CONSTITUTION
OF ALLOYS

51 Introduction An alloy is a substance that has metallic properties and is
v .. composed of two or more chemical elements, of which at least one is a
metal. .

An alloy system contains all the alloys that can be formed by several
elements combined in all possible proportions. If the system is made up
of two elements, it is called a binary alloy system; three elements, a ternary
alloy system; etc. Taking only 45 of the most common metals, any com-
bination of two gives 990 binary systems. Combinations of three give over
14,000 ternary systems. However, in each system, a large number of dif-
ferent alloys are possible. If the composition is varied by 1 percent, each
binary system will yield 100 different alloys. Since commercial alloys often
contain many elements, it is apparent that the number of possible alloys is
almost infinite.

Alloys may be classified according to their structure, and complete alloy
systems may be classified according to the type of their equilibrium or
phase diagram. The basic types of phase diagrams will be studiedin Chap. 6.

5.2 Classification of Alloys Alioys may be homogeneous (uniform) or mixtures.
If the alloy is homogeneous it will consist of a single phase, and if itis a
mixture it will be a combination of several phases. A phaée is anything
which is homogeneous and physically distinct. The uniformity of an alloy
phase is not determined on an atomic scale, such as the composmon of
“each unit lattice cell, but rather on a much larger scale. Any structure
which is visible as physncally distinct microscopically may be considered f
a phase. For most pure elements the term phase is synonymous with state.
There is, therefore, for pure elements, a gaseous, liquid, and solid phase.
Some metals are allotropic in the solid state and will have different &lid
phases. When the metal undergoes a change in crystal structure, it under-
goes a phase change since each type of crystal structure is physically
distinct.




54 lp\ermedlate Alloy Phase or Compound Because the reason for referrm

Fig. 5-1

solidification of a smal@ crucible of liquid antimony.
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5 3 Pure Metal The characteristics of a pure metal have been discussed in det;

In the sohd state there are three possible phases: (1) pure metal, 2]
termediate: aIon phase or compound, and (3) solid solution.

If an aIon is homogeneous (composed of a single phase) in the sof
state it can be only a solid solution or a compound. [f the alloy is a mji
ture, it'is then composed of any combination.of the phases possible i in,
solid state.” It may be a mixture of two pure metals, or two solid solutig
-or two compounds or a pure metal and a solid solution, and so on.
mixture may also vary in degree of fineness.

in an earher chapter. However, one property is worth repeating. Un
equilibrium, conditions, all metals exhibit a definite melting or freezin
point. The term under equilibrium conditions implies conditions of )¢
tremely siow heating and cooling. In other words, if any change is to occi
sufficient time must be allowed for it to take place. If a cooling curve,
plotted for a pure metal, it will show a horizontal line at the melting or freej;
mg point (Flg 5-1).

to this type of solid phase as.an intermediate alloy phase will be more a
parent durmg the study of phase diagrams, it will be simpler at this poin
tocallita compound

It is now necessary to obtain some understanding of compounds
general. Most ordinary chemical compounds are combinations of positiy
and negative valence elements. The various kinds of atoms are combine
in a definite proportion, which is expressed by a chemical formula. So
typical examples are water, H,O (two atoms of hydrogen combined with o
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atom of oxygen), and table salt, NaCl fane atom of sodium combined with
one atom of chlorine). The atoms tHat are combined to form the molecule,
which is the smallest unit that has the properties of the compound, are held
together in a definite bond. Various types of atomic bonding have been
discussed in Chap. 2. The bond is generally strong, and the atoms are not
easily separated. Most students are familiar with the classical high school
chemistry demonstration of the glgatrolysis of water. By passing an electric

current through water it is possible to separate the hydrogen and oxygen -
atoms.
itoms

