PHASE DIAGRAMS

6-1 Introduction In the previous chapter it was indicated that there were many

possibilities for the structure of an alloy. Since the properties of a material
depend to a large extent on the type, number, amount, and form ef the
phases present, and can be changed by altering these quantities, it is es-
sential to know (1) the conditions under which these phases exist and (2)
the conditions under which a change in phase will occur.

A great deal of information concerning the phase changes in many alloy
systems has been accumulated, and the best method of recording the data
is in the form of phase diagrams, also known as equilibrium diagrams or
constitutional diagrams. !

In order to specify completely the state of a system in equilibrium, it is
necessary to specify three independent variables. These variables, which
are externally controllable, are temperature, pressure, and composition.
With pressure assumed to be constant at atmospheric value, the equilib-

e )
rium diagram indicates the structural changes due to variation of tempera-

tWThe diagram is essentially a graphical representa-
tion of an alloy system. | )

Ideally)-the phase diagram will show the phase relatignships under .

equilibrium conditions, that is, under conditions in which th‘_ere will be no
change with time. Equilibrium conditions may be approached by extremely
slow heating and cooling, so that if a phase change is to occur, sufficient
time is allowed. In actual practice, phase changes tend to occur at slightly
higher or lower temperaturgg,_,_gependinq upon the rate at which the alloy
is heated or cooled. Rapid variation in temperature, which may prevent
phase changes that would normally occur under equilibriuh conditions,
will distort and sometimes limit the application of these dlagrams N

It is beyond the scope of this text to cover all the possible; pondlttons of
equilibrium between phases in binary alloys. Only the most important ones

[
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will be co_'nsidered, and they may be classified as fotlows:

N 1 Compohents completely soluble in the liquid state
Completely soluble in the solid state (Type 1)
Insotuble in the solid state: the eutectic reaction (Type Il
Part|y soluble in the solid state: the eutectic reaction (Type Hil)
Formatlon of a congruent-melting intermediate phase (Type IV)
e The'peritectic reaction (Type V)
Components partly soluble in the Jiquid state: the monotectic reaction (Type VI
Components insoluble in the liquid state and insoluble in the solid state (TypeV
4 Transformations in the solid state

a AIIotrop|c change

b Order disorder

¢ ‘The; ;eutectmd reaction

d The. 5per|tect01d reaction

oo n

W N

A study of these diagrams will illustrate basic principles which ma
~ b applled to understand and interpret more complex alloy systems.
gordinates' .of Phase Diagrams Phase diagrams are usually plotted wit
\temperature in degrees centlgrade or Fahrenhelt as the ordinate and th
alloy composition in weight percentage as the abscissa. It is sometime

e convenient for certain types of scientific work to express the allg
r%nposutlon in atomic percent. The conversion from weight percentag
to atomic percentage may be made by the following formulas:

100X -

Atomic pereent of A=~y (61
100Y(M/N
Atomic percent of B — —QOY(M/N) (6-2);

. X+ Y(M/N)
where M = atom|c welght of metal A
N == atomic weight of metal B e

X = weight percentage of metal A

Y = weight percentage of metal B
Regardless of the scale chosen for temperature or composition, ther
S will be no difference in the form of the resulting phase dnagram
" 63 E perlmental Methods The data for the construction of equilibrium d|a
\ grams are determined experimentally by a variety of methods, the mo$
common being:
Thermal Analysis This is by far the most widely used experimenta
method. ‘As was shown in Chap. 5, when a plot is made of temperature
vs. time, at constant composition, the resulting cooling curve will show &
a change |n slope when a phase change occurs because of the evolution o
heat by the phase change. This method seems ta be best for determinin
the initial,and final temperature of solidification. Phase changes occurrin
solely in the solid state generally involve only small heat changes, and othe
methods glve more accurate results.
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Metallographic Methods This method consists in heating samples of °
an alloy to different temperatures, waiting for equilibrium to be established,
and then quickly cooling to retain their high-temperature structure. The
samples are then examined microscopically.

This method is difficult to apply to metals at high temperatures because

the rapidly cooled samples do not always retain their high-temperature
structure, and considerable skill is then required to interpret the observed-
microstructure correctly. This rnethod is best suited for ver|f|cat|on of a'-
diagram.
X-ray diffraction Since this method measures lattice dimensions, it W|I|
indicate the appearance of a new phase either by the change in lattice di
mension or by the appearance of a new crystal structure. This method is’
simple, precise, and very useful in determining the changes in solid solu
bility with temperature

gfnce the two metals are complete|y ‘soluble in the sohd stdte the onl
type of solid phase formed will be a substitutional solid soluticn.aThe two::
metals will generally have the same type (ﬁ crystal structure and differ i
atomic radii by less than 8 percent.

The result of running a series of cooling curves for various combma n
.or alloys between metals A and B, varying in composition from 100 perc_en
A 0 percent B to 0 percent A 100 percent B, is shown in Fig. €-1. In orde'r_‘
to see the relationship between the cooling curves, they have 5een plotted
on a single set of axes. However, the'student should realize that each cool-
ing curve has its own coordinates. In other words, each coolmg curveis-
a separate experiment starting from zero time. The cooling curves for the
pure metals A and B show only a horizontal line because the beginning-and
end of solidification take place at a constant temperature. However, since
intermediate compositions form a solid solution, these cooling curves show )
two breaks or changes in slope. For an alloy containing 8CA and 208 the
first break is at temperature T,, which indicates the beginning of solidifi-
cation, and the lower break at T, indicates the end of solidification. All
intermediate alloy compositions will show a similar type of cooling curve.
The sense of the phase diagram, or some idea of its form, ray be obtained
by drawing a line connecting all the points that show the beginning of
solidification, the upper dotted line in Fig. 6-1, and another line connecting
all the points that show the end of solidification, which is the lower dotted
line in Fig. 6-1.

Itis now possible to determine the actual phase diagram by plotting tem-
perature vs. composition. The appropriate points are taken from the series
of cooling curves and plotted on the new diagram. For example, in Fig. 6-2,
since the left axis represents the pure metal A, T, is plotted along this line.
Similarly, T, is plotted. Since all intermediate compositions are percent-
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Fig. 6-1

compietely soluble system. The dotted lines indicate the
form of the phase diagram.
s
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Series of cobling curves for different alloys in a

ages of A and B, for simplicity the percent sign will be omitted. A vertical
line representlng the alloy 80A-208B is drawn, and T, and T, from Fig. 6-1
are plotted along this line. The same procedure is used for the other
composmons -
The phgase diagram consists of two points, two lines, and three areas.
The two points 7, and T, represent the freezing points of the two pure
metals.
The upper line, obtained by connecting the points showing the beginninb
of solidifik":ation is called the liquidus line; and the lower line, determined 1
by connectlng the points showing the end of solidification, is called the 3
solidus Ime The area above the liquidus line is a single-phase region, and 4
any alloy j '|_n that region will consist of a homogeneous liquid solution. Simi-
larly, the area below the solidus line is a single-phase region, and any alloy
in this region will consist of a homogeneous solid solution. It is common
practice, z:'in the labeling of equilibrium diagrams, to represent sglid solu-
tions and. sometimes intermediate alloys by Greek letters. In this case, let
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us label the solid solution alpha («). Uppercase letters such as A and B .
will be used to represent the pure metals. Between the liquidus and solidus
lines there exists a two-phase region. Any alloy in this region will consist
of a mixture of a liquid solution and a solid sofution. _
Specification of temperature and composition of an alloy in a two-phase
region indicates that the alloy consists of a mixture of two phases but does
not give any information regarding this mixture. It is sometimes desirable
to know the actual chemical composition and the relative’amounts of the
two phases that are present. In order to determine this ir‘;.formation, it is
necessary to apply two rules.
65 Rule 1—Chemical Composition of Phases To determine the actual chemical
: B composmon of the phases of an alloy, in equilibrium at any specified tem-
perature in a two-phase region, draw a horizontal temperature line, called
a tie line, to the boundaries of the field. These points of intersection are
dropped to the base line, and the composition is read directly.

