnetic contri-
bution. The occurrence of Structures II and III for Co and Structure

III for Ni and Cu, which require promotion of paired d electrons to p states

is probably to be attributed more to the effective use of additional p

electrons in bonding than to the availability of additional unpaired 4

electrons.
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ITI. PROCEDURE FOR APPLICATION OF ENGEL MODEL

The interpretation of the Engel correlation in terms of spectro-
scoplc data for the gaseous atoms is not essential for the use of the
Engel correlatiqn in the prediction of metallic phase diagrams, but
the confirmation shown above lends confidence to the use of the Engel
theory in the following discussion.

The understanding of the phase behavior of the trahsition metals
is complicated by the varlety of factors that must be considered. A
great deal of effort has been devoted to the evaluation of the important
-factors. The previous publications are too extensive to be reviewed
here, but recent reviews7'12 2863%’%ﬁe earlier papers. It is generally
agreed that the primary factor which fixes the thermodynamic properties
of metallic soiutions is the electronic structure of the components.
Important secondary factors, which are,in turn, functions of the elec-
trénic structure, are size, electronegativlity, and internal pressure
or solubility parameter. The presept-treatment follows previous efforts
by setting up a model which incorporates the Qarious factors and attempts
to determine the variation of their influence in various alloys across
the periodic table. Because of the number of variables, it is important
to make their application as explicit as possible. Unless otherwise
noted, all experimental data used in the following correlations are

from Hansen and Anderko,lh Lunden,15 and Matthias, Geballe and Compton.

16
The Engel correlation between crystal structure and electronic

configuration allows one to fix the major variable. In the previous

discussion, Structures I, II, and III have been assigned to the elec-

tronic configurations corresponding to one, two, and three electrons

per atom, respectively, of the 8 or p type. Examination of the
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composition ranges with body-centered cubic Structure I for non-
transition metal alloys or metals of known valence indicates that Struc-
ture I actually is stable up to 1.5 electrbns per atom of the s or p
type. The hexagonal close-packed Structure II is fouﬁd for the Hume-

3 CuZn3, Cu3Sn; and Aan3 énd for solutions of
Li in Mg and Zn with electron to atom ratios as low as 1l.7. On the

Roth.eryl7 phases LiC4

other side, the electron to atom ratios are just slightly above two

in the Ga-Mg and Al-Zn systems with a maximum value of 2.12 in the Al-Mg
system. From these results, Structure II is seen to be restricted

to s,p electron.to atom ratios of 1.7 to 2.1. The solid solubilities
of 11, Mg, and Zn in face-centered cubic Al indicate that the electron
concentration may drop to below 2.5 electrons per atom and still retain
Structure III, but the solid solubilities of Si and Ge in Al Indicate
that the concentration cannot rise appreciably above three.

The fundamental assumption of Engel's model is thatlthe number of s,p
electrons alone directly fixes the crystal structure. With the assignment of
ranges of s,p electron concentrations to each structure, the knovledge
of the structure fixés the 8,p electron concentration within the indi-
cated ranges and therefore fixes the concentration of d electrons in
transition metal systems by difference.

Engel, in agreement with others,18 expects the unfilled 4 shells
of the first half of the transition elements to act as sinks for elec-
trons and, thus, to tend to keep the concentrations of s or p electrons
below the 1.7 lower limit of Structure II. In the previousvdiscussion,
it was seen that the promotion energies required to promote d electrons
to p electrons were sufficient to favor the body-centered cubic Struc-

ture I. In agreement with this, all of the transition metsls of the

S
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218,15, 115 g icture T at least at high temperatures,

first six groups haye
if not at all temperatures. The elements of the earlier groups cannot
trap electrons as strongly in the 4 shell as those of the later groups,
and Sr and the third and fourth group metals transform upon cooling to
Structure II. The change in electronic structure on the basis of the

l'sslpo'

Engel model is from d > for body-centered cubic'Y, for example,

to al3s2p0:7

for hexagonal Y. The recognition that the various struc-
tures are not restricted to integral electron concentrations requires
some modification of the previous discussion which was restricted to
integral concentrations. Thus, Mo and W, for example, would be expected
to dissolve up to a maximum of 50 atomic % Tc or Re, corresponding to an
average electronic configuration dsslpo's, and still retain the body?
centered cubic Structure I. Reference to the phase diagrams to be
preseﬁted'in Segtion-VIII below shows that the maximum solubilities range
from 37 to 45 atomic %. |

As another illustration, the system Mo-Pt can be considered. To

5, 12 atomic percent Pt would

attain the limiting configuration dsslpo’
have to dissolve in Mo with Structure I. Addition of more Pt should
cause a transformation to Structure II which would be predicted to lie

between 18 and 28 atomic percent Pt corresponding to the range in

Sslpo'7 to dsslpl'l. Finally, one would

electronic configuration from 4
predict the face-centered cubic Structure III between 38 and 100 atomic
percent Pt corresponding to the range dsslpl'5 to d781p2. Actually,

from the behavior of Pt in other alloy systems, it is found that it is
very difficult to ;educe the d concentration in Pt all the way to the d5
confiéuration, particularly when the other metal is not of the third
transition series. The procedure in the use of Engel's model is to trans-

late all of the known structural data into electronic configurations which

give the respective concentrations of d and of s,p electrons. This, then
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provides information of the variation in the stability of the d con-
figuration across the periodic table. With alloy systems involving
elements in the middle of the second and third trensitions series, one
finds that the metals tend ﬁo the d5 configuration with a minimum pro-
motion of 4 electrons to the p state. For metals of the early groups,
it is more difficult to build up the d configuration as high as d5 and
for later groups it 1s more difficult to drain off 4 electrons to a
configuration as low as dS. Examination of the available data allows
one to predict the extent to which these early and late group metals
will deviate from the d° configuration. Returning to the Mo-Pt system,
Pt would be expected to assume a d5 configuration only in the Mo rich
region of Structure I, would bve expected to have a configuration between
d5°5 and d6 in the hexagonal Structure II region, and a configuration
between d6 and.d7 in the Structure III region. N
The fixing of accurate limits of each region depends upon factors
other than electron concentration. The limits of stability of a phase
do not depend alone upon properties of the phase In question, but are
also fixed by the properties of the saturating phases. If a phase
disgram containing several intermediate phases is studied under condi-
tions where the saturating phase can be changed through proper seeding,
for example, with other conditions the same, then the solubility limits
of the phase are changed. For this problem, one must consider factors

such ags atomic sizes and solubility paramﬁterso3’h9113

For the range of
metals to be considered here, differences in electronegativity need not
be considered separately as this factor is included in the use of the

Engel correlation to fix variation of electronic configurations. For

the Mo-Pt system even size and solubility parameters differences are

2
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small, and the effect of these factors will be illustrated for

" other systems. The final predictions for the Mo-Pt system in atomic
percent are as_follows: Structure I, 0-12% Pt; Structure II, 30-53% Pt;
Structure III, 63-100% Pt. These values represent the maximum ranges
expected in the complete phase diagram. At lower temperatures, the
ranges will decrease and ordering phenomena may arise which can result
in miscibility gaps within each structure region.

Although the limits of each region depend upon the adjoining satu-
rating phase, it is convenient to consider each structure separately.
The structures to be considered are the I, II, and III structures
already discussed. In addition, there are the Cr3Si, o, and a-Mn struc-

0
40,43, bk which are found for s,p electron concentrations tetween

tures
1l and 2 electrons per atom when proper size ratios are satisfied and,
finally, the Laves phases and similar phases which depend very g@rongly
upon size fa.ctorsm"h5 although electronic configuration still plays
a role.12,19,20,u3,uh

The elements of the first transitién series require different
treatment than those of the following series because of their péor
utilization of d electrons in bonding. This makes the availability of
unpaired d electrons more of an asset for stability for elements éf the
second and third series than for elements of the first transition series.
The tendency of metals of the earlier groups to trap electrons in the
d shells is reduced for the first transition series and metals of the
later groups do not gain as much by promoting d electrons to make more
d electronsAavailable for bonding. Thus, in contrast to Tc and Re, which
have only the dssp configuration correspénding to Structure II, Mn has

both Structures I and III corresponding to configurations

2
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d§'551p0'5-and (iu'5slpl'5 as well as complex structures in which the
Mn atoms in different positions have different electronic configurations.

The flexibility of the electronic configurations of tranéition
elements demonstrated by the variety of oxidation states is also to be
expected in metallic alloy sysﬁems. Just as gold may have oxidation
states of one, two, and three in its compounds with various non-metals,
it has a valence of one when dissolved in non-transition metals2 with
no unpaired d electrons such as Al, Sn, etc. Au has a valence of three
when dissolved in transition metals such as Ir and Pt which have d
electrons available for bonding and thus stabilize the promotion and
unpairing of d electrons. By use of the Engel correlation as a unifying
concept to classify the trend in behavior of a given metal as its metal-
‘lic environment is changed, it is possible to make reliable predictions
of the behavior of transition metal systems. This procedure is illustrat-
ed below for each specific structure.

Consistent with the previous description of the electronic struc-
ture, Cu, Ag, and Au are considered part of the transition metal group
and theirvphase behavior with other transition metals will be reviewed.
However,.they are excluded from the phase diagrams presented at the end
of this paper to keep the paper within reasonable bounds. In addition,
the tenth group metals provide a natural limit to the diagrams in that -
Cr, Mo, and W are expécted to form no compounds and to be immiscible
with the metals Au to Pb, Ag to Sn, and Cu due to large internal pressure
differences?’u Also Ru, Tec, Re, V, Nb, and Ta are expected to be

immiscible with Cu and Ag. Thus the extensions of Figs. 13 to 30 be-

yond the tenth group metals would provide no useful data.
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IV. OCCURRENCE OF THE BODY-CENTERED CUBIC STRUCTURE I
AND THFE LAVES PHASES
The previous discussion has shown that the considerable promotion
energies required to promote d electrons to p states causes the body-
centered cubic Structure I to be favored for metals of the first six

2,14,115,141

groups. Crystal structure data for the metals together with

recent data for the rare earth metalsls’121

confirm that all eighteen
metals of the first six groups of the three transition series and all
lanthanides have Structure I at high temperatures. Mixing of_these
metals does not affect the number of s,p electrons and can be consider-
ed merely as a mixing of d electrons. The absence of changes in s,p
electronic configuration upon mixing allows simple application of the

regular solution theory3’u’ll3

to predict the mutual solubilities.

Application of the regular solution theory requires knowledge of
the enthalpies of sublimation of the elements and their molal volumes.
Accurate calculations would require values.of the solubility parameter,
(AI?V)%, for the metals at a varjety of temperatures as tabulated by
Hildebrand and Scott3. However, the regular solution theory is not
expected to be accurate for solid solutions because there are othér
factors influencing solubility such as matching of sizes, etc. For the
present purposes, it is quite adequate to use room temperature enthalp-
ies of sublimation and volumes for calculations at all temperatures.ll3
Errors due to this approximation as well as to neglect of other factors
are most simply corrected by comparison of the deviations between avail-
able expérimental data and predictions of the calculations carried out
in the simplest manner possible. The enthalpies of sublimation used

2
in the calculations for this paper are those given by Brewer. 114
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The molal volumes are calculated from the densities given by Hansen
and Anderkolh for the solid metal at room temperature. The

equation3’22

2
2

T, - (V/R) | (8 By Vo - (Ve

N\ VAN
with solubility parameters (?ﬁ;%)é and (:1;{>é yields the critical
, 1 2

mixing temperature of metals 1 and 2 if their molal volumes do not

3,22 allow calculations of the

differ much. Corresponding eqhations
solubilitiesiin one another below‘the critical temperatures.

The first step in the calculations is to calculate the solubilities
of the various metals of a given group in one another, e.g., the
soluﬁilities of K, Rb, and Cs in one another. The calculations indicate
that the liquids as well as the solids at temperatures near the melting
point are miscible for metals of the same gfoup.- This prediction is in

agreement with the known f’actslh’l5

for the first six groups. The
highest critical temperﬁture corresponding to the largest'difference in
solubility parameters is that for the Cr-W pair for which the simple
regular -solution cglculgtion predicts a critical mixing temperature of
l600°K compared to the observedlh critical temperature of 1768° .

