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1. INTRODUCTION®

The result of mixing together tws f‘or more) metals may be quite
complex. Small concentrations of a sclute metal in a given solvent metal
may form a "solid solution", in which the crystal structure of the solvent
is maintained, although the dimenzions of the unit cell may change. When
the atoms of the two metals are of =imilar size the solute atoms may
replace those of the solvent (substitutional solid solution}, while if the
sclute atom is much smaller than the solvent atom then the solute atoms
m3y occupy "interstitial" positions between the atoms of the solvent.

At higher solute concentrations the different types of atom may be
together accomodated in cry=tal =tructures which are different from those
of the components, forming stable configurations known as intermediate
phases, with a given stoichiometry (for instance AszB, or AB, etc.).

Thermodynamics controls the phases that actually appear in a given
binary (or ternary, etc) system In any system at fixed temperature T and
pressure p, the Gibbs free energy 5 muzt be a minimum for stability. G can
be expressed ‘ )

G=U- TS+ pV - (1)
where U is the 1ﬁternal energy, S the entropy and V the volume. In alloy
systeMS at atmoépheric pressure pV can be neglected and the equilibrium
condition is that the Helmholtz free energy F = U ~ TS should be a minimum

For a pure metal F is a function of T. For an alloy F is a function of
both T and composition; for a given T it iz possible to plot F for a given
alloy structure against composition, obtaining a curve which has a minimum.
The formation of a stable solid soluticn is accompanied by a decrease of
the free energy of the solvent me%al. Intermediate phases are characterized
by a free energy which has a minimun at a given stoichiometry and that
raises rapidly for compositions of -stoichiometry. Systems of two or more
components will always assume a condition, in equilibrium, of lowest free
energy. It then follows that the structure: which are actually stable at
varicus compositions depend upon the ralative free energies of all the
possible configurations of the system at the temperature considered.
Equilibrium between them 15 reached when the total free energy 1is a
minimum. Furthermore, since thesze relastive free energies change with T, the
equilibrium state of the system will be different, for a given composition,

at different temperatures
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Further decreare of temperature results in the point of intersection X
moving towards the right of the free energy diagram. This is accompanied by
a corresponding shift, in the same direction, of the common tangent
defining the compositiom of solid and liquid in mutual equilibrium
Finally, at the temperature of freezing of metal B the two curves will
intersect at the right-hand vertical free energy axis. Below this
temperature the F, curve lles entirely below F, and the system exists as a
mutual solid seclution of A and B.

The composition of the solid and 1liquid phases which are 1in
equilibrium st the various temperatures may now be plotted on a diagram
having a temperature axis as ordinate and s composition axis as abscissa.
This forms the phase or equilibrium diagram. the form of the phase diagram
for the system discussed is given in Fig. 3. The curve LNO is known as the
liquidus curve. Alloys at a temperature and composition above the liquidus
curve consist of a single liquid phase. Below the solidus curve (the curve
LNO) the alloys exist in the solid solution phase. Alloys falling within
the area LMON consist on a mixture of solid and 1liquid phases. For
instance, at temperature T; the compositiom of solid and liquid are p and
q. At composition r and temperature T. the alloy consists of solid and
liquid phases 1in the ratio rq/pr, since this ratic minimizes the free
energy. This relation is known as the Lever Rule. .

The precise form of equilibrium diagram for an alloy system of the
type described above depends upon the relative shapes of the two free
energy cruves. If the relative shapes are like in Fig. 4, then at some
lower temperature the two curves will touch at an intermediate composition,
glving rise to an equilibrium diagram in which the liquidus and solidus

exhibit a maximum as shown in Fig. 5.

2.2 Limited mytual solid solubility

The forms of phase diagram to be expected when the atomic diameters of

A and B are comparable, the valencies equal or similar, but the crystal
structures different are now considered. The components may be expected to
dissolve completely in each other in the liquid state, an each to dissolve
appreciable quantities of the other in the solid state. These systems lead
to phase diagrams of the form shown in Fig. 6.