In Fig. 6-3, consider the alloy compos,ed of 80A-208 at thetemperature 7. .
The alloy is in a two-phase region. épplying Rule I,Wﬁne_mo
o the boundaries of the field. Point m, the intersection of the tie line with
the solidus line, when dropped to the base line, gives the composition of
the phase that exists at that boundary. In this case, the phase is a solid
solution o« of composition 90A-10B. Similarly, point o, when dropped to the
base line, will give the composition of the other phase constituting the mix-
ture, in this case the liquid solution of composition 74A-268.
66 Rule ll—Relative Amounts of Each Phase To determine the relative amounts
““of the two phases in equilibrium at any specified temperature in a two-
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Fig. 6.:2 Phase diagram of two metals completely soluble
in the liquid and solid states.
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Fig. 6-3 Diagram showing the tie line mo drawn in the
two-phase region at temperature T.

phase reglon draw a vertical line representmg the alloy and a horizontal
temgerature line to the boundar|e° of the Tieid. The vertical line will divide®
the horizontal line into two parts whose lengths are inversely proportional
to the amount of the phases present. This is also known as the lever rule.-
he point where the vertical line intersects the horizontal line may “be con-
sidered as the fulcrum of a lever system. The relative lengths of the lever-
arms multiplied by the amounts of the phases present must balance. \
. p InFig. 6-3, the vertical line, representing the alloy 20B, divides the hori-
zontal tie line into two parts, mn and no. If the entire length of the tie line-
mo is taken to represent 100 percent, or the total weight of the two phases
present at temperature T, the lever rule may be expressed mathematical
as -

. mn
Liquid (percent) = —— x 100
mo
no
a (percent) =— x 100
mo

If the tie line is removed from the phase diagram and the numerical-
values are inserted, it will appear as shown in Fig. 6-4. Applying the above
equations, ;

\

10
Liquid (percent) =E x 100 = 62.5 percent

6
a (percent) = PP x 100 = 37.5 percent




Fig. 6:4 The tie line mo removed from Fig. 6-3 to illustrate
application of the lever rule.

6 7 Equrhbnum Cooling of a Solid-Solution Altoy The very slow coohng, under

\,m
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v

2 20 .
X 100=£x 100 = 57 percent

(12T
Liquid (percent) =

(2

T.L, 15
a, (percent) = X 100 = g x 100 = 43 percent

A1)
Amount of liquid ¢ Amount of @
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To summarize both rules, the alloy of composition 80A-208 at the tem-
perature T consists of a mixture of two phases. One is a liquid solution
of composition 74A-268 constituting 62.5 percent of all the material pres
ent and the other a solid solution of composition 90A-108 makmg up 37.
percent of all the material present.

- equilibrium conditions, of a particular alloy 70A-308 will now be studied
to observe the phase changes that occur (see Fig. 6.5). This alloy at tem-
perature T, is a homogeneous single-phase liquid solution (Fig. 6.5a) and
remains so until temperature T, is reached. Since T, is on the liquidus line, '
freezing or solidification now begins. The first nuclei of solid solution to
form, «,, will be very rich in the higher-melting-point metal A and will be .
composed of 95A-58 (Rule 1). Since the solid so!ution in formmg takes ‘
material very rich in A from the liquid, the liquid must get richer in B. Just
after the start of solidification, the composition of the I|qU|d is approxi-
mated as 69A-31B (Fig. 6-5b). :

When the lower temperature T, is reached, the liquid composition is
at L,. The only solid solution in equilibrium with L, and therefore the only
solid solution forming at T; is a,. Applying Rule I, o, is composed of 10B.
Hence, as the temperature is decreased, not only does the qu!;uid composi-
tion become richer in B but also the solid solution. At T,, cry§tals of a, are
formed surrounding the «, composition cores and also separ:'aflte dendrites
of a, (Fig. 8-8). In order for equilibrium to be established at 7,, the entire
solid phase must be a composition «,. This requires diffusion of B atomsto
the A-rich core not only from the solid just formed but also from the liquid.
This is possible only if the coollng is extremely slow so that dlffuswn may
keep pace with crystal growth (Fig. 6-5¢).

At T,, the relative amounts of the liquid and solid solution may be deter-
mined by applying Rule II: :
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Fig. 6:5 The slow cooling of a 70A-308 alloy, showing
the microstructure at various points during solidification.

As the temperature falls, the solid solution continues to grow at the ex- :
pense of the liquid. The composition of the solid solution follows the soli
dus line while the composition of liquid follows the liquidus line, and bot
phases are becoming richer in B. At T, (Fig. 6-5d), the solid solution wiii"
make up approximately three-fourths of all the material present. The stu
dent should apply the lever rule at T, and determine the relative quantities |
of a; and'L,. Finally, the solidus line is reached at 7, and the last liquig
L,, very rich in B, solidifies primarily at the grain boundaries (Fig. 6-5¢).
However, diffusion will take place and all the solid solution will be of uni-
form composition «(70A-308), which is the overall composition of thef
alloy (Fig. 6-5f). Figure 6.7 shows the microstructure pf a slow-cooled
solid solqtion alloy. There are only grains and grain boundaries. There s ;
no evidence of any difference in chemical composition insideghe grains,
indicating that diffusion has made the grain homogeneous.
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Fig. 6:6 Schematic picture of the alloy 30B at temperature
T, before diffusion.

6-8 Diffusion It was pointed out in the previous section that.diffusion, or the
movement of atoms, in the solid state was an important phenomenon.
Through the mechanism of diffusion under slow cooling the dendritic
structure disappeared, and the grain became homogeneous. The purpose
of this section is to explain briefly how diffusion in solids ray occlr.

Diffusion is essentially statistical in nature, resulting from many random
movements of individual atoms. While the path of an indiv;’ﬁdual atom may
be zigzag and unpredictable, when large numbers of ato'fns make such

3

Fig. 6-7 Microstructure of a solid sotution iron alloy;
magnification 100X. (Courtesy of the Research Laboratory,
U.S.5teel.)
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movements they can produce a systematic flow.

There are three methods by which diffusion in substitutional solid so
lutions may take place; the vacancy mechanism, interstitial mechanism, i\ {§
and atom ihterchange mechanism. These are illustrated schematically i
Fig. 6-8.

in Chap. 2, under crystallization, it was pointed out that vacancies an
interstitial sites were a normal feature of a crystal structure. These imper- :
fections greatly facilitate diffusion, or the jumping of adjoining atoms.

'Figure 6-8a shows how a solute atom might move one atomic spacing :

to the left by jumping into a vacancy. It is equally probable, of course
that any one of the other atoms neighboring the vacancy could have made -
the jump. The vacancy has moved to the right to occupy the position of ;
the previous atom and is now ready for another random interchange. The
interstitial mechanism is illustrated in Fig. 6-8b, where an atom in normal ;
position moves into an interstitial space, and the vacated spot is taken by
the interstitial atom. As shown in the same figure, diffusion may occur by
an interstitial atom wandering through the crystal, but this method is more
likely in interstitial solid solutions. ;

It is possible for movement to take place by a direct interchange between
two adjacent atoms,:as shown in Fig. 6.8¢, or by a four-atom ring inter-
change, as in Fig. 6.-8d. However, these would probably occur only under
special conditions, since the physical problem of squeezing between
closely packed neighboring atoms would increase the barrier for diffusion, -
Experimental evidence has indicated that the use of vacancies is the pri-’
mary metth of diffusion in metals. The rate of diffusion is much greater
ina rapidly‘;'cooled alloy than in the same alloy slow-cooled. The difference
is due to the larger number of vacancies retained in the alloy by fast cool-
ing. Vacancy migration also has a lower activation energy when compared
with the other methods.

The rate of diffusion of one metal in another is specified by the diffusion
coefficient, which is given in units of square centimeters per second. While*

Interstitial
Vacancy ofom
Of000O0O 00 o\

©O0 00000 00000 g
0\0 0%0 © oo%ﬁoo oo®oo ootooo .
ovooo ocoMpo oodoo ©0o'Q

O0O000 00000 00000 00000
O00OBGO 00000 00000 0O00O0O0

{g) Vacancy {6) Interstitial (¢) Two-atom () Four-atom ring
mechanism mechanism interchange interchange

Fig. 6:8 Schematic diffusion mechanisms.