The next set of calculations deals with the solubilities of elements
from different families in one another. The data are incomplete, but |
one can compare‘the available data with the predictioné of the regular
solution equation to give one an idea of what deviations from the
predictions might be anticipated. In general, the liquids are more

miscible than would be predicted'from the regular solution equation using

the enthalpies of sublimation and molal volumes of the solids at room
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temperature due to smaller heats of vaporization and larger molal volumes
for the liquids. For the solid phases, one finds in the majority of
instances that the solid solubility is smaller than predicted by the
regular solution equation, particularly when the sizes of the atoms are
appreciably different. Thus, for example, for the pairs Cr-Ta, Zr-V, and
2r-Ta, the actual critical temperatures are two to three times higher than
the calculated temperatures and complete miscibility of the solid phases
is not observed even though the simple regular solution calculations
would have indicated miscibility. Thus Zr and V are not misible with

one another although their solubility parameters are close enough
together to predict miscibility. The difference in solubility parameters
of Zr and Nb is greater although miscibility 1s still predicted by the
regular solution equation and in this instance the observations agree
with the prediétions of the equation. It is obvious that substantial
differences in size will introduce strains in the solid lattice that

will cause the activity coefficients to be higher. than calculated b& the
regular solution equation. Although this is the usual direction-Of the
deviation from the prediction of the regular solution equation for solid
solubilities, the exceptions of the Ti-Ta and Ti-W systems might be‘noted
for which the regular.solution equation predicts small solubllities of the
solid phases in one another at temperatures of the order of the melting
point of Ti. The actual critical temperature is found to be substantlally
lower and large solubility is observed. Fortunately the range of
solubility parameters of the metals is so large that one can make useful
predictions to fix the order magnitude of phase behavior even with devia-

tions of the type illustrated by the two T1 systems.
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The high temperature phase behavior of the €lghteen metals under -

consideration here can be summarized as follows. The alkali metals, K, |
. N

Rb, and Cs with solubility»parameters,(é%?)é , of 22, 19, and 16 (cal/écié "
respectively, have mutually misciblg liquid phases and also miscible
solid phases at temperatures in the vicinity of the melting point. The
solubility parameters of these.alkali‘metals are so much lbwer than
those for any of the other metals being considered here that one can
confidently predict negligible solubilities in the solid phases of the
other 15 metals. Even the liquid phases will be immiscible although the
pair K-Ba would be expccted to show considerably liéuid éolubility in one
another near the boiling point of potassium. |

Liquid Ca, Sr, and Ba with solubility parameters 40, 3&, and 34
.(cal/Ec)Z% respectively, are expected to be mutually misciblé. Below
the melting'point the body-centered cubic phases of these alksline
carth metals are eﬁpected to be mutually»miscible also. The solubility
parameters of theée three alkaline earth metals differ sufficiently
from the solubility parameters ofvthe other metals being considered here,
that one.would predict that the solubilities in the solid phases of any
of the other metals being considered would be very small. Even the
liquids would nét be miscible with thé liquids of the other metals
although substantial metal Solubilities of Ca and La liquids would be
expected at the boilihg point of calcium in addition to K-Ba pair L
mentioned above;

The metals Sc, Y, and La with solubility parameteis 76, 70, and 67,
respectively, would be expected to be misciblé in the liquid state and
to have mutually miscible body-centered cdbic snlid phases below the

nelting point. Comoinations of these third group metals with metals of
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the other groups would be expected to show miscibility of the body-centered
cubic phases only for the pairs Sc-Ti and Sc-Zr. For the next most
soluble pair, Y-Ti, a predicted critical temperature of 2400°K for the
solid phases agrees very closely with the experimental observation.15
Sc and Y liquids should be miscible with Ti, Zr, and Hf liquids at high
temperatures, but immiscibility is to be expected even for the liquid
Phases with metals of the fiftk and sixth groups except possibly for Sc-V
and Sc-Cr. Lanthanum with its very low solubility parameter would be
expected to have liquid phase immiscible with even the fourth group
metals liquids.

The solubility parameters of the transition metals of the fourth,
f£ifth and sixth groups are in the range 103-131 except for
146 (cal/cc)% for W end, considering the higher melting points,
are close enough together so that all pairs of liquids should be
miscible and considerable solid solubility can be expected near the

1k and confirm the

melting points. Many of the diagrams are knoﬁn
regular solution predictions of solid miscibility for metals of the

same group. Solid Nb which has an intermediate solubility parameter is
miscible with all the transition metals of the fourth, fifth, and

sixth groups. Simiiarly solid Mo is miscible with all except Zr and Hf.
Solid W with the highest solubility parameter is miscible only with
solid Mo, Cr, Ta, and Nb although V-W should be close to solid
miscibility. Solid Ta behaves generally the same as W except for
higher solid solubilities. Ti is miscible with Ta although Cr is not.
Ti with the lowest solubility parameter of the nine metals 1is ab-

normally soluble since it is reported to be miscible with all but W.

Zr shows lower solubilities than might be expected from its solubility.
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' 2
parameter in that it is reportedlu’l“2

to be miscible in the solid state with
only Nb and Ta in addition to Ti and Hf. Some of the reported data may be in
error due to non-metallic inpurities. Hf is expected to behave similarly

to Zr but with larger solid solubilities.

Thus a rather complete picture can be given of the
composition ranges of the body-centered cubic phases of fhe eighteen
metals of thé first six groups.

Up to this point no solid phases other than the body-centered
cubic phase have been considered. In the binary systems a transformation
can take placeAupon cdoliné with formation of a Laves phase.le’uh’l%5
These are phases with ideal compositions A32 and AB5 and can occur in
one of five closely related structures: fhe hexagonal Mana, MgNia, and

CaCu_ structures and the cubic MgCu, and UNi_ structures. In addition

p) 2 2
to the compositions A32 and AB_, Laves phases with intermediate structures
are fbund21’100

>
tures occur up to the composition AB6. In some of the binary systems of

at compositions ABB, A2B7, and ABh and defect AB_ struc-

the actinides and lanthanides with nickel and copper, a series of such
Laves phases occur between the composition AB2 and ABé. Electronic

12,19,k

configurations determine which of the structures forms, but

the ratio of the radii of A and B is the primary factor in determining
whether a Laves phase will form and all of the Laves structures will be
considered together in the present discuésion. Dwight12 and N'ev:i.‘t.’c.hh

have discussed in detail the various factors which determine the occur-

rence of Laves phases. In these phases, a closer packing is achieved

than is possible with close packing of equal size spheres and the A atom
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is coordinated in A32 by 12 B plus 4 A atoms. The.opﬁimum packing occuis
when the size of the A atom is 23% greater than the size of the B atom.
In the AB5 structures, all A-A contacts are replaced by A-B contacts
and the optimum packing occurs when the size of the A atom is 30 to hs%
greater than the size of the B atom.uh As the size of the metallic atoms
decrease steadily from left to right in the periodic table, the Laves
phases contain B atoms which are to the right of the A atoms in the
periodic table or which are considerably higher in the periodic table
to insure that the B atom is sufficiently smaller than the A atom. In
addition, the solubility parameters can not be too greatly different.
K, Rb, and Cs are not reported to form Laves phases with the B component
any metal +to the left of the Cu-Au group although Mn has a low enough
solubility parameter to allow formation of a Laves phases. It would be
interesting to investigate mixtures of Mn with Li or Na or to reduce
Mn compounds by solutions of alkali metals in liquid ammonia to dgtermine
if a Laves phase could be prepared. Ca, Sr, and Ba are not known to form
any Laves phases with transition metals to the left of the nipth'group

but CaNi5 and MPt5 are knownzl and AB2 phases are known with Rh, Pd, Ir,

and Pt-hh Ca, Sr, and Ba also form AB2 phases with the smaller Mg. The

third grbup transition metals and the lanthanides and actinldes form A82
and AB5 phases with transition metals to the right of the sixth group.hh
None of the Laves phases mentioned so far have had any occurrence in phase
diagrams among the first six groups of the three transition series.
However, Zr and Hf have sufficiently large solubility parameters that
Laves phaées can be formed with anj of the metals with iadii sufficiently

smaller than the radii of Hf or Zr. Thus AB, phases are known or can be

2

expected for Zr and Hf with V and all of the transition metals of the sixth,

seventh, ejghth, and ninth groﬁpsy Zr and Hf form phases with Ni and

2
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provably Co of the UNi_. tyve over a range of compositions. The smailer

5
Ti, on the other hand, forms Laves phases only with the first transition
series metals Cr, Mn, Fe, and Co. The radius‘ratios of the components
of a Laves phase are different from the ratioé for the pure metals since
charge transfer or electron transfer undoubtedly takes place between
elements of different electronic configuration and the resulting radii

-will be those corresponding to ions of the intermediate charge. Howevgr,
for closely adjacent elements of'similar electronegativity the use of the
metallic¢ radii of the pure eléments is é useful guide in predicting the
occyrrence of lLaves phasés. Nb and Ta are too small to form Laves AB2
phasés with metals of the second and third transition series, but they
can fofm Laves phases with Cr, Mn, Fe and Co.

In the phase diagrams among the metals of the first six groups
under discussion, the Laves phases decompose peritectically with

the exception of ZrCr2 and HfCr, which melt congruently and the

2
occurrence of the Laves phases does not influence the phgse behavior
in the vicinity of the -liquidus and solidus curves. However, the
occurrence of the Laves phase in the Cr-No, and Cr-Ta systems is
undoubtedly responsible for the smaller solid solubilities due to
reduced activities of the elements than would be expected from the
regular solution equation. Only in the Cr-Zr and Cr-Hf systems does
the occurrence of the Laves phase make a substantial difference in the
high temperature behavior in the vicinity of the liquidus curves. The
type of interaction responsible for the Laves phase must also persist

in the liquid phase causing a depression of the liquidus curves com-

pared to ideal solution behavior. This results in poor distribution

[
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coefficients bethen the solid and liquid phases for the zone refining
process. Although the other Laves phases do not influence high
temperature behavior in the vicinity of liquidus curves,'they are, of
course, of interest as low temperature phases of unusual properties.

The only other intermediate phase that occurs in the phase
diagrams among the elements of the first six groups is a samarium type
structure which is found in binary diagrams of the various third group
transition metals and the rare earth metals. This structure is not of
high stability and does not affect the solidus and liquidus curves.

In the discussion of phage dilagrams involving the first six groups
of the periodic teble, the problem of relationship between crystal
structure and electronic structure is very simple since all of the
metals have the body-centered crystal structure at high temperatures,
which is to be attributed to the stabilization of the electron
gstructure with a minimum number of electrons in the s and p states and
the remainder in the the 4 state. For ﬁransition elements to the
right of the sixth group, the body-centered cubic structure with
only one s or p electron per atom cannot be maintained unless d electrons
are paifed and thus made unavailable for bonding. In the previous
discussion it was noted that metals of the first transition series
such as Cr, Mn, Fe,'and Co do not utilize 4 electrons efficiently
in bonding. This results first.in the lack of palring of d electrons
between the atoms, which occurs when bonding takes place, and thus
ferromagnetic behavior due to the retentlon of unpaired d electrons.
Secondly this results in the appearance of the body-centered cubic

structure for manganese and iron. On the other hand; the heavier
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transition elements gain sufficient energy through use of unpaired 4

electrons in bonding sb that the seventh group eleméﬁts, Tc and Re, have

only the hexagonal close-packed structure. To complete our discussion of

the occurrence of Strucfure I, 1t is necessary to consider the extent to

which metals of groups 7 to 10 can be dissolved in ﬁody-centered.cubic

metals before a transformation takes place to Structure II or other structures.
It is fortunate the Hume-Rothery and his associatesz3-26’h3’IOlthe carried

out systematic phase diagram studies for Fe and Mn rich compositions and

have made accurate measurements of the solubility limits of each of the

structures. All available data for the maximum concentrations of added

transition metal in atomic percent are given in Table 8 for body-centéred

cubic Mn. The ranges around 50% given for Rh, Pd, Ir, Pt and Au

correspond to the ordered cubic CsCl phases which will be discussed in

more detail below. In Table 9, solubility limits are given for the body-

centered cubic phase of Fe. The data given in these tables were obtained

23,25,26 Gibson and Hume-Ro’(:hery,gLL and Buckley

1k

from Hellawell and Hume-Rothery,
andIhﬁne-Rotheryloj"together with earlier data from Hansen and Anderko.