it

and_characteristic propertres.to_&rg&e_nt_ﬁi §6Ed‘e¥amme‘rs-‘tab+e~
salt (NaCl). Sodium (Na) is a very active metal that oxrdlzes rapidly and is
usually stored under kerosene. Chlorine (Cl) is a poisonous gas. Yet on
atom of each combines to give the harmless and important compound
table salt. -Water (H,0) is composed of elements that are normally gas
at room temperature, yet the compound is a liquid at room tempei‘afur’e
What exists then is not the individual elements but rather the combmatlo_
or compound. The compound will have-its-ewn- eharact
mechamcal and chemical properties. PR
“Most compounds, like pure metals, also exhibit a definite melting poin
within narrow. hmjts of temperature Therefore, the co :
compound is srmllar to that for a pure metal (see lfrg 5. 1) Itisthen referre
to as a congruent m_e/t_r_ng_phase In reference to equilibrium diagrams, the -
intermediate alloy phases are phases whose chemical compositions are
intermediate between the two pure metals and generally have crystal struc~
tures different from those of the pure metals.
The_ three most common intermediate alloy phases are: .
‘Ihtermetalhc Compounds or Valency Compounds These are_ generally
“~foried bétween chemlcally dissimilar metals and are combanedm_y follow-
ing‘the rules of chemlcal _valence. Smce they generclly have strong bond-
ing (ionic or covalent) their properties are essentially nonmetallic. They
usually show poor ductility and poor electrical conductivity: and may have
a complex crystal structure. Examples of valency compotnds are CaSe,
Mg.Pb, Mg,Sn, and Cu,Se. ‘
Interstitial Compounds These compounds formed between the transi-
“tion meétals such as ‘scandium (Sc), titanium (Ti), tantalum. .(Ta), tungsten
(W), and iron (Fe) with hydrogen oxygen, carbon, boron, and nltrogen '
The word /nterst/t/a/ means between thé spacés, and the latter five eigfiignts
have relatrvely small atoms that fit into the spaces of the lattice structure
of the metal. These same five elements also form interstitial solid solutions,
which will be described shortly. The interstitial compounds are metallic,
may have a narrow range of composition, high melting points, and are
extremely hard. Examples are TiC, TqC, Fe,N, Fe;C, W,C, CrN, and TiH.
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Many of these compounds are useful in hardening steel and in cemente
carbide tools.
Electron Compounds A study of the equilibrium diagrams of the allo
of copper, gold, silver, iron, and nickel with the metals cadmium, m
nesium, tin, zinc, and aluminum shows striking similarities. A number

TABLE 51 Examples of Electron Compounds

ELECTRON-ATOM ELECTRON-ATOM ELECTRON-ATOM
RATIO 3:2 RATIO 21:13 RATIO 7:4

(B.C.C. ‘l_‘STRUCTURE) (COMPLEX CUBIC) (C.P.H. STRUCTURE)
AgCd AgsCd, AgCd,
AgZn ¢ CugAl, Ag:Al,
Cu,Al ! Cu,, SN, AuZn,
: AuMg AusZng Cu,Si
FeAl FesZn,, FeZn,
CusSn NisZn,, Ag,Sn