6:9 Nonequilibrium Cooling—Origin of Coring In actual practice it is extremely
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the diffusion coefficient is a function of many variables,ithe most impor-
tant is temperature. As a general rule, it-may be stated that the diffusion.
coefficient doubles for every 20-deg (centigrade) rise in témperature. This
is not surprising, since all atoms are constantly vibrating‘about their equi
librium positions in the lattice, and since the amplitudefz of vibration in-'
creases with increasing temperature. The energy assog¢iated with these
thermal vibrations, often referred to as the thermal energy, is sufficient 1o
cause an atom to jump out of its lattice position under suitable condltlon :
Therefore, temperature is obviously an important factor in determmmg
whether jumping or diffusion is likely to occur. An alloy has the lowest
free energy when it is in a homogeneous condition, and this is the dnvmg
force for diffusion.

difficuit to cool under equxhbnum conditions. Since diffusion in the s
state takes place at a very slow rate, it is expected that with ordinary coo
ing rates there will be some difference in the conditions as indicated by the
equilibrium diagram. Referring again to the alloy 30B (Fig. 6-9), solidif
cation starts at T,, forming a solid solution of composition a;. At T, the
liquid is at L, and the solid solution now forming is of composition a; (see.
Fig. 6:6). Since diffusion is too slow to keep pace with crystal growth, not
enough time will be allowed to achieve uniformity in the solid, and the aver-
age composition will be between oy and a,, say a. As the temperature
drops, the average composition of the solid solution will depart still further
from equilibrium conditions. It seems that the composut_lon of the solid
solution is following a "“‘nonequilibrium” solidus line a, to a's, shown
dotted in Fig. 6-9. The liquid, on the other hand, has essentially the compo-
sition given by the liquidus line, since diffusion is relatively rapid in liquid.
At T, the average solid solution will be of composition oz_’a instead of a5
Under equilibrium cooling, solidification should be complete at T,; how-
ever, since the average composition of the solid solution «', has not’
reached the composition of the alloy, some liquid must still remain. Ap-
plying the lever rule at T, gives

Tuls
o'y (percent) = X 100 = 75 percent

o'yl

'y Ty
L, (percent) =

X 100 = 25 percent !}
A4ly -

Solidification will therefore continue until T; is reached. At this tempera-
ture the composition of the solid solution «'; coincides with the alloy com-
position, and solidification is complete. The last liquid to solidify, L, is
richer in B than the last liquid to solidify under equilibrium conditions. it
is apparent from a study of Fig. 6.9 that the more rapidly the alloy is cooled
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Fig. 6-:9 Nonequilibrium cooling; the origin of coring.

the greater will be the compasition range in the solidified alioy. Since the
rate of chemical attack varies with composition, proper etching will reveal
the dendritic structure microscopically (Fig. 6-10). The final solid consists
of a “cored” structure with a higher-melting central portion surrounded by
the lower-melting, last-to- -solidify shell. The above ‘condition is referred
16 as coring or dendritic segregation.

To summarize, nonequilibrium cooling results in an increased tempera-
ture range over which ligquid and solid are present; final solidification
occurs at a lower temperature than predicted by the phase diagram; the
final liquid to solidify will be richer in the lower-melting-point metal; and
since dlffusmn has not kept pace with crystal growth, there will be a differ-
ence in chemlcal composition from the center to the outside of the grains,
The faster t__he rate of cooling, the greater will be the above effects.

6-10 Homogenization Cored structures are most common in as-cast metals.
From the above discussion of the origin of a cored structure, it is apparent
that the last solid formed along the grain boundaries and in the interden-:
dritic spaces is very rich in the lower-melting-point metgl. Depending upon
the properties of this lower-melting-point metal, the grain boundaries may




magnification 100X, (Research Laboratories, National
Lead Company.)

;
i
¥

PHASE DIAGRAMS 167

act as a plane of weakness. It will also result in a serious lack of uniformity
in mechanical and physical properties and, in some cases, increased sus-
ceptibility to intergranular corrosion because of preferential attack by a
corrosive medium. Therefore, for some applications, a cored structure is
objectionable.

There are two methods for solving the problem of coring. One is to pre-
vent its formation by slow freezing from the tiquid, but this results in large
grain size and requires a very long time. The preferred method industrially
is to achieve equalization of composition or homagenization of the cored
structure by diffusion in the solid state.

At room temperature, for most metals, the diffusion rate is 'ng slow; but
if the alloy is reheated to a temperature below the solidus line, diffusion
will be more rapid and homogenization will occur in a relatively short
time. '

Figure 6-11 shows the actual equilibrium diagram for the copper-nickel
system, and the alloy 85Cu-15Ni is shown as a dotted line. The effect of
homogenization on the cored structure of an 85Cu-15Ni allo& is illustrated
by the series of photomicrographs in Fig. 6:12. The first picture of this se-
quence shows the microstructure of the alloy as chill-cast. As the equi-
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Fig. 6-11 , Copper-nickel equilibrium diagram. (From
“Metals Handbook,” 1948 ed., p. 1198, American Society
for Metals, Metals Park, Ohio.)

Ilbrlum diagram predicts, the first solid to be formed in the central axes
of the dendrites is rich in nickel. Because of rapid cooling, there is a great -
difference in nickel content between the central axes of the dendrites an
the interdehdritic spaces. This difference is revealed by suitable etching
The next figure shows the same sample after heating at 1382°F for 3 h.
Counterdiffusion of nickel and copper atoms between the nickel-rich cores |
and the copper-rich fillings has reduced the composition differences some-
what. The microstructure of the same sample heated to 1742°F for 9 h is
-shown in the third figure. The composition is compietely equalized, and °
the dendrites have disappeared. The grain boundaries are clearly evident.
Black particles are copper oxide or nickel oxide inclusions. The fourth
figure illustrates the same alloy slowly cooled by casting in a hot mold. -
The dendritic structure is coarser than that of the chill-cast alloy. The last
figure shows this same sample heated 15 h at 1742°F. The structure is now :
completely ‘homogenized. Despite the smaller initial composition differ-
ences across the coarse dendrites as compared with the fine dendrites, it -
took a longer time for equalization because of the greater distance through -
which the copper and nickel atoms had to diffuse in the coarse structure. ®
Extreme care must be exercised in this treatment not to cross the solidus’
line; otherwise liquation of the grain boundaries will occur, impairing the

\/?-vape and physical properties of the casting (Fig. 6-13).
6-1

Pfoperties of Solid-solution Alloys In general, in an alloy system formlnga
continuous, series of solid solutions, most of the property changes are
caused by distortion of the crystal lattice of the solvent metal by additions *
of the solute metal. The effect of composition on some physical and me
chanical properties of annealed alloys in the copper-nickel system is give
in Table 6-1. Electrical resistivity depends upon distortion of the lattic
structure. Since the distortion increases with the amount of solute meta

.
[ U, W [—



Fig. 6-12 Photomicrographs of an 85 Cu-15
Ni alloy. (a) chill-cast, 50x; (b) chill-cast,
reheated 3 h at 1382°F, 50x; (¢} .chill-cast,
reheated 9 h at 1742°F, 50x; (d), cast in a hot
miold, 50x: (e) cast in a hot mold, reheated
15 h at 1742°F, 50>. (By permisslon from
Brick, Gordon, and Phillips, “Structure and
Properties of Alloys,” 3d ed., McGraw-Hill
Book Company, New York, 1965.)
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Fig. 6:13 Photomicrograph of an aluminum alloy in which
some melting has occurred at the grain boundaries during
heating. After cooling, these portionrs of the grain boundaries
appear as dark.broad {ines; magnification, 1,000X. (Alcoa
Research Laboratories, Aluminum Company of America.)

added, and:since either metal can be considered as the solvent, the maxi
mum electrical resistivity should occur in the center of the composition’
range. This is verified by the values given in the table. As copper is adde
to nickel, the strength of the alloy increases, and as nickel is added to .
copper, the strength of that alloy also increases. Therefore, between pur
copper and pure nickel there must be an alloy which shows the maximum
strength. It turns out to be at approximately two-thirds nicke! and one:
third copper. This is a very useful commercial alloy known as Monel. |
shows good strength and good ductility along with high corrosion resist
ance. The same behavior is also true of hardness in that there will be a
alloy that shows the maximum hardness, although the maximum tensil
strength and hardness do not necessarily come at the same composition.
6-12 Variations of Type | Every alloy in the Type | system covered has a melting
point between the melting points of A and B. Itis possible to have a system
in which the liquidus and solidus lines go through a minimum or a maxi
mum (Fig. 6-:14a, b). The alloy composition x in Fig. 6-14a behaves just lik
a pure metal. There is no difference in the liquid and solid composition
It begins and ends solidification at a constanf temperature with no chang
in composition, and its coolmg curve will show a horizontal line. Suc
Wnown as congruent me/tlng aIons Because alloy x has th

lowest mel‘nng pomt in the series, and the equnltbnum diagram resemble
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the eutectic type to be discussed shortly, it is sometimes known as a pseu-
doeutectic alloy. Examples of alloy systems that show a minimum are ¥
Cu-Au and Ni-Pd. Those showing a maximum are rare, and there are no
known metallic systems of this type.