28,29 presented additional data on

In addition Savitskii and KopetskiiZ!’
the Ti-Mn and Zr-Mn systems, the Nb-Mn system, and the Ta-Mn system.
Savitskii, Tylkina, Kirelenko, and Kopetskii3o givé the Re-Mn dlagram..
The values in parentheses are estimated values for systems for which no
experimental data are avallable.

The trends in both tables are generally consistent with the Engel corre-
lation and the solubility paremeter differences. The effect of electron

configuration of the added metal is best seen with minimum complication



Table 8. Maximum Concentrations in Body-Centered Cubic(I) Manganese in Atomic Percent.
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(0.4)

1 v
7.5 100
zr Nb
1.5 2.4
HE Ta
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Table 9. Maximum Concentrations in Body-Centered Cubic(I) Iron in Atomic Percent.
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9.6
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Rh Pd
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Ir Pt
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Cu
6.7

< 0.2
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0.3

* low temperature a-Fe limit.
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from internal pressure differences by comparing the solubilities in

the body;centered éubic Structure I of Mn and Fe given in Tables 8

and 9 with the corresponding solubilities in the face-centered cubic
. Structure III of Mn and Fe given in Tables 14 and 15.

In the earlier discussion it was seen that the metals of the
first six groups must suffer considerable promotion energies to
attain a sp2 configuration with no gain in the number of bonding
electrons. Addition of any of these metals to Structure III of Mn
and Fe would result in a reduction of the number of s,p electrons
below the critical value of 2.5 and would thus decrease the stability
of Structure III.V On the other hand, solution in Structure I in- .
volves no change in the concentration of s,p electrons. Consistent
with this description, the solubilities tabulated iﬁ the tables show
that the metals of the fourth to sixth groups have higher solubilities
in Structures I of Mn and Fe than in Structure III and thus stabilize
Structure I relative to Structure III. Re, Ru and undoubtedly Tec,
and Os, with their intermediate concentration of two s,p electrons
per atom are found to be neutral in that their solubilities in both
structures are closely the same for Mn. Ru and Os favor Structure III
of Fe somewhat over Structure I. The remailning metais, with the
exception of Co, favor Structure III over Structure I as they have
an excess of electrons which will de-stabilize Structure I by
increasing the s,p concentration above 1.5 electrons per atom. Co
in its Structure II has the electron configuration d7spa Mn in
B -Mn undoubtedly displays a mixture of configurations of ﬁﬁich dssp
would be expected to be an important contributor. This is manifested

in a very substantial stabilization of B-Mn by addition of Co.’
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This stabilization greatly reduces the fields of the other two

forms and low solubility of Co in Structure III of Mn is due to this
competition with the saturating phase of PB-~Vn structure. Fe does
not have any phase with a substantial contribution from an sp electron
configuration and Co then stabilizes Structure III over Structure I

as expected.

The trends in these tables yleld valuable information about the
interactions between the various metals and a number of additiénal
comments could be made. However, at this point, the comments will
be limited to pointing to the effect of the low internal pressure of Pd
and Ag. It was mentioned earlier that these low values are assoclated
with the unusually largé promotion energies required to promote 4
electrons to the p state for these elements. As a result, the
golubilities of Pd and Ag are considerably less than would be
expected from the basis of electron configuration alone.

In the earlier discussion on thg procedure for application of
the Engel model, the procedure for predicting the solubility of
metals of thg seventh to tenth groups in body-centered cubic phases
was 1llustrated by the examples of Tc and Re in Mo and W and Pt
in Mo. This procedure is found to yield maximum solubilities in
good agreement with the available data. The procedure assumes that
the metals with excess electrons will shed their excess electrons

to attain the a’sp °”

configuration. As noted above, this
corresponds to a maximum solubility of 50 atomic percent for Re,
25 atomic percent for Os, 16 atomic percent for Ir, and 12 atomic
percent for Pt in a sixth group metal. One must also take into

account internal pressure differences and competition of other
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phases. Using data for Cr, Mo, and W, the actual solubilities run as
follows: Re, 35-43, Js, 10-20, Ir, 10--15, and Pt, 4-10 atomic percent.
It - is found that the solubilities predicted on the basis of a

dSSlPOOS

are limits whicﬁ are often approached, but generally the actual
solubilities will lover by an amount which depends upon the difference
in internal pressure, the number of intermediate phases, and finally
the degree tn which the metal with excess electrons is able to losé
electrons to attain the d5 configuration and the degree to which the
metal with an electron deficiency can take up electrons to approach the
d5 configuretion. Generally the data indicate that the more removed
the metals are from one another in the pericdic table and therefore
the larger'the electron transfer required, the larger the deviation from
dS'configurationa Sufficient data are available to map out the con-
figurations to be expected for various combinations of metals.

The mixing of metals which are considerably removed in the
periodic table leads to a considerable charge transfer even if they

5

do not quite attain the d” configuration. If Ru is dissolved in HTf,

for example, the average number of s,p electrons per atom would be
below the 1.5 limit for Structure I even in alloys with more Ru'than

5

Hf. The average configuration corresponds to d4”s in RuHf although a

better description might be dh°ssl for Hf and d5°55l for Ru. Thus a
charge transfer of 1.5 to 2 units is expected. Sihce charges of like
sign repell one ancther, Hf ions tend to become surrounded by Ru ions
and vice-versa. This leads to the ordered CsCl structure.

This ordering leads to additional stabilization of the struc-

ture by the coulombic attraction of ions of opposite charge. In

Tabie 8, two body-centered cubic ranges are shown for alloys of Mn
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with Rh, Ir, Pd, Pt, and Au. The ranges around 50 atomic percent

correspond to ordered CsCl structurea33

and the ranges of few percent
solubility correspond to random body-centered cubic structures in
which ions of one type are so far removed on an average that no
ordering is_necessary to avoid coulombic repulsive effects. The
charge on the major metal is spread out over many atoms. If one
takes an extreme example such as ScPt,'one might assign an average

-2 corresponding to a charge transfer

eleétron configuration dss;po
of 3.5 units although the Sc is undoubtedly short of the d5 configura-
tion and Pt has not dropped down to the ds configuration.

One might ask 1f it 1s reasonable to expect such large charge
transfers and particularly the assumption of a negative charge by
Sc.of at least two units. Actually, elements can take both positive
and negative charges. Thus hydrogen takes a positive charge when
it reacts with fluorine while it takes a negative charge when it
reacts with an alkali metal. Hydrogen probably takes on a larger
actual negative charge than it does a positive charge. In HF, it
shares the electron that it has donated and assumes a charge merely
due to the polarization of the electron pair bond_which draws the
electron pair closer to the fluorine nucleus than to the proton.

In an alkall hydride, the one negative chargé of hydrogen is reduced
by polarization of the closed 1 s shell, but lattice calculations
indicate that it has a substantial negative charge. In métals with
their abundance of eleétrons, it is much easier for an element to
assume a negative charge and one can expect both negative or positive
chérge for a given element dépending upon whether the environment is

electron donating or electron trapping. The number of 4 electrons

2
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that transfer is determined by the additional bonding energy
available upon unpairing of 4 electrons plus the additional coulombic
energy that results frpm the presence of iqns; The resulting charge
transfer which is limited by the ionization potentials and affinities
of the metals is then undoubtedly reduced by polariiation of the d
electron pair bonds. The problem of characterizing the stability

of the structure becomes the same as treating the -stability of typical
transition metal compounds where there are both ionic and metallic
contributions to the bonding. This situation has been discussed3l
for the sulfides of Ce, Th, and U'and for other compoundse’32 of
transition metals. The intermetallic compounds with CsCl structure
are expected to have similar properties to those of typical compounds
of metals with non-metals such as Si, N, P, and S.

‘The six alkali énd alkaline earth metals that we are considering
do not form CsCl phases with any of the transition metals. Third
group metals are known32’hhto form CsCl phases with transitions metals
of theAninth and tenth groups as well as with metals of the Cu and
Zn groups. ScRu 1s known and other compounds with metals of the eight
group are to be expected. Ti forms CsCl phases with Tc, Fe, Ru, Os, Co
and Ni while Zr and Hf only fdrms such phases with Ru, Os, énd Co.

V forms CsCl phases with Fe, Rdzzgs while Nb and Ta form such phﬁses
only with Ru. Dwigh’c33 and Yaouo have reviewed the

occurrenée of CsCl phases and their comments upon the relationship
between stability and electron concentration are consistent with
the present interpretation in terms of the Engel Correlation. In
connection with the discussion of metals taking positive or negative

formal charges depending upon the neighboring atoms, it is of interest
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to consider the possibility of a reversal of sign of the charge of Sc,
for example, in the series of alloyst ScRu, ScRh, ScPd, and ScAg. The
Engel theory would predict a negative charge for Sc in alloys where d
electron bonding contributes significantly. However, if the alloying
metal 1s far to the right and needs strong d bonding to offset the high
promotion energy for d electrons, one may reach an alloy where the p
electrons will collapse down into the d shell and Sc need not act as an
electron sink. For metals even more to the right, Sc might become posi-
tive in a manner similar to the electron transfer in NaT{ where the TZ

3

uses an electron from Na to form a diamond lattice with sp~ bonding leav-
ing Na+ held electrostatically. Nevittlm has reviewed the behavior of
the transition metal phases of CsCl structure and indicates that the
elements to the left of the periodic table take a positive charge and
that electronic configuration may not be important. In the present dis--
cussion, the CsCl phases will be retained as part of the body-centered
cubic phase region and will be treated as phases dependent upon electron
concentration.

The above discussion illustrates the procedures that can be employed
to characterize the occurrence of the body-centered cubic Structure I.
The final results after considering competition with other phases are
presented for many transition metal systems in the form of phase diagrams
at the end of this paper. Toward the high electron concentration range of
the CsCl structure in systems such as Ti and V with Ir; Ti with Rh; V, Nb,
and Ta with Ru, and Nb with Fe, a tetragonal distortion of the CsCl
structure occurs which is included in the Structure I region. Additionél
tetragonal distortion leads to the Bll structure which is indicated

separately. Orthorhombic distortion leads to the VIr structurel® whic
i1s included in the Structure I region. It probably occurs also for VRh

2
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V. OCCURRENCE OF THE HEXAGONAL CLOSE-PACKED STRUCTURE II

The hexagonai close-packed strucfure is not a common one for alloys
of the transition metals because of strong competition by strﬁctures with
overlapping electron concentrations. It has been noted above that the
hexagonal close-packed Structure II is to be expected for s,p electron
concentrations between 1.7 and 2.1 electrons per atom. The DO19 Mg3Cd or
Ni_Sn and the Cu. Sb., crystal types are also close-packed hexagonal with

3 10773

ordering of the two types of atoms. The A20 a-U and b’-TiCu3 types are
close-packed hexagonal with orthorhombic distortion. The B19 Au(Cd,

Ag_Bb, DOa TiCu.,, €-Cu,Sn, and ZrAu crystal types are similarly distorted

3 3’ 3 ‘
structures with superlattice ordering. The occurrence of all of these
structures is considered part of the Structure II range. There are a
ﬁumber of close-packed structures with ordering of layers intermediate
between the hexagonal and the cubic close-packed structures which can be
considered as transitional between the two general types_l3,ho,hh,lh5,l5o
Of these, the Sm, DO2br TiNi3 and ay TaRh structures have'been include&

as part of the hexagonal close-packed range with the remainder included

as part of;the cubic close-packed range or separately designatéd.