In Fig. 6(a) at temperature Te and compositions between p and t,
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temperature T,, « of composition j and B of composition 1 react together to
form a new phase, «, of composition K. Such eutectold and peritectoid
reactions in the solid state are frequently sluggish, and may need
considerable time for completion.

A further feature often encountered in binary phase diagrams is the
transformation of & solid phase into another, crystallographically
distinct, phase with similar composition, as the temperature is decreared
or increased. The simplest case is the allotropy of & pure metal. In this
case the transformation takes place at constant T and latent heat of
transformation 1is involved. When such a polymorphic change occurs 4in
component A of a binary system, the transformation temperature may be
raised or lowered by the presence of the other component (see, for
instance, Fig. 9) Similar transformations may take place in intermediate
phases (Fig. 10).

3. RELATION BETWEEN SURFACE SEGREGATION AND PHASE DIAGRAMS IN BINARY SOLID
ALLOYS=2

The composition of an alloy surface is usually not identical with its
bulk composition. Rigorously, I, the excess surface concentration of one
component over 1ts bulk concentration ¢ 1in related to the composition

dependence of the surface tension dy/dc by

c dy
RT dc

(42

—
n
1

This 1implies that one component of the alloy should segregate to its
surface if the surface tension decreases with increasing concentration ¢ of
that component. The problem is that 1ittle is known about dy/dc.

Burton and Machlin® proposed a simple rule to predict surface
segregation 1in solid alloys. This rule is based on consideration of the
melting curve of the alloy.

The suggestion of these authors {s to relate surface segregation to
the equilibrium distribution of a solute in an alloy to its liquid. This is
reasonable since many of the aspects that distinguish a liquid from a solid

(lower symmetry, often lower coordination number and no elastic strain)
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Classical theory of nucleation

Consider the formation of a small region of a new phase (B) in the
interior of the parent phase (a), and assume that the two phases have the
same composition. When both phases are solid, the formation of a B region
may leave the assembly in & self-stressed condition. The resulting stress
energy can be written Nog,, where N is the number of atoms in the nucleus,
and Ag. the stress energy per atom This energy will be much larger for a
nucleus that 1is coherent with the matrix than for an incoherent nucleus.
The surface area of the nucleus can now be written nN=/=, where n is a
geometrical factor depending on the shape. If the free energles per atom in
the bulk phases are g> and g™ respectively, the net free energy change on
forming the nucleus is

8G = N(gP -g=) + nN*/?y + N Ag, (5>
where y 1s the surface energy per unit area. This equation shows that
transformation cannot begin until the effective driving force
Ag! = g= - g® - Og. becomes positive. In this case the variation of AG with
N for any nucleation path will have the form shown in Fig. 12, there being
a8 nucleation barrier, that is5,a maximun free energy 1increase AG. at &
critical nucleus of size N_.. The most favorable nucleation path will choose
nuclel of size, shape and type such as to minimize the nucleation barrier.

Coherent nuclel will usually have small surface energy terms but large
strain energies. Incoherent nuclel will have much larger surface (misfit)
energles, but smaller strain energies. The surface energy term will be
dominant for sufficiently small nuclei, but will decrease in importance as
the nuclel grow. For all the B regions there is thus a tendency for the
smallest nuclei to be coherent with the matrix, and for the larger nuclel
to become incoherent. It follows from eq(5) that N. and AG. are given by

N. = @2ny/35g!)? (6

8G. = (1/3)nN.2/= = 4n¥y?/27(Ag! )2, (7>
Nuclei of size N_. are in an unstable equilibrium with the a phase, those of
size N<N. have a tendency to grow into macroscopic B regions. Both N. and
4G, decrease rapldly as the driving force Ag! increases.