6-13 Type lI—Two Metals Completely Soluble in the Liquid State and Completely B
Insoluble in fhe Solid State Technically, no two metals are completely "¢
insoluble in each other. However, in some cases the solubility is so re-

] ‘.0-1 Properties of Annealed Copper-Nickel Alloys* .
- ] _ ELECTRICAL ¥
CTRoNGTH, ELONGATION.% BHN, AT ICE .  RESISTIVITY, |
Bs| IN 2 IN. 10 MM, 500 K& [ RO MICROHMS
PERCUCM &
30,000 53 36 3.6073 17 3
35,000 47 51 3.5975 14 :
39,000 43 58 3.5871 27 3
44,000 40 67 3.5770 38 ;
48,000 39 70 3.5679 46 L
50,000 41 73 3.5593 51 |
53,000 41 74 3.5510 50
53,000 42 73 3.5432 40 2
50,000 43 68 3.5350 30 1
48,000 45 61 3.5265 - 19
43,000 - 48 54 3.5170 - 6.8
- A
By permission from R. M. Brick and A. Phillips, "Structure and Properties of Alloys," 2d ed., McGraw-Hilt Book Company, New York, 1949. i’
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stricted that for practical purposes they may be conS|dered insoluble. Cof
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Fig. 6:14 (a) Solid-soiution system showing a minimum.
(b) Solid-solution system showing a maximum.
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Raoult's law states that the. freezing point of a pure substance will bg
lowered by.the addition of a second substance provided the latter is solys
ble in the pure substance when liquid and insoluble when solidified. The
amount of Jowering of the freezing point is proportional to the molecular
weight of the solute. .

This phase diagram can be developed from a series of cooling curvesin-
a manner analogous to that used for the solid solution diagram described
previously,.but in this case, the experimental curves show a different kind'-..'_‘
of behavior. The series of cooling curves for the pure metals and various
alloys, and the room-temperature microstructures, are shown in Fig. 6-15,
The cooling curves for the pure metals A and B show a single horizontal
line at their freezing points, as expected. As B is added to A, the tempera- §&.
‘ture for the beginning of solidification is lowered. As A is added to B, the !
temperature for the beginning of solidification for those alloys is also 1

100 80 60 50 40 30 20 0 ——Percent 4
0 i 80 100 — Percent B

Temperature —

Fig. 6-15 Cooling cutves and room-temperature micro-
structures for a seriesiof alloys of two metals that are in-
soluble in the solid state. The upper dotted line indicates
the form of the liquidus and the lower dotted line the form

of the solidus line,
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lowered. Therefore, since each metal lowers the freezing point of the other;
the line connecting the points showing the beginning of solidification, the
liquidus line, must show a minimum. This is illustrated by the upper dotted
line in Fig. 6-15, showing a minimum at_point £_known as_the eutectic
point, for a composition ‘of 40A-608. Notice that over a wide range of com-
positions, a portion of the cooling curve that shows the end of solidifica-."

tion occurs at a fixéd temperature This lower horizontal line at T, shown .

dotted in Fig. 6:15, is known as the eutectic temperature. In one alloy, the
eutectic composmonﬁQA;ﬁO.B cq@_p,lej_e solidification accurs at a single
temperature, the eutectic temperature. Although the freezing of the eutec-
tic mon thus resembles that of a pure metal, it is not a congruent
melting alloy since we will shortly see that the resulting solid is composed
of two phases. '

The actual phase diagratit may now be constructed by transferring the
breaks on the cooling curves to a plot of temperature vs. composition,
as shown in Fig. 6:16. The melting points of the two pure metals, points
M and N, are plotted on the vertical lines that represent the pure metals.
For an alloy containing 80A-208 the beginning of solidification T, and the
end of solidification T, are plotted as shown. The same procedure is fol-
lowed for the remaining alloys. The upper line on the phase diagram con-
necting the two melting points, MEN, is the liquidus line and shows. the
beginning of solidification. The point at which the liquidus lines intersect,
the minimum point E, is known as the eutectic point. T¢is called the eutec-
tic temperature and 40A-608 the eutectic composition. The solidus line
is always a continuous line connecting the melting points of the pure
metals, so that the complete solidus line is MFGN.

This phase diagram consists of four areas. The area above the liquidus
line is a single-phase homo'geneous liquid solution, since the two metals
are soluble in the liquid state. The remaining three areas are two-phase
areas. Every two-phase area on a phase diagram must be bounded along
a horizontal line by single phases. If the single-phase areas are labeled
first, then the two-phase areas may be easily determined. For example,
in Fig. 6-16, to determine the phases that exist in the iwo-phase area MFE,
a horizontal tie line OL is drawn. This line intersects the liguidus at L,
which means that the liquid is one of the phases existing in the two-phase
area and intersects the left axis at point O. The left axis represents a single
phase, the pure metal A, which below its meltiiig point is solid." Therefore,
the two phases existing in the area MFE are liquid and solid A. The same
.reasoning is applied to determine the two phases that exist in area NEG.
These are liquid and solid B. The above ideas may be applied to any phase
diagram and will be. useful to the student for the labeling of more complex
diagrams.

Since the two metals are assumed to be completely insoluble in the solid
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Fig. 6-16 Eutectic-type phase diagram.
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can form is a pure metal. ‘Also, every alloy when completely solidified must | :_

be a mixture of the two pure.metals. It is common practice to consider
alloys to the left of the eutectic composition as hypoeutectic alloys and

those to the right as hypereutectic alloys. The way in which solidification. i

takes place is of interest and will now be studied by following the slow
cooling of several alloys.

-Alloy 1 in Fig. 6-17 is the eutectic composition 40A-608. As it is cooled;"

, from temperature T, it remains a uniform liquid solution until poinf E,
the eutectic-temperature line, is reached. Since this is the intersection of

the liquidus and solidus lines, the liquid must now start to solidify, and the
temperature cannot drop until the alloy is completely solid. The liquid will &

solidify into a mixture of two phases. These phases are always the ones that
. appear at either end of the horizontal eutectic-temperature line, in this case

point F, which is the pure-metal A, and point G, the pure metal B. Let us™

~assume that a small amount of pure metal A is solidified. This leaves the
| remaining liquid richer in B; the liquid composition has shifted slightly
/ to the right. To restore the liquid composition to its equilibrium value, 8

Fig.
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will solidify. If slightly too much B is solidified, the liquid composition will |
have shifted to the left, requiring A to solidify to restore equilibrium. There- }
fore, at constant temperature, the liquid solidifies alternately pure A and ,1
pure B, resulting in an extremely fine mixture usually visible only under the |
microscope. This is known as the eutectic mixture (Fig. 6-18). The change ]
of this liquid of composition E into two solids at constant temperature is !
known as the eutectic reaction and may be written as
cooling

Liquid =————= solid A + solid B
heating “——————————"—"

autectic mixture

-l

Since solidification of the eutectic alloy cccurs at constant temperature,
its cooling curve would be the same as that for a pure metal or any con-
gruent-melting alloy. The eutectic solidification, however, is incongruent
since there is a difference in composition between the liquid and the indi-
vidual solid phases. :

Liguid

|
|
l
|
T |
e |
[ i
| + !
I I |
® ‘ ll 1
2 Liquid + Solid 4 ‘ | Liquid + Solid &
s " | |
@ 7. i I\ £
" £ 6

I
|

|
| |
Solid A + soliz:‘l 8 }
\ I |
) g |
-<—————-—So:lid A+ 'lEufecfic mixture ———~«—Eutectic mixture + Solid 5—=

| |

I | N |
| | : |
| | L | ; l ] | |
A 10 20 30 40 60 70 80 90 8

je—— Hypoeutectic alloys ————+<—— Hypereutectic alloys ——— A
- Composition, weight percent 5

Fig. 6-17 Eutectic-type phase diagram.
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Fig. 618

Laboratories, National Lead Company.)

" is slowly traveling downward and to the right along the liquidus curve,

Lead-bismuth eutectic mixture, 100X. (Research

Alloy 2, a hypoeutectic alloy composed of 80A-208, remains a uniform |
liguid solution until the liguidus line, temperature T7,, is reached. At this "
point the liquid L, is saturated in A, and as the temperature is dropped
slightly, the excess A must solidify. The liquid, by depositing crystals of
pure A, must become richer in B. Applying Rule | at temperature T, shows
the solid phase to be pure A and the liquid composition L, as 70A-308. The
amount which has solidified up to this temperature would be found by "
applying Rule il:

XL,

10
A (percent) = % 100 = '3?0 x 100 = 33 percent

2-2

T,x, 20 )
L, {percent) = —X 100 = — X 100 =67 percent
ols 30
The microstructure would appear as in Fig. 6-19a. As solidification con- 3
tinues, the: amount of pure solid A increases gradually by continued pre- §
cipitation from the liquid. The liquid composition, becoming richer in B, %

while the amount of liquid is gradually decreasing. When the alloy reaches 3
Xg, the eutectic line, the liquid is at point £. The conditions existing just " §

/
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a fraction of a degree above T; are:

N\J\JWW\’ -
Phases Liquid Solid A
Composition 40A-608 100A
. Texe . xgE
Relative arnount — % 100 = 33% — %X 100 = 87%
E E

The microstructure would appear as in Fig. 6:19b. The remaining liquid
(33 percent), having reached the eutectic point, now solidifies into the
fine intimate mixture of A and B as described under alloy 1. When solidi-
fied, the alloy will consist of 67 percent of grains of primary A or proeutectic
A (which formed between 7, and T or before the eutectic reaction) and 33
percent eutectic (A + B) mixture (Fig. 6:19¢). Every zlloy to the left of the
eutectic point E, when solidified, will consist of grains of proeutectic A
and the eutectic mixture. The closer the alloy composition is to.the eutectic
composition, the more eutectic mixture will be presant in the solidified
alloy (see microstructures in Fig. 6-15).