In the earlier discussion, it was noted that the tendency of the
transition metals of the first six groups to form structures corresponding
to a maximum concentration of d electrons and a m;nimum concentration of
s,p electrons resulted in the occurrence of the body-centered cubic
structure for all of those groups although Sr and the metals of the third

and fourth groups form the hexagonal close-packed structure at low

temperatures. These low temperature hexagonal close-packed phases are
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of little importance in transition metal alloy systems. When a
transition metal to the right of the fourth group, e.g. Pt, is dissclved
in a third or fourth group transition metal, e.g. Zr, the Pt will be
surrounded by Zr atoms. Since the third and fourth group metals can use
their empty d orbitals as electron sinks, the extra d electrons of Pt
can be unloaded to maximize the number of unpaired d electrons available

for bonding. However, to use these unpaired d electrons, the neighboring
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Zr atoms must have sufficient unpaired electrons to bond with the electrons
of the Pt. Clearly the body-centered structure I of Zr with a largér
number of d electrons per atom will provide better bonding possibilities
for the d electrons of the Pt than the hexagonal close-packed Structure II.
In agreement with this expectation of the basis Qf the Engel correlation,
it is found almost universally that addition of transition metals to the
right of the fourth group in the periodic table stabilizes the body-
centered cubic structures of the third and fourth group transition metals
relative to the close-packed structures with less d electrons per atom.
On the other hand, the addition of non-metals or non-transition metals
which can not form d electron pair bonds with the 4 electrons of the
third and fourth group trﬁnsition metals almost universally stabilizes
the close-packed structﬁres. The same tendency to maximize the number
of unpaired d electrons per atom at the expense of the s,p electrons is
seen in the reverse process of dissolving the third and fourth group
metals in transition metals to the right in.the periodic table. For
example, the fourth groups metals show no tendéncy to stabilize the
hexagonal close-packed structure of Co, nor do they seem to be particu-
larly solublé in Re, although internal pressure differences might be the
dominant factor.there. Thus it appears that at least 6.7 valence electrons
per atom are required before Structure II can be obtained at high
temperatures. The instability of the hexagonal close-packed structure for
groups seven to nine of the first transition series exceﬁt for the low
temperature form of Co has been discussed earlier. In the second and
third transition series; Structure II is found for Tc, Re, Ru, and Os
and it is also generally found for alloys 6f other transition metels with

equivalent electron concentrations. The group Tc, Re, Ru, Os and Co with
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sp2 configurations are miscible in all combinations in the hexagonal
close-packed structure.

Taeble 10 presents the composition limits of the hexagonal close-
packed structure for alloys of Co. The experimental values obtained
from Hansen and Anderkolh are rather inaccurate when Structure II 1s stable
only at low temperatures because of difficulty in obtaining equilibrium
between Structures II and III of Co at low temperatures. The values in
parentheses are estimated values. For Mo, and W, the 25 atomic

percent values corresponds to ordered phases of Ni_Sn - type

3
which may be separated by a small miscibility gap from the main hexagonal
close-packed range. The trends are in agreement with the expectations of
the Engel theory. Metals with d58p2 and d6sp2 configurations stabillize
Structure II. Metals with more electrons increase the electron concen-
tration to the limiting concentration at which Structure II becomgs unstable
with respect ﬁo Structure III. Thus, as metals with more and more electrons
are added, the solubility limit decreases. Likewise, metals with too

few electrons decrease the electron concentration to the lower critical
_limit and the fewer the number of electrons per atom of added‘metal, the
lower the solubility limit for Structure II.

To determine the composition ranges for vﬁrious alloys based‘on metals
of the second and third transitions series, it is necessary to establish
the number of 4 electrons per atom associated with the critical limits
of 1.7 and 2.1 s,p electrons per atom for Structure II. The procedure
has been outlined for the Mo-Pt system in the section discussing the
procedure for applying the Engel Model. It was used to fix the limits
of Structure I. The data for the fifth and sixth group systems with Re,

Os, Ir, and Pt will be used to illustrate the method.
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Table 10. Maximum Concentrations in Hexagonal
~ Close-Packed(II ) Cobalt in Atomic Percent.
Ni, Pd, Pt (20) Cr 4o
Rn (67) Mo 2l
Ir (75) W 25
Fe 10 v (15) ’
Ru 100 Nb 5
Os 100 Ta L4
Mn 27 T4 (15)
T 100 zr 0.1
Re 100 HE (0.1)
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The solubility limit of Structure I for Re in Mo and W corresponds
5 10.4

to d”s'p . If the d shell does not fill up appreciably at the lower
5.11 0.7
end of Structure II, the limit would be expected at about d 5 D
or 6.8 valence electrons per atom, which corresponds to a solubility
limit of around 20 atomic percent Mo or W in Re. The solubility limit
of sixth group metals in Os corresponds to 6.92 - 6.96 electrons per
atom. For the low iridium end of the Structure II range, it has
increased to 7.0 - 7.1 and for Mo-Pt, it is 7.12 electrons per aton.

5.1 1 0.
5.1.1 0.7

This indicates a gradual trend from the d hol configuration with

" .
Re to d5 slpO 7 with Pt. The general rule is that there is increasing

deviation from d5

, the farther either of the metals is from the sixth
and seventh groups. Also the metal of first transition series

generally has slightly fewer 4 electrons than the corresponding metals
of the second and third transition series. With Tc, Re, Ru, and Os,

the upper limits of Structure JI are the purc metals with configurations
p)

6
d”sp and 4 sp. For Rh and Ir, there is a transition from Structures II

to III as the Rh or Ir content increases. With Mo and W, this limit
6.2 1 1.1 .
corresponds to d s p with only a slightly higher value in Pd and
Pt alloys of Mo. These trends are gradual enough to allow rather
straightforward predictions of unknown systems.
Table 11 lists the maximum compositions for which alloys of Tec, Re,

Ru and Os retain Structure II. The miscible systems of.Te, Re, Ru, Os

2
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Table 11. Maximum Concentrations in Atomic Percent of Solute in
the Hexagonal Close-Packed (II) Phases.

Ic Re Ru Os
Ni 65 L5 Lo (L)
Pd 60 10 4o (5)
Pt (50) Ll : L5 (35)
Rh 70 25 (50) (ko)
Ir’ 75 Ls 46 38
Fe | (35) 77 (60)
Mn (25) 51
Cr, Mo, W 12-20 L6-52
"v, Nb, Ta 5-15 15-30

Ti, Zr, Hf 4-9 (15)
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and Co have not been listed. For those systems of metals close together
in the periodic table for which no intermediate phases are expected and
for which internal pressure differences together with electron concentra-
tions play the major roles in fixing composition limits, differences in
behavior of Tc and Re and also Ru and Os have been estimated when necessary.
Re and Os have higher internal pressures than any of the solutes listed
in Table 11. Thus the solubilities in Re and Os, respectively, are
expected to be consistently smaller than in Tc and Ru, respectively.

For the systems with intermdiate phases and smaller solubilities, an
average value 1is taﬁulated for each pair. Many of these limits have

not been experimentally established. References are given later for

the systems of the fourth to sixth group metals and for systems of Tc,

Re, and Ru with the metals of the first transition series when drawings

of the phase dlagrams are given. As diagrams are not given later for

he} Ru_ Triot

the following systems, the references are given here'Os-I’rl
2

and Re-PtBu, Ru—Pd35’36, Re-Ir‘h’37, Re-Pd and Re-Rh37, and Tc systems

of Rh, Ir, Pd, and Ptl35. The phaée diagrams of Tec, Re, Ru, and Os with

Fe, Ni, Pd, Pt, Rh, and Ir are simple systems with a miscibility gap

between Structures II and III and with no intermediate phases. The

internal pressures are closely enough the same so that no immiscible
liquids are expected except possibly for Re-Pd and Os-Pd for which the
temperature of the liquid range is high enough so that miscibility is

expected.
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The trendg shown in Table 11 are in agreement with the
Engel theory. Tc, Re, Ru, and Os with their sp electronic
configurations are miscible. Addition of metals to the left
reduces the electron concentration to the critical limit
for Strugture II. The farther to the left, the lower the
solubility of a metal as the more electron deficlent metals
are more effective in reduecing the average electron concentra-
tion. Addition of metals to the right limits the range of Struc-
ture-II_by increasing the electron concentration to the upper
limit. The farther to the right the lower the solubility
as the metals with a greater excess of electrons are more’
effective in increasing the average electron concentrations.

Ru and Os with their excess of one d electron can dissolvev
considerably larger amounts of metals with Structure I than
can Tc and Re.

One of the strongest confirmations of ﬁhe Engel theory is the
occurrence of Struecture II at intermediate cbmpositions when metals
of Structure I are alloyed with metals of Structure III. Wallbaumul
had recognized the role of electronic configuration in the formation

16,42 have strongly supported

of sucﬁ hexagonal -phases and recent data
such a'view. The composition limits found in these systems correlate
with the composition iimits found for alloys of Re, Ru, and Os. Table
12 tabulates the experimental or predicted ranges for the hexagonal
close-packed Structure II of alloys of Rh, Ir, Ni, Pd, and Pt with

metals of Structure I.
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Structure II is consistently cobtained as an intermediate phase when Ir
and Rh are alloyed with metals to the left of group seven. Ni, Pd, and
Pt have such as excess of electrons that Structure III persists even
with large additions of Structure I metals. Because of the deviation
from d5 configuration when the.metals are far removed in the periodic
table, the conposition ranges for Structures 1II and III overlap and
Structure TI becomes unstable with respect to Structure III. The
variation of competition between Structures II and IIY for metals of a
given grour dopends upcn relative bonding strengths of d and s,p electrons.
Structure II is favored over Structure III in alloys of metals of the
second transition series relative ti: the first and third transition
series. Structure II is fermed in the Mo-Pt but not in the W-Pt and »
Cr-Pt systems. However. the phase diagrams given at the end of this
paper show that relatively small additions of Mo to either the Cr-Pu
or W-Pt are sufficient tc¢ stabilize Structﬁre II. Metals of groups
four to six form ordered hexagonal close-packed phases with composition
AB3 which are included as pért of the range of Structure II. Many
values of Table 12 are predictgd on the basis of the Engel correlation.
References are given for the portion of the data of Table 12 which are
experimental at the end of the paper along with the phase diagrams.

No Structure Il phases are predicted for any of the metals of the
first transition series alloyed with Ni because the range of stability
corresponding to hexagonal Co would be too small and would be expected

cnly at low temperature where equilibrium would be difficult to attain
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Hexagonal Close-Packed Ranges in Atomic Percent
of Rh, Ir, Ni, Pd, and Pt.
Cr (50%) Pa
Mo 50-60 Pd Cr 3512 - 79%5 Rh
Mo 28-54 Pt Cr 35+ 7 - 68.5 Ir
No, Ta, Mo 75 Ni Mo 43 - 82 Rh
**¥y, Nb, Ta (50%) Pt and TaPt,, Mo (37 - 76) 1Ir
Zr, Hf 75 Pd,.Pt W b2 - 82 Rh-
- Ti 50-65%P4,Pt;75 Ni, Pd W 41 +7 -+ 78 Ir
| v (59 - 66) Rh
v 50%, (60 - 67) Ir .
M 53-62F 67 - 70 Rh
Nb 54 - 61% Ir
Te, 53.5 - 64* Rh
Ta 50 - 61%* Ir

* Orthorhombic close packed phases closely related to

the h.c.p. structure.

**% The ternary compound Ta (P4, Rh)3 has the h.c.p.

TiNi
3

~[3‘..TaPt3

_structure and monoclinic B-NbPt

3
could be related to the h.c.p. structure™ .

., B-TalNi_, and

154

3
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even if they had a range of stability. Similarly no composition ranges
were listed for Mn and Fe alloyed with Rh, Ir, Pd, and Pt. Any such phases
would be expected to be stable only at low temperatures. For Mn, it is
more likely that a-Mn or B-Mn would be stabilized rather than a hexagona}

phase would form.