The classical theory assumes that nuclei grow by the addition of
individual atoms, so that s stable nucleus is formed only as a result of a
favorable series of fluctuations. In the early stages of transformation, a

quasi-steady distribution of nuclei of various sizes may be established,
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withott difficulty to the case of Solidification. In this case a solid
forms from its melt. It is evident that the strain energy (the third term
on the r.h.s. of eq (5)) in negligible in this case since the matrix is
liquid. Also, Ag, must be identified with the free energy of activation for
diffusion in the melt (Ag,, ~ KT,

Heterogeneous nucleations

Nucleation from a fluid phase 1is frequently ceatalysed by solid
Impurities which reduce the energy needed to create a nucleus of critical
size. This is called heterogeneous nucleation and it is readily included in
the formalism of the classical theory by assuming that the free energy of
part of an existing surface which is destroyed helps to provide the energy
of the nucleus. A similar formal extension of the classical theory may be
made for heterogeneous nucleation in the solid state, where nuclei form
preferentially on grain boundaries or dislocations. The surface energy of a
grain boundary or a stacking fault, or the strain energy of a dislocation

line, may then.be assumed to reduce the formation energy of a nucleus.

5. DESCRIPTION OF COMPOUND STRUCTURE 2

5.1 Hume-Rothery electron compounds

There is a well known cerrelation, for transition metals, between the
crj?al structure and the number Z of valence (d+s) electrons. This is shown
in Table 1. In a pioneering work, Hume-Rothery® correlated the crystal
structure with the aversge number of valence electrons per atom, Z, for
alloys of noble metals with sp-elements. Taking Z=1 for the noble metals,
then the disordered fcc o-phase, which 1is characteristic of the noble
metal-rich alloys, 1s observed to exist up to 2 = 1.38, the bcc B-phase to
be stable around 1.48, the y phase around 1.62 and the hcp €-phase around
1.75. Mott and Jones ¢ proposed an explanation of this effect within
Nearly-Free-Electron theory. They pointed ont that the fcc and bce
electron-per-atom ratios correlate with the number of electrons at which a
free-electron Ferm!i sphere first makes contact with the innermost face of

the fcc and bcc first Brillowin zone, Z = 1.36 and 1. 48 respectively. Then,

-,o-’
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5.3 Formation of compounds versus non—-formation

We have briefly considered above the question of what crystal

structure 1s adopted by an intermetallic compound of given stoichiometry.
Related to this one 1is the question of which binary systems form
intermetsllic compounds and which systems do not. Villars!® has found three
coordinates that permit systems that form compounds to be separated from
those that do not form by means of two three-dimensional diagrams. The
first diagram applies to combinations of isostructural elements and the
other to combinations of elements with different crystal structures. In
total, 39i5 blnary systems were censidered, The method of separation has an

accuracy of 96%. The three coordinates are (i) the magnitude
Bra * redas = Hre + ro0a = (rg + 1.0, (12)

of the difference between Zunger pseudopotential radil sums, (ii) the ratio
Ta/Ta of the melting temperatures (T, » Te.?, and (1ii) the mignitude 1AZ )
of the difference between the number of valence electrons. In addition, the
systems that do not form compounds can be separated into four different
types: (a) the solubility type; (b) the insclubllity type, (c) the eutectic
type; (d) the peritectic type.

As a further step Villars ! has shown that the three-dimensional
stability diagram can also be applied to distinguish between compound
formation and absence of compounds in ternary systems. The database is from
7200 ternary systems, which represent a small fraction (<10%) of all the
possible ternary combinations. The separation obtained 1s accurate to 94%

As an extension of the coordinates to the ternary case, Villars formed

i

_3"" UArast + |&rac| + Arae i), (13a>
1

_3'"' (iAZAHI + IAZA(.‘i + IAZF‘.CI)I (13b)