Alloy 3, a hypereutectic alloy composed of 10A-90B, undergoes the same
cooling process as alloy 2 except that when the liquidus line is reached
the liquid deposits crystals of pure B instead of A. As the temperature is
decreased, more and more B will solidify, leaving the liquid richer in A,
The amount of liquid gradually decreases, and its composition gradually
moves down and to the Ieft along the liquidus line untii point E is reached
at the eutectic temperature. The remaining liquid now solidifies into the
eutectic (A + B) mixture. After solidification, the alloy will consist of 75
percent grains of primary B or proeutectic B and 25 percent eutectic (A +
B) mixture. The student should verify these figures and sketch the micro-
structure at room temperature. Every alloy to the right of the eutectic
point, when solidified, will consist of grains of proeutectic B ?'?Q.'Eh?__é&’tﬁ?
tic mixture. The only difference will be in the relative amounts (see micro-
structures in Fig. 6:15). The relationship between alloy composition and
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g. 6:19 Stages in the sloW cooling of an 80A-208 alloy.
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microstructure may be shown by using the eutectic composition as an
imaginary boundary line. The area below the solidus line and to the left:
of the eutectic composition is labeled solid A + eutectic mixture, and that
to the right, solid B + eutectic mixture (Fig. 6-17). Figure 6-20 shows the
relation between ailoy composition and relative amounts.

From the previous discussion it is apparent that, regardless of alloy
composition, the same reaction takes place whenever the eutectic-tem-
perature line is reached, namely; '

cooling

Liquid solid A + solid B
' M e e’

heating
eutectic mixture

The aone reaction applies specifically to this diagram; however, the
eutectic reaction may be written in general as

- coolin . .
Liquid J solid, + solid;
heating -
A eutectic mixture

the only requirement being that the eutectic mixture consist of two dif-
terent solid phases. : This mixture may be two pure metals, two solid solu-
tions, two intermediate phases, or any combination of the above.
/The simplified aluminum-silicon phase diagram is shown in Fig. 6:21, ;
neglecting the slight solubility of silicon in aluminum. The numbers at §
the bottom of this diagram refer to the photomicrographs in Fig. 6-22. Be-

ginning with alloy 1 at the left of Fig. 6-21, the microstructure of pure alumi- |
num is shown in Fig. 6-22a. Alloy 2 (Fig. 6-22b), containing 8 percent siti- ¥
con, consists of dendrites of primary or proeutectic aluminum surrounded &
by the eutectic mixture of aluminum and silicon. Notice the fine alternate §.
light and dark structure of the eutectic. Since the eutectic is formed from ¥

100 0
. i Q
g Primary 4 or : Primary & or E
.‘-EE proeutectic 4 : proeutectic & é‘
o | i S
£ 5ol I +450 =
£ I 5
8 Eutectic £
= mixture &
: £
& [ S
: 1 | 1 | 100 -
0
A : 20 40 60 80 g

Compositicn, weight percent &

Fig. 6-20 Diagram sﬁowing the linear relationship be-
tween the parts of the microstructure and alloy composition
for the eutectic system of Fig. 6:17.
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Fig. 6-21 Simplified aluminum-silicon phase diagram. The
numbers on the bottom correspond to the photomicro- '
graphs in Fig. 6-22. )

the last liquid to solidify, it fills the spaces between the arms of the den-
drites. Alloy 3 (Fig. 6-22¢) is the eutectic composition of 12 percent silicon
and consists entirely of the eutectic mixture. As we move to the right, the
microstructure will consist of primary silicon (black) and the eutectic mix-~
ture, the amount of primary silicon increasing with incredsing silicon
content as shown in Fig. 6-:22d and e. Finally, Fig. 6-22f shows the micrg-
structure of pure silicon. It is therefore possible to predict from an equi-
librium diagram, with reasonable accuracy, the proportions of.each phase:
which will exist in an alloy after slow cooling to room temperature.
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PHASE DIAGRAMé',-i‘s‘i

wa;lpe HI—Two Metals Completely Soluble in the Liquid State but Only
Partiy solubie in the Soiid State “Since most metais show some solubilit}
for each other in the solid state, this type is the most common and, there-
fore, the most important alloy system.

From the discussion of the previous two types, it is assumed that the
student is familiar with the method of determining a phase diagram from _
a series of cooling cufves. The remaining types will be drawn and studied -
directty.

The phase diagram of this type is shown in Fig. 6-23. The melting points
of the two pure metals are indicated at points T, and T, respectively. The
liquidus line is T,ETg, and the solidus line is T,FEGT;. The single-phase .
areas should be labeled first. Above the liquidus iine, there is only asingle-
phase ligquid solution. At the melting points, where the liquidus and solidus
lines meet, the diagram resembles the cigar-shaped dlagram of Type |
(complete solid solubility), and since these metals are partly soluble in the
solid state, a solid solution must be formed. Alloys in this system never
solidify crystals of pure A or pure B but always a solid solution or mixture’
of solid solutions.. The single-phase « (alpha) and g (beta) solid-solution

AN
n
Liquid
X {1 phose)
7
Diitl 1 a o Liquidne o
w 17 phuses) L (
! Liquid ’
§ FA C
£ , 0 pheses)
vl
7 = {
a ————S5olidys” l\ o 8 E
{1 phose) } Eutectic ~ s '
| point =
1 .
a + B }
(2 phoses) |
|
)
Solvus I Selvys
}
! | | I L |
A 10 20 40 60 80 95 5

Composition, weight percent &
Fig. 6:23 Phase diagram illustrating partial solid solu-
bility. ——— s
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areas are now labeled. Since these solid solutions are next to the axes,
they are known as terminal solid solutions. The remaining three two-phase
areas may now be labeled as liquid + «, liquid + 8, and o + 3. At T, theq
solid solution dissolves a maximum of 20 percent B as shown by point
and the 8 solid solution a maximum of 10 percent A as shown by point G.
With decreasing temperature, the maximum amount of solute that can be
dissolved décreases, as indicated by lines FH and GJ.. These lines are
called solvus lines and indicate the maximum solubility (saturated solution)
of B in A (a solution) or A in B (8 solution) as a function of temperature.
Point E, where the liquidus lines meet at a minimum, as in Type |, is known 3
as the eutectic point. The slow cooling of several alloys will now be studied. ;

Alloy 1 (Fig. 6-24), composed of 9_5__A;58‘ when slow-cooled will follow -
a process exactly the same as any allby in Type I: When the liquidus line
is crossed at T, it will begin to solidify by forrrﬁng crystals of o solid solu-
tion extremely rich in A. This process continues, with the liquid getting
richer in B and gradually moving down along the liquidus line. The q

fFig. 6-
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Fig. 6-24 Phase diagra}n illustrating partial solid solubil-
ity. M
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- Fig. 6-25 The cooling curve and microstructure at various
. temperatures during solidification of a 95A-58 alloy.

solid solution, also getting richer in B, is moving down along the solidus
line. When the solidus line is finally crossed at 7, and with diffusion keep-
ing pace with crystal growth, the entire solid wili be a homogeneous a solid
| solution and will remain that way down to room temperature. The process
: of solidification and the cooling cyrve for this alloy are shown in Fig. 6.25. ..
Alloy 2, 30A-708, is the eutectic composition and remains liquid until -
the eutectic temperature is reached at point E. Since this is also the solidus
line, the liquid now undergoes the eutectic reaction, at constant tempera-’
ture, forming a very fine mixture of two solids. The two solids that make up
the eutectic mixture afe given by the extremities of the eutectic-tempera-
ture line, o of composition F and g of composition G. The eutectic reaction
may be written as

cooling

Liquid a+ g

heating ——
eutectic mixture

This reaction is the same as the one which occurred in the Type Il dia-
gram, except for the substitution of solid solutions for pure metals. vfhe i
relative amounts of « and g in the eutectic mixture may be determined by

applying Ruie ii (lever rule): _

EG 20
o (percent) = — x 100 = — x 100 = 28.6 percent
FG 70

( 1) EF 100 =2y 100 = 71.4 t
rcent) = — x =—X = . arcen
A (pe FG 70 P
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v

e Because of. the change in solubility of B in A, line FH, and of A in B, lin
GJ, there will be a slight change in the relative amounts of « and 8 as th
alloy is cooled to room temperature. The relative amounts of « and ga
room temperature are

KJ 25
o (percent) =-— x 100 = — x 100 = 29.4 percent
HJ 85

( t) i 100 % 100 = 70.6 t
ercent) = — x =-—X = 70.6 percen
AP HJ 85 P

The eutectic mixture is shown in Fig. 6:29¢c. Notice the similarity betwes
this picture and the eutectic mixture formed in Type Il (Fig. 6-18). Itisno
possible to tell microscopically whether the eutectic mixture is mad
tup of two splid solutions or two pure metals.