The low temperature hexagonal phases of the third and fourth groups

d
have been discussed earlier. They are of little importance in alloy

systems except for alloys within each group where complete solid miscibility
is expected at temperatures near the transition points. The rhombohedral

Sm type structure, which occurs as an intermediate phase in systems of

13

lanthanide or actinide metals, has been reported elsewhere ™~ only in a

distorted monoclinic form for Au6CdIn, AulSCdEZn3 and Nthl 4-1.8° It

is closely related to the hexagonal close-packed structure and is included

as part of the Structure II range in the Nb-Rh diagram of Fig. 1k. Similar-
13,67,71 i

ly, the orthorhombic a., TaRh structure, which has been reported n

1
the Nb and Ta systems with Rh and Ir, is also designated as Structure II.

Examples of the additional varieties of Structure II given earlier in this

section are tabulated by Nevittuu as follows: Dozh TiNi_ - Table XVII,

3
DOl9 Mng3 - Table XVIII and the orthorhombically distorted TiCu, - Table

3
154

are recent additions to the

XX. DyAl Tth3, Ta(Pd,Rh)3, and TeAlNig

3’

list of TiNi3 type phases. Additional examples of the TiCu3 structure

are the ZrAu_,, SbCu,, aTaPt

3’ 3 3
are probably oxygen- stabilized.

, and aNbPt
154

rhases. The last two and aTiNi

3 3

The orthorhombic B19 AuCd structure

of AuCd, CdMg, TiPd, TiPt, VPt, NbPt, MoIr, MoPt, and NbRh is also

1.3-1.6°
related to Structure II, but it is separately designated as B19 for clarity.
This structure also is likely for CrPd, and TaPt. The TaPte structure and

the ﬁTaPt3, BNth3 and BTali, phases are also related to Structure II.
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VI. OCCURRENCE OF THE FACE-CENTERED CUBIC STRUCTURE III

It was noted above in Section III that the face-centered cubic
Structure TII is found for s,p electron concentrations of 2.5 to 3
electrons per atom. With the exception of low temperature forms of Ca,
Sr, and La, which have been discussed above, Structure III is fouﬁd only
among the transition metels for Mn, Fe, the metals of gfoups nine and
ten, and the Cu-Au group. The electron configurations range, on the
basis of the Engel correlation, from dl“"jslp.l'5 for Mn to d7sp2 for the
tenth group and to desp? for the Cu-Au group. These metals ﬁith a_high
d electron concentration have to pay large promotion energies to ugiéir
electrons to make them available for bonding. This requires efficient
use of the bonding electrons. If the bonding becomes less effective in
an'alloy,vthe'atom may return p electrons to the d shell and recover
the promotion energy. A clear example ;s gi#en by the alloying behavior
of the metals of the Cu-Au éroup. In alloys with non-transitioh
metalé such as Al, Sn, Zn, etc., which do not provide possibilities for
d bonding, the atoms will revert to a dlosl configuration. The platinum
metals can be expected to show similar behavior and thus show variable
Valehcies depending upon the environment.

The lowest electron concentration at which one would still expect
the ITII structure is dsslpl's. This lower limit overlaps the upper
limit of Structure II which reaches an average concentration as high
as 8.5 electrons per atom for alloys<of Mo and W with Rh and Ir’

6.41 1.1
8 p

corresponding to the configuration d and the actual limits

are determined by comretition between the two structures as noted in the

previous section. Also the combinations of metals with considerably
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differing solubility paraemeters will restrict the solid solution ranges,
particularly for alloys of Pd.

P4, Pt, Rh and Ir are miscible in all combinations at high tempera-
tures. The highest critical temperatures3u are Pd-Ir, 1476°C, Pt-Ir,
975°C, Pd-Rh, 830°C and Pd-Pt, estimated as 1000°C. Table 13 lists
limits of Structure III as well as isolated ordered ranges for alloys of
Pd, Pt, Rh, and Ir with metals of Structures I and II. Alloy systems
beﬁween metals of Structure II and Structure III are not expected to have
any compounds other than ordered Structure II and iII phases at low
temperatures. These diagrams consist of a miscibility gap between
solid Structures II and III with miscibility of the liquids. References
to sources of data more recent than given by Hansen and Anderkolh for
al;oya of Re, Ru, and Os with Pd, Pt, Rh, and Ir are given in connection
with Table 11. The other systems of Table -13 are given as phase diagrams
at the end of this paper along with references. No other data are
available and the remaining information. in Table 13 is predicted by use
of the Engel correlation.

The compétition between Structures II and III is illustrated by the
intermediate phgses of often relatively narrow range around 75 atomic
percent of metals of groups 9 and 10, which have Stfucture IITI in the
pure state. Alloys of group six metals with group ten metals would
yield the electron configuration d6§p2 at the composition AB3 if a
maximun number of unpaired 4 electrons is to be obtalned. With platinum,
the range of Structure III is well beyond the AB3 composition. Palladium
with its smaller internal pressure has a Structure III range beyond AB3
for Cr and Mo but can only dissolve 20 atomic percent of W.

Ordered WNiu is the 1limit of Structure III for Ni and the use of

2
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Table 13. Limit of Face-Centered Cubic (III) Phases in
Atomic Percent of Solute.

Pt Pd A Rh and Ir

Ru 60 Ru 16 Ru;. Os L5

Os (50) Os ' (15) Mn (45)
Mn, Te 38 Mn, Tc 30 - Te (30)

Re L5 Re (25)' Re 22-40

Cr 62 ~Cr Lo Cr 25-28

Mo Lo - Mo 39 Mo - 15-22 ‘
W 63 W 20 W 19

| v (45) v 57 v (20), v’B'3, Lo-48
Nb, Ta 36 Nb, Ta L6 b 16, WbB, 5, NbB, .
Ti 25 Ti 20 Ta 17, TaBy_5, Talr) )
zr, Hr ' (23) , zf, Hf (22) - Ti, Zr, Hf 15, AB3
Se, Y APt3 Se, Y, la A‘Pd3 Sc 5th3

Formulas are given for ordered phases which are isolated from the main

Structure III range.
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d electrons by Ni is poor enough to allow formation of ordered MoNi

3
with TiCu_ structure, which has the hexagonal close-packed Structure II.

3
7.3slpl.7 712

The electronic configuration between 4 s p for pure Ni

must have changed to d7'551pl'l

dSSlpl.l or to d6.951p1.1

and d

if Mo in MoNi3'has the configuration

if Ni and Mo take the same average configuration.

The corresponding MoPd
d6.3sp1.7

of Structure III would have an average configuration

3

and would have more unpaired d electrouns available for bonding.
Similarly the fifth group metals can extend the range of face-centered

cubic Pd and Pt beyond the AB. composition, but NbNi_ and TaNi_ have theo

3 3 3

ordered TiCu3 type of Structure II. The additional decrease in electron

concentration in going to the fourth group results in the TiNi_ type of

3

3 compounds except for TiPt3 which

has Structure III. ZrNi3 and HENi_ do not form because of favorable

Structure II for all of the ordered AB

3

size factors for the Laves phases of compositions between AB_ and AB&'

3

TiPt3 of Structure III must be due to the poorer ability of Ti to use its

d orbitals as electron sinks. This factor is enhanced in the third group

and almost of the ordered AB, compounds with Pd and Pt have the AuCu

3 3

type Structure III. La and Ce may be able to fill their 4 orbitals

sufficiently to stabilize LaPt3 and CePt3 in Structure II and the use of

unpaired d electrons by Ni is sufficiently poor to allow it to retain

3? YNi3, und

some of the compounds of the first half of the lanthanides and actinides.

sufficient paired d electrons to allow Structure II for LalNi

The lower electron concentration of the ninth group metals
accentuates the competition between Structure II and III and all of the

sixth group metals have AB_ compositions of Structure II with Co, Rh,

3
and Ir although groups six and nine are close enough together so that

there is much less ordering effect and the AB, compositions are part

3

2
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of a broad hexagonal close-packed range. The range for Co is considerably
reduced and CrCo3 converts to Structure III at high temperatures.

The favorable size factor for Laves phases of Nb and Ta with Co
causes reduction of the range of both Structures II énd III. For allbof

the fifth group metals with Rh and Ir, AB, phases of Structure III occur

3
separated from the range of Structure III neaf the pure metals. However,
the reduction of electron concentration by addition of more Nb and Ta
results in stabilization of the oy TaRh type phase which could be considered
intermediate between Structures II and III and is taken as part of the

range of Structure II in the phase diagrams of Section VIII and in Table

12. The delicate balance between the two types of structures is illus-
trated by comparing the Structure II ranges given in Table 12 for Nb-Ir

and Nb-Rh with the Structure III ranges given in Table ;3. In the Nb—Ir
system there are three isolated ranges of Structure III between 52 and 100

atomic precent Ir with the a. TaRh Structure II between 54.5 and 61 atomic

1

percent Ir. In the Nb-Rh system there are four isolated ranges of Structure

ITT between 51.5 and 100 atomic percent Rh including the VCo_ range and

3
Structure IT is represented by o TaRh, B19, and Sm type phases between

154

53.5 and 6L atomic percent. Another example is the mixing of Tan3

and TaRh3; both ordered Structure III, to yleld the sequence B-NbPd, ordered
9 layer Sm, a related 10 layer structure, VCo3, and TiNi3 types ranging

from Structure IT to Structure III. This delicate balance of electronic

and size factors is shifted in favor of Structure III for the fourth group
systems of Rh and Ir byvthe poorer ability of the fourth.group metals to fill

up their empty d orbitals. For Co systems, the Laves phases predominate

for Hf and Zr systems, buthi has two regions near TiCo, of Structure IT and

3
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Structure III. For third group metals, PuCo3 has an ordered Structure II

and ScRh, and ThRh, have ordered Structure III, but generally the Laves

3 3
phases predominate.
The predictions for alloy systems involving the metals of the first

transition series requires recognition of their poorer ability to use their
d shells as sinks for electrons. This tends to favor Structure III to lower.
total electron concentrations than for metals of the other series. The
group of face-centered cubic metals Fe, Co, Ni, Rh, Pd, Ir and Pt aré

1k, 143 and the hexagonal Co

miscible in all combinations at high temperatures
and body-centered cubic Fe phases are reduced in stability by addition

of any of the other ninth and tenth group metals as discussed in earlier
sections. Mn (Structure III) is miscible only with Fe, Ni, and Cu. The
reasoﬂ for the lack of miscibility with Co has been discussed in connection
with Table 8 in Section IV. Tables 1k-17 gives the limits for the face-
centered cubic phases of Mn, Fe, Co, and Ni when alloyed with other metals.
Values in parentheses are estimated. References are given in Section VIII

of this papexr together with phase diagrams for the fourth, fifth and sixth
group metal systems as well as for systems of Tc, Re, and Ru. The references
for all of the Mn and Fe systesm were given in connection with Table 8 and

9. Data for the remaining éystems were obtained from Hansen and Anderkolh
The trends in the tables have been discussed in connection with the

earlier discussion of Tables 8 and 9 and have been found to be generally
consistent with the expectations of the Engel theory and the solubility
parameters. The main exception is the abnormally high solubilify of Cu,

Ag, and Au in Ni compared to their solubilities in Co and Fe and their

respective solubility parameter differences.



Table 14. Maximum Concentrations in Face-Centered Cubic(III) Manganese

in Atomic Percent.

Sc
0.3
Y
0.5
La

- (0.3)

T1
0.5.
Zr
0.5
Hf

(o.4)

v
0.7
N

0.k
Ta

(0.4)

Cr

B o.‘85

Mo

0.6

W

(0.6)

Mn
100 -
Te

(5)

Re

5

Fe

100

. Rua

37
Os

(35)

Co
4.5
Rh
~33
Ir

~33

Ni
100
Pa
22
Pt

30.5

Cu
100

Ag

Au

25

Table 15. Maximum Concentrations in Face-Cenfered Cubic(III) Iron in Atomic Percenf.