\

\'Mtermediéite phases are formed in these systems with similar lattice stru
__tures. Hume- -Rothery first pointed out that these intermediate phases g
-found to exist at or near compositions in each system that have a defini
 ratiQ of valence electrons to .atoms and are therefore called electron col
-pounds. $ome examples are given in Table 5-1. For example, in the co
~pound AgZn, the atom of silver has one valence electron,while that of zi
has two valence electrons so that the two atoms of the compound ;
have threé valence electrons, or an electron-to-atom ratio of 3:2. Int
compound Cu,Al,, each atom of copper has one valence electron and e
atom of aluminum three valence electrons, so that the 13 atoms that ma
up the compound have 21 valence electrons, or an electron-to-atom ratig
of 21:13. For the purpose of calculation, the atoms of iron and nickel
assumed to have zero valence. '
Many electron compounds have properties resembling those of so
solutions, including a wide range of composition, high ductility, and
“hardness.’ :
Solid Solutions Any solution is composed of two parts: a solute and a s
mﬁme is the minor part of the solution or the material whichk
dissolved;' while the solvent constitutes the major portion of the solutig
It is possi“‘ble to have solutions involving gases, liquids, or solids as eithgg
the solute, or the solvent. The most common solutions involve water as
solvent, such as sugar or sait dissolved in water.
The amount of solute that may be dissolved by the solvent is general
a functlon of temperature (with pressure constant) and usually |ncrea
with mcreasmg temperature. :
There are three possible conditions for g solution: unsaturated, sa
rated, and supersaturated. If the solvent is dissolving less of the solu
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it could dissolve at a given temperature and pressure, it is said to be
unsaturated. If it is dissolving the limiting amount of solute, it is saturated.
If it is dissolving more of the solute than it should, under equilibrium con-
ditions, the solution is supersaturated. The latter condition may be ac- .
complished by doing work on the solution, such as stirring, or preventing
ibrium conditions by rapidly cooling the solution. The supersaturated
condition is an unstable one, and given enough time or a little energy, the

jon tends to become stable or saturated by re)ectlng or precipitating

xcess solute.

A solid solution is simply a solution in the solid-state—and-censists-of
twd Kinds of atoms combined in one type of space lattice. There is usually
iderable difference in the solubility of the solute in the liquid and
states of the solution. The solute is generally more soluble in the:
liquid state than in the solid state. Moreover, when *§olidification of thefi
solution starts, the temperature may be higher or lower than the freezing |
of the pure solvent. Most solid solutions solidify over a range in tem-!
ure. Figure 5-2 shows the cooling curve for a solid solut|on alloy con-
taining 50 percent Sb (antimony) and 50 percent Bi (pnsmuth) Compare
this cooling curve with the one shown in Fig. 5-1.
begins to solidify at a temperature lower than the freezing point of pure’ .
antimony (1170°F) and higher than the freezing point of pure bismuth
The process of solidification and the composition of the solid

ion alloy and the liquid solution during freezing will be explained
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Fig. 5-2 Time-temperature cooling curve for the

a smali crucible of 50 percent antimony,

50 percent bismuth alloy.
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Notice that this alloy
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in the next chapter. There are two types of solid solutions, substltutlo
and .interstitial.
- 5.6 Substututlonal Solld Solutlon In this type of solut|on the atoms of the sol
For example S|lver'étcmsﬁm‘é;substltute for gold atoms W|thout Iosmgt
f.clec! (face centered cubic) structure of gold and gold atoms ‘may subs
tute for silver atoms in the f.c.c. lattice structure “of silver. All alloys in't
sﬂver:gold system consust of an fc c. lattice W|th_s|lyer and gold ato

sists of a contlnuous series of solid solutlons

Several ifactors are now known, largely through the work of Humeg

Rothery, that control the range of solubility in alloy systems.
. Crystal -structure Factor Complete solid solubility of two elemen
""is never attained unless the elements have the same type of crystal latti
structure. .
Relatlve 5|ze Factor The size factor is favorable for solid-solution form
tion when the difference in atomic radii is less than about 15 percent.
the reIatlve size factor is greater than 8 percent but less than 15 perce

the alloy system usually shows a minimum. If the relative- ve-size factor
greater han 15 percent, solid- -solution formation is very limited. For e

ample, sllver and lead are both f.c.c,, and the relative-size factar_js abou

20 percent The solubility of lead in solid silver is about 1.5 percent, ang
the solubility of silver-in solid lead is about 0.1 percent. Antimony andb
muth are completely soluble in each other in all proportions. They havet
same type of crystal structure (rhombohedral) and differ in atomic radii
about 7 percent. However, the solubility of antimony in f.c.c. alumlnumrs
less than:0.1 percent, although the relative-size factor .is only about 2
percent.
«.-Chemical-affinity Factor The greater the chemical affinity of two meta