Alloy 3, 60A-40B, remains liquid until the liquidus line is reached atT,
The liquid starts to solidify crystals of primary or proeutectic « solid solu
ti\qn very rich in A. As the temperature decreases the liquid becomes riche
and richer in B, gradually moving down and to the right along the liquidu
line until it reaches point E. Examining the conditions which exist ju
above the eutectic temperature T, there are two phases present:

v
]

ig. 62
femper:

Phases Liquid Primary «
Chemical composition 30A-708B 80A-208
Relative amounts 40% 60%

_ The student should verify the above numbers by applying Rules | and
at the eutectig temperature.VSince the remaining liguid (40 percent) is a
point E, the Zgh.t_.__t._t,a.m perature.and.composition to_form the eutectic mix
ture, it now solidifies by forming alternately crystals of « and 8 of the
60mpositidn appearing at the ends of the eutectic temperature line (point
F and G). "/rhe temperature does not drop until_solidification is complets,

Eutectic mixture
(¢ +B) 40%

2
%

"

T~
Y]
B
\.“:“

=
Z
e

A

Fig. 6-26 Sechematic ;Sicture of the microstructure, after
solidification, of alloy 3 in Fig. 6-24.
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Fig. 6-27 The cooling curve and microstructure at various
temperatures during solidification of a 60A-408 alloy.

\

Notice the similarity in fnicrostructure between this alloy and Fig. 6-19¢.
As the alloy cools to room temperature because of the change in solubility
indicated by the solvus line FH, some excess B is precipitated from the
solution. The process of solidification and the cooling curve for this alloy
are shown in Fig. 6-27. )
~AAlloy 4, 85A-158, follows the same process as described for alloy 1. The
microstructure at various temperatures and the cooling curve for this
alloy are shown in Fig. 6-:28. Solidification starts at 7, and is complete at
Ts, the resultant solid being a homogeneous single phase, the a solid
solution. At point M the solution is unsaturated. The solvus line FH, as
explained prewously, shows the decrease in solubility of 8 in A A with de-

creasing temperature. Zs the alloy cools, the solvus line is reached at point
N. The « solution is now saturated in B. Below this temperature, under
conditions of slow cooling, the excess B must come out of solution. Since
A is soluble in B, the precipitate does not come out as the pure metal B,
but rather the g8 solid solution. At room temperature, the alloy will consist
largely of « with a small amount of excess g, primarily afong the grain
boundaries (Fig. 6-28). The student should determine the Amount of ex-
cess 3 by applying the lever rule at the line HJ (Fig. 6-24). 1
If the 8 phase is relatively brittle, the alloy will not be very strong or duc-
tile. The strength of an alloy 1o a large extent is determineq by the phase
that is continuous through the alloy. In this case, although the B solution
constitutes only about 5 percent of the alloy, it exists as a continuous net-
work along the grain boundaries. Therefore, the alioy will tend to rupture
along these boundaries. This alloy, however, may be madef to undergo a
f

1
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Cooling: Liquid
curve ~ solution (154
Alfoy
4

Liquid solution {40 4)
Alpha solid solution (54)

Alpha solid solution{154)

Temperature —»

Alpha sclid solution {105}
—Beta solid solution{95 &)

Time = 4 10 20 30 40
Percent A

Fig. 6:28 The cooling curve and microstructure af various
temperatures for an 85A-158 ailoy.

significant change in strength and hardness after being properly heat-
treated.

The lead-antimony equilibrium diagram and photomicrographs of var-
ious alloys'in this system are shown in Fig. 6-29. Alloy 1 (Fig. 6-29b), con-
taining 6.5. percent antimony, illustrates a typical hypoeutectic structure
of.primary:‘a dendrites (black) and the eutectic mixture filling the spaces
between the dendrites. Alloy 2 (Fig. 6:29¢), containing 11.5 percent anti-
mony, consists entirely of the eutectic mixture of « and 3 solid solutions,
To the rigﬁt of the eutectic composition, the alloys consist of primary g
(white) surrounded by the eutectic mixture (Fig. 6-29d) and differ only in
the relativé amounts of the phases present. The amount of the eutectic 2
mixture decreases as the alloy composition moves away from the eutectic §
composition. .

The lead-tin equilibrium diagram and photomicrographs of various alloys
in this system are shown in Fig. 6-30. Alloy 1 (Fig. 6-30b), containing 70
percent tin, is to the right of the eutectic composition. The microstructure
consists of.primary 8 dendrites (white) surrounded by the eutectic mixture,
Alloy 2 (Fig. 6-30c) ie the eutectic composition and consists entirely of a
very fine mixture of o and g solid solutions. Alloys 3 and 4 (Fig. 6-30d and
€), containing 60 and 50 percent tin, respectively, consist of dendrites of the
lead-rich p}imary « solid solution (black) surrounded by the eutectic mix-
ture, the amount of « increasing as the alloy composition moves to the left.
Notice the similarity of the photomicrographs shown in Figs. 6-22, 6-29,
and 6-30.




PHASE DIAGRAMS 187

700
4\ £ L”;IZOO
600 —
Liquid j //X' oo
500 l 1 P 1 :
® J 14 800 ¢
&," 400 ¥ / ; 9:_;
*3 Liqud + ¢ / Liquid + 8 'l J g
g 300“/ - Lo 600 &
g N~ ] £
€ R < B k)
2 d/ T N \ =
200 } i — A‘ 400
¢ L‘i‘ gutechic + B \
8 | | : 1
100} * H; 200
eutectic (0 } J \ ||
, oL J |
0 10 20 30 40 50 60 70 80 90 100
i 100P0 Py Weight percant antimony 0
123

(a)

{¢) Allgy 2

Fig. 6-28 (a) The lead-antimony equilibrium\dia-
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12.25 percent antimony alloy, 250X. (American
Smelting and Refining Company.)
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Co., Re




Fig. 6-31

PHASE DIAGRAMS 188

7 615 Propertl'ee in Eutectic Alloy Systems [t was shown in Fig. 6-20 that there
i

is a linear relationship between the constituents appearing in the micro-
structure and the alloy composition for a eutectic system. This would -
seem to indicate that the physical and mechamcal properties of-a eutectic
system should also.show a.linear variation. In actual practice, however
this ideal behavior is rarely found. The properties of any, multlphase alloy
depend upon the individual characteristics of the phases and how these
phases are distributed in the microstructure. This is particularly true for
eutectic alloy systems. Strength, hardness, and ductility are related to the
size, number, distribution, and properties of the crystals of both phases.
In many commercially important eutectic alicy systems, one phase is rela-
tively weak and plastic while the other phase is relatively hard and brittle.
As the eutectic composition is approached from lhe plastic-phase side,
there will be an increase in the strength of the alloy. There will be a de-
crease in strength beyond the eutectic composatlon due to the decrease in
the amount of the srﬁall eutectlc_partlcles and the increase in size and
amount of_the proeutectlc brittle phase. Therefore, in this§ kind of ‘system”
the eutectic composition will generally “show rnaximum strength. This is
illustrated in Fig. 6-31, which shows the variation in tensile strength and
elongation for cast aluminum-silicon alloys containing up to 14 percent
silicon. The tensile strength shows a maximum at very near the eutectic
composition. The aluminum-silicon phase diagram is given in Fig. 6-21.
Another important point is that the resulting properties of a mixture most
nearly resemble those of the phase which is continuous—that is, the phase
that forms the background or matrix in which particles of the other phase
are imbedded. The eutectic mixture is always the microconstituent which is
continuous, since it is the last liquid to solidify and surrounds the primary
grains. It is generally true that the phase which makes up the greater pro-
portion in the eutectic mixture will be the continuous phase. If this phase

: | 28
v <
Z 24,000 Tensile strength - 24 é
‘g 20,000 < 20 2 .
£ 16,000 R 16 @
2 12,000 )(\ 2 §F
S . 8 &

(A)2 4 6 8 10 12 14
Percent silicon

Variation of typical properties of cast aluminum-

silicon alloys up to 14 percent silicon. (From Guy, “Ele-
ments of Physical Metallurgy,” Addison-Wesltey Publishing
Co., Reading, Mass., 1959.)
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is plastic, the entire series of alloys will show some plasticity. If this phase
is brittle, the entire series of alloys will be relatively brittle.