Sc
(0.%)
Y
(0.5)
La
(0.4)

T4
0.7
Zr

(0.7)
HE

(0.5)

v
1.6

1.7

0.95

Cr

13
Mo

Q .

W

1.0

‘Mn

100
Te
(15)
Re

~16.7

Fe .
100

Ru

29.5

(30)

Co
100
Rh

100

100

Ni
100
Pd

| 100

Pt

Cu
8.3
Ag
~0.2
Au
b1

_89—‘

z A3YH 1oloT-TON



Table 16. Maximum Concentration in Face-Centered Cubic(III) Cobalt in Atomic Percent.

Ti
13,20-26

Zr

v Cr Mn
35.2 L1 Lo
Mo Mo Tc
A5 18.5 (16)
Ta W Re
;5 17.5 16

Fé
100
Ru
~LT
Os

~20

Co

100

100

Ir

100

100
Pt

100

Cu
1z
Ag
< 0.1
Au

2.5

Table 17.

Maximum Concentrations in Face-Centered Cubic(III)

Nickel in Atomic Percent.

Ti
1k

Zr
(3)

(3)

'S Cr Mn
43 50 100
Nb Mo Tc
1k 27 (30)
Ta W Re

15.4  17.5,WNi) (25)

Fe
100
Ru

29.7
Os

(30)

Co

100

Ir

100

Ni

100

Pda

100

Pt

102

Cu
100
Ag
5
Au

100

_6g-

2 A3Y T10L0T-Ton
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VII. OCCURRENCE OF Cr3Si, g, 4, X and Other Type Electron Compounds

It was noted above that alloy systems of Structure II and Structure
IIT metals with total electron concentrations between seven and ten
electrons per atom are quite simple wifh no intermediate phases. Alloys
of  Structure I and Structure II metals with electron configurations ’

5 >

between d”s and d”sp form a number of complex phases. It is well established

that these phases are electron compounds in that electronic concentration
is the primary factor which determines their occurrence.eo’ho’u3’u%’h6’h7
For example, when several of the phases are found in the same system, the
order with increasing s,p electron concentrafion is always Cr3Si, O, My Xe
The Cr3Si structure (Strukturbericht type AlS) is a cubic structure
with each Cr surrounded by ten Cr and four Si while each Si is surrounded
by twelve Cr with no néar-by Si neighbors. It is also known as the B-W
and as the Cr_0 structure. These later designations are nof used here

3
. 119
because these phases do not exist

. The o structure.(StrUkturbericht
type D8b) is a complex tetragonal structure with five types of positions
with coordination numbers from twelve to fifteen. It is also known as the
B-U structure. The u structure (Strukturbericht type D85) is a rhombo-
hedral structure closely related to the ¢ phasego. The x structure
(Strukturbericht type Al2) is & cubic structure with lattice sites of
twelve, ﬁhirteen, and sixteen coordination and is also known as the
a-manganese structure. Nevitt's recent reviewlm presents the available
information on these phases and discusses in detail the influence of

electronic concentration and size factors upon stability of these phases.

Only a brief discussion is neces8sary here.
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The Cr381 strgcture is unusual in having abnormally short distanceé
between the major atoms along mutually perpendicular rows of the atoma.hs
The ordering of the two atoms among the two types of sites is quite
complete as the deviation from the three to one ratiovis generally
quite small. MoTc for which the two atoms are very close together in
regard to both size and electronic configuration is an eXception. Also
the relative size requirements are rather limiting; the radii of the two
components do not differ by more than 15 percent.uh

It is characteristic that the stabilities of the Cr3Si fype phases
decrease from the first transition series to the second transition series
and this structure is rarely observed with the major metal from the third
serieg. N’evittm‘k has emphasized that the major element of the Cr3Si
type structure does not maintain a spherical shape and that the character
of the bonding between like atoms is different from that between unlike
atoms. The behavior 1s reminiscent of the behavior of transition metal
ions in various crystal fields. The approach of substituents from
directions that minimize repulsive contacts with the unsymmetricél d
electron orbitals considerably increases stability. In Section II
it was noted that the metals of the first transition series do not make
good use of the d electrohs in bonding and this was attributed to the
small spacial extent of the d orbits compared to the s and p orbitals.
WitlL increasing nuclear charge from first to third transition series,
the d orbitals become more exposed relative t§ the s and é orbitals and
stronger bonding due to better overlap of d& orbitals results for metals
of the higher transition series. In the Cr_Si type structure metals

3

of the first transition series arelapparently able to overcome the

2
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relative ineffectiveness of d electron bonding by distortion of the
electron cloud to allow better overlap of d orbitals along the direction
of close contact of the major atom. As tﬁe metals of the higher transition
series achieve strong d electron bonding without this type of distortion,

the stability of the Cr_Si type structure, compared to the competing o

3

structure or body-centered cubic Structure I, is very much smaller with
metals of the third transition series in the Cr lattice position. This

is an important factor in predicting the occurrences of the Cr.Si type

3

structure. However size considerations and d bonding ability favor metals
of the third transition series in the Si lattice position.
The competition with other structures is best illustrated by examin-

ing the electron concentration ranges for the Cr_Si type structure. The

3

major metal is a Structure I metal and the minor metal must increase the

s,p electron concentration. If one assumes .that the transition metal

5

components will.attain a 4”7 configuration, one can calculate the range

of s,p electron concentration. The 2.0 value for Cr3Pt corresponding
to a dssp configuration is the higheét s,p concentration calqulated and
should be lower due to the Pt retaining more than five 4 electrons. All
other compounds of Cr and Mo have between 1.5 and 1.75 s,p eleqtrons per
atom and the Cr3Si type phase does not intrude into the electron concen-
tration ranges of Structures II or III. The ranges for the compounds of
Cr and Mo overlap ¢ range rather than Structure I, but for the fifth
group transition metals, the highest electron configuration for a Cr3Si
type phase of lf5 5,p electrons‘per atom is calculated for Au. On the

Os and the Al, Ga, and In compounds of Nb would have only
5

other hand, Nb3

0.75 s,p electrons per atom if Nb attained the full 4° configuratlon, or

well within the electronic concentration range of the body-centered

2
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cubic structure. Similarily Ti and Zr do not appear to build up to a

PP

configuration.

Since the ordering of the components between the two sites of the
Cr3Si structure restricts the composition to the three to one ratio, it
becomes increasingly difficult to maintain a high enough electronic con;
centration as the main component is changed from a sixth group metal to
a fifth or fourth group metal to compete in stability with the body-
centered cubic Structure I. The minor component must contribute a larger
number of electrons than for compounds with the sixth group metals. Also
the increasing size as one goes from the sixth group to the fourth group
together with the restriction in the size ratio eliminates metals of the
first transition series and favors thrid transition series metals as a
minor component. The consideration of the various requirements for

stability of the Cr_Si type phase allows one to predict its occurrence.

3

The phase diagrams at the end of this paper show the occurrence of the

Al5 type structure for transition metal alloys of the fourth to sixth
groups with groups eight to ten. Tﬁe Al5 type compounds of Cr and Mo
extend outside the transition metals to third and fourth gfoup metals

Al, Ga, Si, and Ge. V and Nb can accommodate more electrons and include

Sb, Ge,8n, Po, Al, Ga, and likely In in addition to Au and transition metals
of the ninth and tenth groups. Nb also forms Nb3Bi and Nb3Os while V

with a smaller size and internal pressure extends to Co, Ni, Cd, Si, As and
possible T1. Ta is reported to form compounds only with Pt, Au, Sn, and Sb.
Ti forms compounds with third transition series metals from Ir through

Au and Hg as well as Sb while Zr is reportedl6’m‘t only for Au, Hg, Sn,

Pb, and Zr3A16.

In some instances of border-line stability such as in the Cr-Co

system, the body-centered cubic Structure I is stable
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down to about llSOOC at the composition Cr_Co and a possibly stable

3

phase of Cr_Si typc structure could bte found only by long annealing at

3
temperatures below 1000°C. It would be of interest to study the

stability range of the V_Co phase as V is replaced by Cr.

3
In contrast to the Cr_Si type structure, the o structure with its

3

variety of lattice positions can shift components from one position
to another and cén thus Le ovtained over a range of compositions from
15 to 8% atomic percent. The electron deficient metal can range

in size from 93% to 11%% of the other component. Thus this structure
can be produced for a larger combination of metals with a shift in
composition compensufing for different electron donating or accepting
capacities of the components and occurs generally in phase diagrams

‘between Structures I and 1I accompanied sometimes by the Cr_Si type

3
structure at compositions corresponding to lower electron concentra-
tions and by the u phase for higher electron concentrations. It 1s
inﬁeresting that the o phase éccurs in alloys of the Structure 1

mctals and Structure JI metals even when the Structure I metal has

more tota; electrons per atom as in alloys of Fe with Tc and Re.

Itvis clear that it is the s,p electron concentration that 1s controll-
iﬁg. For body-centered-cubic iron, the Engel correlation assigns

an e lectronic configuration d6'sslpo°5. If the same number of 4
clectrons are retained in the o phase and Re has the configuration
djsp, then the average number of s,p electrons per atom for the
compositionhy range 46 to 54 atomic pefcent Fe is 1.75. 1If one

assumes the same number of d clectrons for Mn and Fe as in their

vody-centered éubic structures, namely 5.5 and 6.5, when they alloy
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with Tc and Re, the average number of s,p electrons per atom is found
to range from 1.7 to 1.8. If one assumes that all metals of the
second and third transition series attain the d5 configuration in the
o ﬁhases, one obtains average s,p concentrations falling largely in
the range 1.2 to 1.9 with TaAu and NbPd abnormally high at 2.0. 1In
the Ta compounds with Os, Ir, and Pt, the high end of the composition
range corresponds to 1.3 to 1.6 s,p electrons per atom, but the low
end drops below 1 s,p electron per atom. It is interesting to note that
the ¢ phase Nb3Al2 has an average s,p electron concentration per
atom of 1.2 if the Nb retains 5 d electrons per atom. In the ¢
phases of Cr'and v with metals of the first transition series, one
must assume that Fe, Co, and Ni retain more than 5d electrons per atom
in the o phase to obtain s,p electrons concentrations of 1.2-1.9 per
atom. This i1s consistent with the previous findings for other phases.
Thus we conclude that the average s,p electron concentration in the o
phase is generally in the range 1.2 to 1.9 electrons per atom.

Nevittuu has reviewed the occurrence of the u phase and the
closely related P, R, and ® phases and has pointed out the relation
of all of these phases to the o phase. Shoemaker and Shoemakerlb’br have
reviewed the size factors in these phases. All of them are characterized
by a variety of lattice sites ranging from 12 to 16 coordination and
they are undoubtedly stabilized by distribution of atoms of differing
size among the various sites, but Nevitt has pointed out that the
electron concentration is the primary controlling factor in fixing
the stability ranges of these phases. The mixing of different

atoms 1n each of the sites results in excegs entropies and these
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phases should gain in stability with increasing temperature compared
to more ordered phases. Because of the similarity of these struc-
tures, it might be expected that the troadening of composition ranges
with increasing temperature might result in merging of the phases into
one extended homogeneous range. At yet higher temperatures, the
competition of the expanding composition ranges of the phases of
Structures I and II may cause a reduction in the composition range
of.the more complex structure region and a breaking up again into
limited regions of particular stability. In the phase diagrams which
are presented at the end of this report, the disﬁinction between P,

R, and 4 phases is not maintained and the maximum composition range

in which any of these strﬁctures might te found is labeled as a | phase
region. The & phase which is knownhh only for MoNi also should Join

the M phase MoCo in the ternary diagram.

1.1
The importance of both size and electron concentratipns in fixing
the stability ranges of the X phases has been thoroughly covered by
Nevitt.hu To his discussion should be added the factor of competition
among the various possible phases. If d5 configurations are assumed,
the average s,p electron concentrations corresponding tc the composition
ranges of the X phases ére found to be between 1.4 and.2 elgctrons per
atom. There is thus overlap between the electron concentration range
of the % phase with those of Structures II and III on one side and with
the o type phases on the other side. This effect is seen very clearly
in the phase diagrams given in the next section where the expanding
range of the II‘structure squeezes out the X phase of Nb systems, for

example, as the other component is changed from a metel of group six

to group ten.