the more restricted is their solid solubility and the greater is the ten?ien

toward compound formation. Generally, the farther apart the elements
are in the periodic table, the greater is their chemical affinity.
Relatlve valence Factor If the solute metal has a d)fferent valence fro
that of the solvent metal, the number of valence electrons per atom, call
the electron ratio, will be changed. Crystal structures are more sensiti
to a decrease in the electron ratio than to an increase. In other words
metal of lower valence tends to dissolve more_of a metal of higher vaien

than vice:versa. For example, in the aluminum-nickel alloy system, bo

ey

metals are face-centered cubic. Therelative-size factor is approximately

14 percent. However, nickel is lowet in valence than aluminum, and i
dccord with the relative-valence factor solid_nickel dissolves 5 perce
aluminum, but the hlgher valence aluminum dissolves only 0.04 percen}
nickel.

/
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By considering the above four factors, some estimate of the solid solu
bility of one metal in another can be determined. It is important to rlcge-'
that an unfavorable relative-size factor alone is sufficient to limit sélubilit
to a low value. If the relative-size factor is favorable, then the other three
factors should be considered in deciding on the probable degree of soli
solubilify.  While the Hume-Rothery rules are a very good guide to soli
solubility, there are.exceptions to these rules.

The lattice_ structure of a solid solut|on is basically, thajt“pf the soIven
w1th shght changes in Iattlce parameter An expansion results if the solut
atom is larger than the solvent atom and a contraction if the solute atom

poe
is smaller

‘W radii fit mtcattﬁé‘?ﬁ?ces or mterstrces of the Iattlce structure e of the Iarge
' solvent atoms. Since the spaces of the lattice structure are restricted in.
size, only atoms ‘with atomic radii less than 1 angstrom are likely to for mﬁ
interstitial solid solutions. These are hydrogen (0.46), boron (0.97), ‘carbo
(0.77), nitrogen (0.71), and oxygen (0.60).

This type of solution dnffers from rnter§t|t|al compounds in’ that th

amount of smaller .atoms requtred to form the compound is always greate
than the amount that may be dlssolved |nterst|t|ally When a small’ amount:

nin wrstltra,lwsohd squtlon |s formed In this condition, the solut
atoms_have.considerable mobjlity and may_move in the interstitial spagce
of the lattice structure. More solute atoms may be dlssolved mterstmal
until the solution becomes saturated d at that temperature. Increaslng “the
amount of _solute atoms beyond this limit ‘severely restricts the mobility -
of these atoms in a particular area and the interstitial compound of fixed
composition starts to form. The interstitial coempound, showing a narrow .

range of composition, is expressed by a chemical formula, but ‘the inter- R
stitial solution, being of variable composition, cannot be represented by {
a chemical formula. The lattice structure always shows an expansion when

this type of solution is formed.

Interstitial solid solutions normally have very limited solubility and gen-1
erally are of little importance. Carbon in iron is a notable exception and |
forms tha basis Tor hardening steel, which will be discussed in Chap. 8.}
Carbon dissolves in iron interstitially. The maximum solubility of carbon‘Q
in Y. iron (f ¢.c.) is 2 percent at 2065°F, while the maximum solubility of b
carbon in‘a iron (b.c.c.) is only 0.025 percent at 1333°F.

Both types of solid solutions are illustrated in Fig. 5-3. ‘Distortion of the !
lattice structure will exist in the region of the solute atom his distortion
will interfere with the movement of dislocations-on s slip planes and will 1
therefore increase the strength of the alloy. This is the primary basis for. -
the strengthening of a metal by alloying.) !
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ig. 5:3* Schematic representation of both types of solid
lutions. (a) Substitutional; (b) interstitial.
' )

contrast to intermetallic and interstitial compounds, solid solutio
In general are easier to separate, melt over a range in temperature, hé_
pro_pertiesz‘{ that are influenced by those of the solvent and solute, a.";
usually show a wide range of composition so that they are not expressg
by a chemiical formula. ' :

A sgmm%ry of the possible alloy stryctu res is shown in Fig. 5-4.
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