_l_ ¢ Th + T + Tia y. (13¢)
3 TB TC TC

It was found that the space of non-ccmpound formation ig very simple.
This is plotted in Fig. 14. Roughly speaking, no compound formation occurs

along the three axes of the stability diagram
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coordinates of a two-dimensional map for binary alloys based on a given
host metal, they observed that highly soluble elements cluster around the
host coordinates in the map and can be separated from the insoluble
elements by drawing an ellipse centered on the host (see Fig. 15 for Ag
alloys). It 1s clear why soluble elements cluster around the host
coordinates: & large size difference oppuses the formation of solid
golutions, and a large AX favours the formation of ordered compounds. The
AG coordinates have also been applied to metastable solubility obtained by
ion implantation. Substitutional implants can then be separated from

interstitial implants

Relative valence effect

Hume-Rothery's third rule states that a higher-valent metal is more
goluble in a lower-valent metal than viceversa. Recent work by Goodman and
coworkers has clarified the status of this rule'® in the case of transition
metal alloys. Fig 16 serves to illustrate the discovery of these authors.
The chart can be separated in two regions by a diagonal boundary (the
cross-hatched region). Only in one of the regions is the relative valence
rule obeyed. In contrast in the other region the lower-valent metal is more
soluble in the higher valent metal. The trend in this figure can be
rationalized in terms of d-band fi1lling. If the boundary region where the
diagonal involving the dotted rather than the cross-hatched squares, then
the observed rule could be summarized by stating that, whichever transition
metal has & more-nearly half-filled d-band then that metal prefers belng
the solute rather than the solvent. The actual boundary is one set of
squares to the left, so the trend obeys a "left-shifted" half-filled d-band

rule.

edema coordinates
In 1979 Chelikowsky presented solubility plots in which the two
coordinates are borrowed from Miedema's theory (see section 7 below):
electronegativity (X)> and electron density at the boundary of atomic cells
in the bulk metal (n,). These coordinates lead to a separation between
soluble and inscluble elements (in a given host) more accurate than the DG
coordinates. Noticing that X is common to the two sets of coordinates

mentioned above, Alonso and Simozar'® considered X,V and n., and combined X

-4~
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of the heat of formation for solid compounds of two transition metals. Each
symbol corresponds to one binary system. « means that one or more compounds
exist in the system, indicating that AH,... (formation)<0. + indicates that
there are no compounds or that both solubllities are smaller than 10 at %,
indicating that OH.., (formation)>0. A good separation between the + and ¢
symbols is obtained by drawing a stﬁqght line. The slope of the straight
line gives the value for the ratio Q/P. Values of the parameters n,, X and
constants P,Q, as well as more details on the model are given, for instance
in ref. 15.

To extend the theory to alloys of one transition metal and one non-
transition metsal one additional term must be included in (15) accounting
for the hybridization between the d-electrons of the transition metal and
the p-electrons of the non-transition metal.

As 1t stands, eq.(15) is valid in cases like liquid alloys or solid
ordered compounds. Substitutional solid solutions, in which atomic size
mismatch effects play a role, as we have seen above, are beyond the scope
of eq. (15). Specifically, one must then add a term accounting for atomic
siie mismatch effects (the term given by eq. (14)), and an structural term
accounting, in the case of transition metal alloys, for the correlation
observed in Table 1 between band filling and crystal structure. Detalls can

be consulted 1in ref. 2.
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Fig 16.
Fig. 17,
Fig. 18.

18

Experimental relative solublilities in transition-metal alloys.
The dotted region indicates systems where the d-bands of the
constituents are equally far from half-filled.

Solubility plot for Co alloys using thermochemical coordinates.
Demostration of the validity of eqn (15) for binary solid alloys
of two transition metals. The meaning of the sgmbols is the
following one: +«, in the binary system one or more compounds
exist, which are stable at low temperatures, indicating AH_...
(formation) < 0. + if there are no compounds in the binary system
or 1f both terminal solubilities are smaller than 10 at %,

indicating AH... (formation) > O
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The structure of the Transition Metals

TABLE 4
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Y Zr Nb Mo Te Ru Rh Pd Ag

{La) Hf Ta w Re Os Ir Pt Au
hep hep bece bcc  hep hep fce  fec fce

-

RO~



-~

50
i

— g% ucisodwod
9

Y

g o’ uociusodwo?