In addition to the above factors, an increase in cooling rate during freez
ing may result in a finer eutectic mixture, a greater amount of eutectic mix-
ture, and smaller primary grains, which in turn will influence the mechani-
cal properties considerably. '

»/E. 16 Age Hardening There are only two principal methods for increa$ing the i
strength and hardness of a given alloy: cold d working or heat treé’tmenl %
The most, important heat- -treating process fo_r___npnferrous alloys I age ¢
hardenlng or precipitation hardening. in order to apply this heat treat-
' ment, the’ eqU|I|br|um diagram must show partial solid solubility, and/the '
slope of the solvus line must be such that there is greater solubility at a

~ higher temperature than at a lower temperature. These conditions are ¢
' satisfied by Fig. 6-24. Let us consider the left side of the diagram |nvolvmg
the « SO|Id solution. “Alloy compositions that can be age-hardened are -
_usually chosen between point F containing 20 percent B and point H con-
tamlng 10 percent B. Commercially, most age-hardenable alloys are_1
chosen of compositions slightly to the left of point F, although the maxi- - #
mum hardening effect would be obtained by an alloy containing 20 per-
cent B. The phase which is dissolved may be a terminal solid solution, as &
in this case, or an intermediate alloy phase.

Two -stages are generally required in heat treatment to produce age
hardening: solution treatment and aging. '
Solution Treatment If alloy 4 (F|g 6-24, microstructure shown in Fig.
6-32a) is reheated to point M, all the excess g will be dl'ssolved and the
structure will be a homogeneous o solid solution. The alloy is then cooled
rapidly (quenched) to roomt_emp_erature.\ﬁ supersaturated solution results,
with the excess g trapped in solution. The quench is usually carried out
in a cold-water bath or'bykal water spray. Drastic quenching tends to set:

B particles lactually

submicroscopic)

YA

i

Fig.
prec
bon

(a) (6)

Fig. 6:32 Microstructure of an 85A-15B alloy. (a) After slow
cooling; (b) after reheating and rapid cooling to room
temperature; (¢) after aging.
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Fig. 6:33 Effect of temperature on the aging curves during
precipitation hardening. Curves are for a 0.06 percent car-
bon steel. (After Davenport and Bain.)

up stresses which often result in distortion, especially if the parts are
intricately designed. In such instances, boiling water may be used as a
quench medium to minimize distortion. If « is a ductile phase, the alloy
will be ductile immediately after quenching. This allows warped or dis-
torted parts to be straightened easily. The straightening operations should
be carried out as soon as possibie after quenching. The microstructure
is shown schematically in Fig. 6-32b. ,
Aging Process The alloy, as quenched, is a supersaturated solid solu-
tion and is in_an unstable state. The excess solute will tend to come out
of solution. the speed at wh|ch h precipitation occurs_varies with tempera-:
ture. Figure 6-33 shows the effect of three temperatures on the aging
curves of an iron alloy.. At the low temperature the diffusion rate is so slow
that no apereciable precipitation occurs. At T,, hardening occurs quickly, -
due to rapid diffusion, biut softening effects are also accelerated, resulting
in a lower maximum hardness. The optimum temperature seems to be 7, -
at which maximum hardening occurs within a reasonable length of fiffie.
“Those alloys in which precipitation takes place at room temperature—
so that they obtain their full strength after 4 or 5 days at room temperature
—are known as natural-aging alloys. Those  alloys v which require reheating
to elevated temperatures to develop their full str strength are artificial-aging
aIons However, these alloys also age a limited amount at room tempera-
turé, the rate and extent of the strengthening depending upon the alloys
(see Table 6-2). Refrigeration retards the rate of natural aging. At 32°F, the ;
beginning of the aging process is delayed for several hours, while dry ice
(—50 to —100°F) retards aging for an &xtended period{Use is made of this
fact in the aircraft industry when aluminum-alloy rivets, which normally
age at room temperature, are kept in deep-freeze refrigerators until they
are driven. The rivets have previously been solution-treated, and as a single
phase they are very ductile. After being driven, aging will take place at room
temperature, with a resulting increase in strength and hardness. In the early
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TABLE 6-2 Effect cj}f Aging on Properties of Aluminum Alloy 2014 (3.5 to 4.5 Percent Copper)

ULTIMATE  YIELD BHN,  SHEAR

AR STRENGTH, STRENGTH, oMoo' 500 KG,  STRENGTH]
. PS| PSI : 10 MM PS|

Annealed 27,000 14,000 18 45 18,000

Solution-treated, -

naturally aged : 62,000 42,000 20 105 38,000

Solution-treated, )

artificially aged 70,000 60,000 13 135 42,000

theory of the aging process, it was thought that the excess phase comes
out of solution as fine submicroscopic particles, many of which fall on the
slip planes (Fig. 6-32¢). These particles were considered to have a keying
action, thereby interfering with movement along planes of ready slip, thus
increasing strength and hardness.

Subsequent studies have led to a more complete understanding of the &
age-hardening process. The strengthening of a heat-treatable alloy by *§
aging is:not due merely to the presence of a precipitate. It is due to both
the uniform distribution of a finely dispersed submicroscopic precipitate 4
and the distortion of the lattice structure by those particles before they
reach a visible size.

It is not possible to state definitely in what manner precipitate particles
harden the matrix or solvent lattice. While there are several theories of pre-
cipitation hardening, the most useful is the coherent lattice theory. After
solution treatment and quenching, the alloy is in a supersaturated condi-
tion, with the solute atoms distributed at random in the lattice structure, &
Fig. 6-34a. During an incubation period, the excess solute atoms tendto ¥
migrate to certain crystallographic planes, forming clusters or embryos
of the precipitate. During aging, these clusters form an intermediate crystal
structure; or transitional lattice, maintaining registry (coherency) with the
lattice structure of the matrix. The excess phase will have different lattice
parameters from those of the solvent, and as a result of the atom matching
(coherency), there will be considerable distortion of the matrix, Fig. 6-34b.
The distortion of the matrix extends over a larger volume than would be the §-
case if the excess phase were a discrete particle. It is this distortion that
interferes with the movement of dislocations and accounts for the rap'id
increase in hardness and strength during aging (see Fig. 6-35). Eventually,
the equilibrium excess phase is formed with its own lattice structure (Fig.
6-34c¢). ~Ij-—his causes a Ibss\o\f coherency with the matrix and less distortion,
Hardness and strength will decrease, and the alloy is “over-aged.” There
will now'be a boundary between the excess phase and the matrix so that
the precipitated particle will be visible under the microscope. Electri-
cal conc;uctivity decreases during aging because of lattice distortion;

'

-




PHASE DIAGRAMS 193

® Solute atom o Solvent atom Transition lattice .
000 ®0O0O0O0O0O0O0 0 00O ®0 0\0 000
0O 0 00O OO0 O0O0 O e 0000 OO Ol0O0 OO
e 000 00O OOO OO 0O 0000 o0 0l00O0OO0
000O0O0O® OO0 ®O00o0 0000 0 o 0Jj00 00
0 00O0O0O0OO0OOOOO0 ooO{":“o—_._'B:]looo
O e 0 0 0O0O0OOOOOO 0oo0lo ¢ o e 010 00
] |
©000O0O0COCG®O0 0O 6008 0 ® ©0 6000
0O 000 ® 000 O0O0 O 0000 O O 00000
000O0O0OOOOOG®®O 0000 OO OO0OOCOGE
O 0O 0O € 00 00O OO O ® 00 O 0 000 00
0 00O0OO0OO®O0OO0O0O0 0 000O0O0O0O0OO0OO
(a) (6)
Equilibrium precipitate
© e 00|00 OOGOOO
00 00(000OOOO
00O OYyo © 0O © 0 00
AS SN
oowoooﬂoo
locnoio'
006 O & O &io o
lo e o ® ol
oole O e O €000
1o & o & of
ocoe® © & ©° %00
©000O0O0OOOGOOOO©O
600 0O0O0OODOOOO©0
- 00000O0OCOG®O0OPO
000O0O0OOOOOOO
(c)

g. 6-34 The stages in the formation of an equilibrium
recipitate. (a) Supersaturated solid solution. (b} Transition
ttice coherent with the solid solution. (¢) Equilibrium
recipitate essentially independent of the salid solution.
‘rom Guy, “Elements of Physical Metallurgy,” Addison-
lestey Publishing Company, inc., Reading, Mass., 1959.)

then it increases when precipitation takes place. The effect of aging time
on some properties is shown in Fig. 6-35.