_67-

UCRL-10701 REV

Maximum Concentrations in a-Mn in Atomic Percent.

. Table 18.
Sc Ti
‘ (1) 9
) Y Zr
<0.5 <1
Hf
<1

Cr Mn
9,~33 100
Mo Te
<5 (10)
W Re
<1l 7

Fe

33

Ru

Os
(5)

Co

Rh

Ir

<5

Ni-

Pd
<2
Pt

<2

Cu

<0.3

<<l
Au

<1l

Table 19. Ranges of X Phases of Tc and Re in Atomic Percent of Solute.

Sc

Tc

Re

Tc

Re

Te

Re

12-15

Ti

12-16

17
Zr
14-20
1k4-20
HE
12-16

10.5-17.5

(12-18)

1h-25
13-37
Ta

17-20

20-37

Cr

Mn

(90

9

Fe
-100)  (79)
3-100 ~69




-68- UCRL-10701 REV 2

Table 20. Maximum Concentrations in p-Mn in Atomic Percent.

Sc Ti V') Cr Mn Fe Co Ni Cu

1 3 7.5 10.5 100  >B5 38 >5 0.3
Y Zr Nb Mo Te Ru Rh Pa Ag
<0.5 1.5 23 (5) (10) 23 <5 <3 <o0.2
La HE Ta W " Re Os Ir Pt Au

(<0.3) (0.6) 1 <2 (7) (10) <6 <3 (<1)
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Tavble 13 presents the maximum composition limits for the x phase
upon addition of various metals to Mn which has the ) structure at
low temperatures. The trends show clearly the dependence upon electron
concentration. Internal pressure differences are also important. The
33 at% Cr composition corresponds to a phase repc:rtedl"9 to have a
structure similar to the X structure which is sgeparated from the q-Mn
solid solution range. Internal pressure differences reduce the
solubility of Mo in Mn but a X phase with 17 at $ Mo is formed by adding
Mo to Cr-Fe elloys. Ti also forms a similar x phase and other similar
ternary phases can be expected. Table 19 shows the composition ranges
for the x phases of Te and Re. The phase diagrams of the next section
show that the X phase of Nb and Ta with Tc and Re are so extensive that
the seventh group metals can te replaced by metals toithe right as far
as Ru and Os and almost to Rh and Ir. 1In addition Fe can exhibit the
electronic structure of a body centered cubic metal in alloys with
Re yielding a x phase around RehFeg.and a similar phase is expected for
Tc. Y,Ef, and Dy also display129 a s,p valence of one in MSMgE‘h'

Finally Table 20 shows the composition limits for the cublc g-Mn
phase (Strukturbericht Type A13) which also can be considered as
another electron compound with about 2s,p electrons per atom. The
references to the data of Tables 18 and 20 are the same as those for
8 and 14. These references as well as those for Table 19 will be
given in the next section along with phase diagrams. The p-Mn phase
requires a slightly higher electron concentration than the X phase and
thus feels even more strongly the cbmpetition of the phases of Struc-

1l+f

tures II and III. The same or closely related structure is found or

2]

fat
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Ag3Al, AuhAl, Cu.Si, and CoZn and possibly AgHgl-3- Among transition

127,131

5

metal alloys, with the exception of Nb__Au_., it is found in binary

119
systems only for alloys of Mn, but nitrogen stabllizes the B-Mn structure

in alloys of Mo with Fe, Co, and Ni. It is also foundhu in the Ni-Mo-0,

Cr-Ni-Si, and Fe-Cr-W-C systems and als0128 as Nb3 AlEC'

This stabilizing effect of non-metals is also seen with the cubic

Ti Ni or Fe3W303 type structure (Strukturbericht Type E93) which is related

to the o type structures in containing sites of high coordination number.

o 2(CO, Ni), NbBFeQ, HfMn, and

Hf?(Fe, Co, Rh, Ir, Pt) are known, but non-metals such as oxygen must

The binary compounds Sc. Pd, Ti
be present to stabilize the Ti compounds with Cr, Mn, Fe, Cu, Th, Pd,
Ir, and Pt, the Zr compounds with V, Cr, Mn, Fe, Rh, Pd, Ir, and Pt,

“the Hf compounds with N1 and P4, the éompounds of Mo and W with Mn,
Fe, Co, and Ni, and the compound Ta3Mn3O. In addition, the ternary
compounds Hf6NiEM with M either Re, Os, or Ru are known to exist with-

50,51 and nitrides

out non-metal participation. Similar carbides are known
are to be expec£ed. Since this paﬁer is restricted to pure trénsition
metal systemé and the TieNi phase 1is expected to be uncommbn in alloys
free of non-metals, the reader is referred to Nevitthu for a

review of available information on these compounds and a diséussion of
the evidence that electron concentrations and atomic size ratios are
primary factors. .However it might be apprdpriate at this point to
remark briefly upon-the general effect of non-metal impurifies upon
electron-compounds. Hydrogen, oxygen, nitrogen, and carbon act as
electron donor52 in transition metal systems where empty d orbitals

are available in contrast to their behavior with metals like the alkali

metals or Mg or Al where the non-metals act as electron acceptors. In

phase which are below their limiting electron concentrations, the
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non-metals usually go into interstitial positions and participate mainly
by contributing additional electrons to the metallic bonding system. As the
compnsition of the phase approaches its maximum elect:on concentration, the
ability of the phase to take up the non-metals is expected to be greatly
reduced. Due to the charge transfer between the non-metal and metal atéms,
there will be ordering effects and coulombic contributions to the bonding
energy »f the type discussed earlier in connection with the CsCl type
structure. Si can be an electron acceptor in systéms with excess electrons.
Finally, a brief menticn should be made of some additional structures.
The CuAl, (Strukturbericht Type Cl16) structure is a common structure in
metal systems, but in purely transition metal systems it is known only
for-cempounds of third to fifth grcup metals with Co and Ni such as SCQCO,
Zr,Co, 2Zr

2 2 2
Cllb) structure is reported only fdr Ti,Pd, Zr Pd, ZrPd,, Bf Pd, HfPd,, and

Ni, and Ta, Ni. Likewise the common M0512 (Strukturbericht Type

Tal\Ti2 and corresponding compounds of Cu, Ag, and Au for purely transition
metal systems and the reader is referred to Nevitt's reviewhh for a more
detailed discussion of these structures.

The tetragonal ¢ structure found in the Hf-Re, Zr-Re, and Ti-Mn systems
is probably related to the o structure but seems to form at lower electron
concentrations. If the relationship to the ¢ structure is correct then
it might be expected t$ extend from the Re system of Zr and Hf through
Os and Ir and possibly as far as Pt. A phase reported at ZrQRh might also
be of this group. The Bll structure is less likely for these phasés.

The orthorhombic CrB Bf type structure is knoyn for Ca with Ge, Sn,
and Si; G3 and Dy with Ga and Ge; PrGe; Th with Al, Fe, Co, Ru, Rh, Ir, and

Pa; for lanthanides with Ni, Rh, and Pt; for PuNi; and for Zr and Hf with

LL

2
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Ni and Pt. The Zr7NilO phase which also occurs for Hf 1s closely related.
This structure is expected for Y, La, and many of the other lanthanides
and actinides with transition metals of groups eight to ten and for Zr and
Hf with Pd.

The orthorhombic FeB B27 structure is kn_ownlu6 for lanthanides With Ni
and Pt and for CeCu. It is expected mostly for the middle and second
half of the lanthanides with the tenth group transition metals and the
firét half of the lanthanides with Cu and Au. The common B8 NiAs
structure is known in purely transition metal systems only for TaRh2 and

ThRh, which have the filled-in B82 structure. A large fraction of the

2
AB compounds of the third group metals and lanthanides and actinides with
transition metals of the iron and platinum groups and of the Ag, Cd, and
In groups are of the CsCl structure which has been discussed earlier. The
competitioh between these structures is determined by electronic configuration
and relative sizes.

The relation of the B19 AuCd st?ucture to structure II was discussed
at the end of Section V. It covers a range of electron concentrations
higher than one would expect for the u phases and slightly less’thah for
Structure IT and occurs in systems were the ) phase is excluded. The
14,130,131,146 for

tetragonal Bll TiCu structure, which has been reported

TiCu, TiAu, HfAu, ZrAg, TaPd, Nb Aue, ZrS, Ti Hf Ir.. and at lower electron

3 3777710

concentrations than ZrIr and HfIr, mgy be found in a few instances overlapping
both the B2 CsCl and B19 AuCd ranges. It is particularly difficult to
predict structures of MX compounds of fourth and fifth group transition

metals with ninth and tenth group transition metals because of the great

vqriability of electronic structures. Thus TaPt probably has the Bl1Q
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structure, but the tetragonal Bll structure is possible. (Zr, Hf)Pd
probably has the Bf structure although the Bll structure is possible.
The high temperature TaRh and NbRh phases and NbPd probably have Bll
structures, but they are in a reglon where B1l9 or possibly a tetragonal

distortion of B, are also likely.

2
In these instances where two or more structures might be expected,

it is possible that all are formed but with different temperature ranges

of existence or slightly different composition ranges.

2
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VIII. Multicomponent Phase Diagrams of the Transition Metals

fhe previous sections have used an inductive analysis of the
avallable phase diagram data for the transition metal systems to
establish a correlation between phase behavior and s-p or 4 electron
concentrations, internal pressuies, and radius ratios. The rules
illustrated in the previous sections allow one to translate knowh
phase behavlior into an electron distribution between s-p‘and d electrons
which tecomes the primary parameter for predicting behavior in unknown
systems. The following phase diagrams represents the combination of
known data together with'the predictions of the Engel correlation.

It is not feasible to present more than a small fraction of the
two billion multicomponent phase diagrams of the thirty metals being
considered inbthis paper. Fortunately, the phase behavior, at least
at high temperatures, is quite simple for the various combinations of
the eighteen metals of the first six.grpups and no diagrams are necessary
to supplement the‘discussion of Section 1IV. Likewise the diagrams for
combinations of the metels of the seventh, eighth, ninth, and tenth
groups ére siﬁple enough so that no diagrams are considered necessary
to supplement the detailed discussions of these diagrams in the
previous sections except for combinations of Tc, Re, and Ru with the
first transitions series metals Mn to Ni. Of the remaining systems,
it has been chosen to represent diagrams for combinations of metels of
the fourth to sixth groups with metals of the seventh to tenth groups.

All diagrams are projections of phase regions over the entire
temperature region up to the solidus témperatures. The composition ranges

given thus represent the maximum ranges at the optimum temperature for

2
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each phase. The phases shown do not necessarily exist at a common
temperature. When the maximum composition ranges of ajoining phases
overlap to a large extent, the limiting composition range of the low
temperature form is indicated as a dotted line. In some instances
whére the maximum ranges Just barely overlap; the drawings do not shaw
any overlap to avold any confusion in regard to identification of the
phases. I, II, and III identify the body-centered cubic, hexagonal
close-packed, and face-centered cubic phases. L represents any of the
five Laves phases of ldeal composition AB, or AB.. X represents the

2 5

a-manganese structure. ¢ will be used for the o phase region and u

will be used for the u, P, R, and 5 phases. For the remaining phases, the

Strukturbericht designations are used: Al5 for Cr3

type, Cllb for Mb812 type, and E93 for T12Ni type, etc. as shown in Table 21.