o

G PUC V¥ JO UOIINIOS PYOS [BNINIA

b . d v

S
il
uoIIN|OS PHOS
+ pinb1y
|
' pinbi
- g, ¢ uotysodwod
| b 4 d v
1 1 T
1 I |
g PUD ¥ JO UCHNOS PIos |oNMNiy
o] ! I I
! |
! ]
N |

|
|
uonnjes I

PO +pinbIy 1€

p!nm
a3 3 2,
. Il
oo = & ,; 1 =
~— 8%’ uonisodwon q ~-——— g% " uonIsodwor)

I
|
f
!
|
|
{
|

|
|
|
!
t
|
1
f
|
|




_______ E
| ! '
!
a : i I £
1 ! |
[ asp |
| ) |
1 i ]
A P 0 t 8
Compostion , %y B ———
(b)
Liquid
Liq+a
b e __
i
1 1
a ! ; iqep
1
1 ] k
!
| as+p : : B
1 1 1
A B2 t; Po B
Composition , *.B
F L\(/ é
Liquid

- 22~



Y A

= );.’ =
—— g@%f uotsodwod ——@% "' uojysodwon
\ 4 v
g+2o /Zn 2y
d+%v
v jo dwa) V0o dway
Zm “SuDd| Zo+lo ‘SUDJ)
1
d.'. t” 1
ln {
to + |
biq |
!
pinbim
1 (9) | (D)
3
———— g% Uoj}ISOdwon —~—— g%, ¢ uoiusodwo?
d d L] { v g y | B v
' T , T
|
| x'| | |I Il i
I gsh V1 Aem | e l I
| ! ' i ]
! ' ' ! | !
O Y 4
d g+v o
0+
g+ by bt
pinbyy b1
(@) PINDI




TEMPERATURE

Q+}'2

A B
Composition ,%.B ———
Liquid
‘b\\‘\
Solid ~
(a) (b)
i
5 10 0 5 10
/s SOLUTE /4 SOLUTE
Fog
>
g
g
[ 1]
: b
Ne Number of otom\"
Feg iz

- R4 -



,Q‘Z_

Y 5.‘,1

€/ (PB3A01+ P5AI + @¥9A0) =2
/0 Bor+ Mg+ Mgy 24
IR YA S YA T YAIRE, ¥

w03
55 M
Shahoan® 0

SHILSAS ONIWEOS
~ONNOLNOD

0t $0 o0

1814

d

(D) 83

10¢

1¢¢
owoiplry o
owzZlg o
(suz)eg o,
(i) e
(IO™N) 18 @
PUlsIT ...

av 2l |
120

13

- gy



ELECTROMEGATIVITY

24

2.2

2.0

'0

08

X Silver
® Extensive Sol.

B Limited Soi. -

L Ced67, 3 :
% P R
o b

WLi WS 4

wNg *8a -

I S I I S T S |

P wZmEImerm

16 18 20 22,24 25 28
RADIUS CN:12(A)

LE X Nel+N Nel- N F X T X E R YN IES

) ELEMENT B
<! ¢ o PN o3 N
Pd Pt Co Rh It Fe Ry O Ma Tc Re Ce Mo W ¥V K Ta
oce b\\g_qi_dep_ooooooooo
L N 0.-0.0 000000
LI LN (el AE8 NN N-X N
KN X e0 OO
(N XN oo
YN NN 0Ceo
se OO
ee 8O0
(F RN N
[ B IR B N
oe o©0O ® A MORE SOLUBLE INB
[ X N B el O 8 MORE SOLUBLE IN A
see o
ecse o
ceeoe
®
oo
L N )

-2 -



- LY -

(91n10s ejow/r¥) 0D . Ul 3HY
08 0 08- 094-
i

150K +

‘s <o o0)

| < |0S < Gl ®
gi<c'|j08 ¥

SNP0J  J1WOo}D

(n0)