A simplified method of representing multicomponent phase diagrams
is used. Figure 10, thé diagram for alloys of Ta with W, Re, Os, Ir,
and Pt, can be used to illustrate the method. The horizontaliscale
gives the composition in atomic percent with 100% Ta on the left and
100% of the alloying metal on the right. The top horizontal line
represents the binary Ta-W system. A horizontal line at the level of
the symbol Re represents the binary Ta-Re system, etc. A horizontal
line half-wvay between Re and Os, for example, would répresent an

equimolal mixture of Re and Os mixed with Ta with 100% Ta at the left

and 0% Ta at the right. The various horizontal lines that can be drawn

between Re and Os correspond to various ratios of Re and Os in alloys
with Ta. For most of the systems chosen the internal pressures and
slzes of the atoms are close enough together so that different com-

binations of metals yielding the same electron concentration show

Si type, C16 for CuAl

2
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Table 21. Symbols Used in Figures to Designate Phase Regions.
Figure Structure
Designations Basic Crystal Type Designation
I body centered cubic A2 and B2 CsCl
IT hexagonal close packed A3, DO19 Mng3’ Dogh TiNi3
II orthorhombic TiCu3 and oy TaRh
ITI face centered cubic Al and L1, AuCu3
III tetragonal T1A13 D022, CuAu Llo, and MONlu Dla
L cubic MgCu2 ClS_W
L - hexagonal MgZn, ' C1k
L hexagonal MgNi, C36 > Laves phases
L face centered cubic UNi5 Cle
L ~ hexagonal CaCu D2
p d j

Al5 cubic Cr3Si AlS
g tetragonal B-U D8b
@ tetragonal HfRe "]

WgFe, 585
vl rhombohedral

and M07Fe2Ni5 P

MoNi B
T orthorhombic

and TlgMn9 R
X  cubic a-Mn Al2
B cubic B-Mn Al13
Bf orthorhombic CrB and Zr7NllO Bf

The face centered cubic E93 Ti, Ni; the hexagonal B82 Ni,In;
the tetragonal C1llb MoSi,, B1l TiCu, and C16 CuAl,; and the
orthorhombic B19 AuCd structures are designated by thelr

Strukturbericht designations.

2
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approximately the same phase hehavior. Thus the horizontal line
half way between Re and Us intersects the phase boundaries at
compositions corresponding to the behavior of a system of Ta mixed
with a equimolal mixture of Re and Os. This same horizontal
line also represents the mixing of Ta with an equimolal mixture of
W and Ir, the mixing of Ta with an alloy containing 25% each of W,
Re, Os, and Ir or any mixture of W, Re, Os, Ir, and Pt which averages
out to 7.5 valence electrons per atom. The major difference between
binary systems and multicomponent systems of the same electron
concentration will be an increased stabilization of phases with non-
equivalent sites such as ¢ and X phases compared to phases with
equivalent sites such as face-centered cubic, for example. With this
use of the diagrams, each diagram corfesponds to a large number of
multicomponent diagrams. This use of the diagrams for multicomponent
systems works best for metals of the third transition series and poorest
for metals of the first transition series. |

The reference numbers after each binary line of the diagram refer
to the latest publications or compilations which in turn give-references
to the complete bibliography for work done on the binary system. If
a complete phase diagram over the entire temperature range below the
solidus curve is available, the reference number is marked with a
double star . If the published diagram is incomplete, but substantial
data are available on the effect of temperature oﬁ the composition )
ranges of the phases, the reference number is marked with a single

*
star .

2
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For structures with a number of non-equivalent sites such as the
such as the o0, 4, X and related phases, it is expected that the range
of stability is'smaller in binary systems than in ternar& of higher
components systems. This is indicated by a narrowing of the phase
region at each binary intersection, e.g., the o phase region of Nb with
Re, Os, Ir, and Pt in Fig. 1l1. If equi-molal alloys of Pt and Os are
mixéd with Nb, it is expected that a wider o phase region would be obtained
than if Ir were mixed with Nb. For the multicomponent systems, the
expected o phase region would be the envelope of the indiéated boundaries
"without any flex points. |

The curves have been élightly distorted in some instances to avoid
crossing where overlapping is small to simplify the presentation of the
figures. In instances where metals such as Mn and Fe have several
structures, the.diagram has been simplified by omitting the areas of the
structures of small extent as this information is givenlin-TEbles 8, 9,
14, 15, 18, and 20. The Structure II ranges of the fourth group metals.

have not been indicated as they are very small in all the diagrams.

The use of the dotted lines might be illustrated by Fig 27. The
o phase of Cr forms a continuous range from Mn to Co. However, in the
center portion for compositions in the vicinty of Fe, the anphase is
unstable at high temperature with respect to the disorderéd body-centered
cubic phase. The dotted lines indicate the compositions which are'stable
only at low temperatures. In Fig. 26 the structure II range starting at pure

Co is bounded by dotted lines except in the vicinity of MoCo3 as it is stable
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only at low temperatures for most of its range and changes to Structure III
at high temperatures. Structure III which is the high temperature form
for Ni and Co is shown bounded by & solid line which changes to dotted
between Co and Fe where structure III transforms to Structure I at high
temperatures. The boundary becomes solid again between Fe and Mn. The
boundary of Structure I becomes dotted as it approaches the 25Fe75Co
composition since Structure III is the stable high temperature form with
less than 10 atomic percent‘Mo° Similarly, the x region is bounded by'
s0lid lines in the region of 10-20 atomic percent Mo but becomes dotted
at lower concentrations where p-Mn becomes the form stable at high
temperatures.

In a composition region bounded by solid lines, there is only one
structure possible. Composition regions bounded by dotted lines have two
or more structures. The structurea possible for a dotted region can be
determined by noting the phase designations in the regions bounded by
solid lines and following the extensions of the solid lines as they
change to dotted lines. A region bounded by dotted lines will not have a
phase designation if the phase has any composition range which does not
transform to another solid phase before reaching contact with the liquidus
curve  and thus will extend into a range bounded by solid lines.

Referring again to the lower right hand corner of Fig. 26, only those
portions of thg composition regions of Sfructure II and III where one
phase forms are labeled. Structure iII forms at high temperatures for
all compositions to the right of the solid line starting at 72 atomic percent
%Ni. This line continues as a dotted line through the Structure I region
tetween Fe and Co, but all.compositibns to the right of this line can form

Structure III. Structure II can form between the two lines starting on the

2
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right hand side at 10Fe90Co and 20Ni80Co, respectively, and ending

at the bottom at T4Ni26Mo and T6Ni2lMo, respectively. Only in the portion
that extends to the left of the Structure III boundary and which is
bounded by solid lines 4s Structure II not converted to Structure III

at high temperatures. In most instances, the identification of the
"phases possible in these overlapping areas is quite obvious.

In the preparation of these figures, the ;vailable experimental
data have been treated in three ways. First there are quite cpmplete
data of unquestioned reliability for some systems and this is presented
unaltered in the figures. In other instances, several conflicting
observétions have been reported in the literature and the Engel
correlation has been used to select from among the conflicting data. In
other instances,_single investigations have been reported which aﬁpear
to be in error. When some.internal inconsistencies are apparent which
allow rejection of sucﬁ.data, this has been done. However, when.there
is no substantial basis for reJeétion of the data, they have been presented
in the figures as reported. In very many instances, no data have been
reported gnd the Engel correlation has been used to predict existence
of phases and their ranges, but this has been done in a conservative
manner and extrapolations have not been carried too far from existing data;
so that these figures can be used as representative of the existing
experimental déta.

However, the discussion in the text and the methods described there
can be used by the reader to make more extended extrapolations and to
extend this treatment outside thé group of 30 metals treated in the figures,
tables, and discussioﬂ of this paper. To aid in such extentions, the

internal pressure data which were discussed in Section III are tabulated
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in Table 23 and the tables of crystal structures of the clements und cnthalpies
of sublimation of the elements from reference 2 are given in Table 22 and 24

at the end of this paper.
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384 779 | 135 170.9{113.7| 60.4%} 19.7}] 0.50
TABLE 22 '
ifa vig AL Heat of Atomization of the Solid Elementé’llh in si |P S cL |Ar
25.9 |35.6 | 77.5 Kilocalories/Gram Atom at 298.15°K or at 108 | 79.8] 66 | 32.2| 1.8
the Melting Point, Whichever Temperature '
Is Lower

X Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Xr
21.5 |k2.2 | 91 |112.7| 123 | 95 |69 |99.5 |101.6{102.8/81.1 | 31.2 65.4 90 |69 | Lo.u| 28.1] 2.55
Rb Sr Y Zr Nb Mo Tc Ru Rh P4 Ag ca In Sn Sb Te I Xe
19.5 39.1 |101.4| 146 | 173 |157.5 153 | 133 | 91 |68.4 [26.75{ 58 |72.0 | 62 L6 25.5] 3.57
Cs |Ba |La (& |ta |# Re  [0s [Ir |Pt [Au [Hg |TL |Po |Bi [%o |at |Rs
18.7 |b2.5 |103.5] 160 [186.8| 200 | 187 | 187 | 160 |135.2]87.3 |15.32} 43.0{46.8 | 49.5/3k4.5
Fr Ra Ac

Ce |Pr [wa [Pm [Sm |Ew |ca | by Imo  [Er |ma |vo lia |

110 | 89 |77 48.7 1 %21 g5.7] ou | 71 | TO | 77! 59 |36 |102

+5 | +2 | #1 $0.3] £0.3) 21 | 22 | 21 | 21 | 25 | 2 |+x2 |+1
T ] U . — A

Th Pa U p Pu An Cm Bk cf [3s 'm id Lu

136.6( 126 125 105 | 92 66

2 A3Y 10L01-T¥ON0
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A YO
in cal/2 cc/2 .

Tow Ui mperature Solubility Parameters of Solid Metals, (-A;JE——,
Na g Al Si
33' 50- 883 9“’0
; K Ca  |se |Ti1 |V cr |Mn  [Fe |Co [Nt |cu [zn
21.5 | bo. |76. po3. J1e2a. {11k, | 95. |118. |12k, 12k, [107. [ S58.
o |se Y 7r  |Wo  |Mo |Te |Ru |Rm |Pa |Ag ‘' |cd
18,5134, [T70. po2. |126.|130.] 135. | 135. 126. [ 10L. | 81.4 &5,
s |Ba La HE |Ta |0 Re Os Ir Pt Au Hg
16, | 34. | 67. po8. [131.]1k6.| 146.{ 148. 136. | 122. | 92.| 32.
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Li ) B 9 N 0 F
I 11 * v b | »
£ = -
* >= o
Na  |ug  |AL TABLE 24 51 |P 5 C1
T I1 11T Crystal Structures of the Elements® v € <:
K Ca Se Ti v Cx Mn Te Co Ni Cu Zn Ga Ge As Se Br
I I I I I I I I III § IIT | IIT | II A1l | 1V
IIT | IT | II T | 11T | 11 RI< |—
: B I
X
Rb  |Sr |Y Zr  |# [Mo |Te |Ru [Rh (P4 |Ag {Cd JIn |Sn |Sb |Te |I
I I I I I I 11 11 IIT | IIT | III | 11 (IIIf'E AS
II Iz II Iv —
IIT R | <
Cs Ba T )63 Ta T Re Os Ir L Au Hg T1 Pb Bi Po At
I I I 1 I I II II III | III | IIT |A1O I III
11T | II II ~
Iz
Fr Ra Ac
Ce Pr Hd Pm. Sm Eu Gd Tb Dy Ho B Tm Yb |Lu
I I I I 1 1 I I I I I I I
111 II 11 (11)8 I Ir |11 II II |11 III |1z
II
‘Th Pa U p Pu Am Cm Bk cf s Fm Ma Lv
I K I I 1 ? ?
111 o ** * II IT
A20 II1
W
&1: Body centered cubic, A2. II: Hexagonal close packed, A3. III: Cubic

close packed, Al.
bDiatomic molecules with double or triple bonds.
single electron pair bond. d'Atoms which form two single bonds per atom to
form rings or infinite chains.

to a puckered planar structure. fThe graphite structure where one resonance

Iv:

Diamond, Ak.

form consists of two single and one double bond per atom.

slight distortions.

stability except for metastable diamond.

Asterisk denotes complex structure.

®Digtomic molecule with a

eThree single bonds per atom, corresponding

€parentheses indicate

The structures are listed in order of temperature

e
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