Aglng does not have the same effect on the properties of all alloys. In
some alloys the change in hardness and strength may be small; in others
the changes may be large. This is not due to the amount dissoived in ex-
cess of the saturation limit, but to the effect of the precipitate on lattice '
distortion. For example, magnesium can dissolve 46 percent lead at the
‘eutectic temperature but only 2 percent lead at room temperature. With
propert heat treatment, precipitation takes place but no age hardening
occurs. This is due to the absence of a transition lattice and very little
localized distortion during precipitation. On the other hand, if the pre-
cipitation involves extensive changes in the lattice, a large amount of dis- i
tértion occurs with wide changes in properties. In this case, the greater
the amount of metal dissolved in excess of the saturation limit, the greater
the distortion produced and the greater will be the effect cn hardness and
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Fig. 6-35 Effect of z_aéing time on properties. (By permission
from L. F. Mondolfo and O. Zmeskal, “Engineering Metal-
lurgy,” McGraw-Hill Book Company, New York, 1955.)

strength. This is illustrated for some copper-beryllium alloys in Table 6-3,
Figure 12.16 shows the copper-rich portion of the copper-beryilium ailoy
system. Notice that copper dissolves up to a maximum of 2.2 percent
beryllium at 1600°F. At room temperature the solubility of beryllium ip
copper is approximately 0.2 percent. Referring to Table 6-3, while thereis
no difference in strength and hardness of both alloys after solution anneal-
ing (solution treatment), there is a difference after aging. The alloy contai '
ing 1.90-2.15 percent beryllium is closer to the maximum solubility of
beryllium in copper, and upon aging more of the v (gamma) phase will bg
precipitated, resulting in a greater hardness and strength as shown.

TABLE 6-3 Effect of Aging and Composition on the Mechanical Properties of Some Copper-Beryllium
Alloys

TENSILE STRENGTH, ELONGATION, ROCKWELL

ALLOY AND CONDITION 5, % IN 2 IN. HARDNESS,
1.90-2.15% Be:

Solution-annealed 60,000-80,000 35-50 B 45-65
After aging . 165,000-180,000 5-8 C 36-40
1.60-1.80% Be: !

Solution-annealed 60,000-80,000 35-50 B 45-65

%

After aging 150,000~ 165,000 5-8 C 33-37
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-17 Type IV—The Congruent-melting Intermediate Phase When one phase
changes into another phase isothermally (at constant temperature) and
without any change in chemical composition, it is said to be congruent
phase change or congruent transformation. All pure metals solidify con-
gruently. We have previously seen an example of a congruent-melting alloy
as a variation of a Type | phase diagram. The alloy x in Fig. 6-14a goes from
a liquid phase to a single solid phase at constant temperature without a
change in composition, and it is therefore a congruent-melting alloy. In-
termediate phases are so named because they are single phases that occur
between the terminal phases on a phase diagram. Type IV will consider the
formation of an intermediate phase by congruent melting, while Type V
will cover the incongruent melting intermediate phase. Any intermediate
phase may be treated as ahother component on a phase diagram. If the
intermediate phase has a narrow range of composition, as do intermetaliic
compounds and interstitial compounds, it is then represented on the dia-
gram as a vertical line and labeled with the chemical formula of the com-
pound. If the intermediate phase exists over a range of composition, it is
usually an electron compound and is labeled with a Greek letter. In recent
years some authors tend to use Greek letters for all intermediate phases.

In Fig. 6-36, the intermediate alloy phase is shown as a vertical line.
-Since it is a compound, it is indicated as A,B,, where m and n are sub-._~
scripts which indicate the number of atoms combined in the compound. . .
For example, magnesium and tin form an intermediate phase which has
the chemical formula Mg,Sn. In this case, Mg is equivalent to A; 2 is equiva-
lent to m; tin, Sn, is equivalent to B; and n is equal to 1.

It is apparent from Fig. 6.36 that the A-B system may be separated into
two independent parts, one to show all the alloys between A and the com-

Melting point
of AmBn
Melting point
1// of 4
Melting point
[ of B
5
a
£
2
N
A AmbBy 8

Composition

ig. 6-36 Composition and melting point of pure A, pure B, |
nd a compound AmBn.
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pound A,,B, and the other to show those between A, B, and B. The portion
of the diagram between A and A,B, may be any of the types studied in this .
chapter; similarly for the portion between A,B8, and B. If the compound

shows no solubility for either pure metal and the pure metals show some
solubllsty for each other} the equilibrium diagram will be as shown in Fig. :
6-37. This diagram shows two different eutectic mixtures. The eutectic -
equations may be written as follows:

"

cooling

At T,: Liquid a+ AnB,
heating

At T,: Liquid =% . 4 B, + 8
A f heating

» The study of many actual systems that show the formation of several
congruent-melting intermediate phases may be simplified by the above

) -\/approach.
'6-18‘j'l'ype V—The Peritectic Reaction In the peritectic reaction a liquid and
R a'solid react isothermally to form a new solid on cooling. The reaction is

expressed in general as

cooling

Liquid + solid, new solid,
, heating
Melting point
of A,,,g
L+ Apb,
5
E
a
£
(3
—
7y L+B
B
Anby + B
Anbn B

Composition
Fig. 6-37 Equilibrium diagram itlustrating an intermediate
alloy which is an intermetallic compound.
A ;
Py

K




PHASE DIAGRAMS 197

(1) (2)
i g i
Liquid
L+ A |
' 7
¢ 7 £ G H\/0
5 _—
5 H i A
8 [
=4 |
*‘3 .|
A+ 4B, | 'mEn L+ 8
/(I E
J — /3
I
I i
!
I : Anby + 8 !
! |
‘ 1
i :
| 1 [ | | o § 1
4 10 20 AnB 40 50 60 70 80 90 8

39 Composition, weight percent &

Fig. 6-38 Phase diagram showing the formation of an in-
congruent meiting intermediate phase by a peritectic
reaction.

“The new solid formed is usually an intermediate phase (Fig. 6-38), but
in some cases it may be a terminal solid solution (Fig. 6:39).
Consideration of Fig. 6.38 shows that the comoound A,B, 704-308,

when heated to the peritectic temperature, point G, decomposes into two

phases, liquid and solid A. Therefore, this is an example of an incon-

3217°F
3200
o 2800 Liquid
b
E] L+ a
2 24001
3 Ly 2% 2185°F P 69 %
Lt 0
= 2000k o 176Q°F
L a+ B
1600 ] i 1 1 ] 1 1
Py 0 20 30 40 50 60 70 80 90 Ag

Composition -percent silver

Fig. 6:39 Silver-platinum alioy system showing the forma-
tion of a terminal solid solution by a peritectic reaction.
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gruent-maiting intermediate alloy. The student should realize that the
peritectic reaction is just the reverse of the eutectic reaction, where a
single phase formed two new phases on cooling. The liquidus line is 9
T,DET; and the sohdus line is TAT,,GJTETB The peritectic-reaction line is .
T.D. Notice that only part of this line, the length T,.G, coincides with the
solidus line. The slow cooling of several alloys wili now be studied. ’
Alloy 1, 90A-10B, remains liquid until the liquidus line is reached at T,
Solidificatg"on now takes place by forming crystais of the pure metal A. As -
the temperature falls, the liquid is decreasing in amount, and its composi
tion is moving down along the liquidus line. Let us examine the conditions
.\/ that exist just above the peritectic temperature Tp:

Phases, - Liquid Solid A
. Composition 60A-408 100 A
\ T, D
Relative amount % 100 = 25% x 100 = 75%
. ; oD p
‘/'[he condit_ions that exist just below the peritectic temperature are:
Phases ' AnB, Solid A
Composition 70A-308 100 A
T.F FG
Relative amount T— x 100 = 33% TG X 100 = 87%
: P P

A first glar{.ce at these two areas seems 1o indicate that the liquid has dis-
appeared ait the horizontal line and in its place is the compound A,,B,. Con-
sideration of the chemical compositions shows that this is not possible.
The lquId contains 60A, while A, B, contains 70A. The liquid is not rich
enough in A to form the compound by itself. “The hqmd must therefore re-
act with jUSt the right amount of solid A, in this case 8 percent, to bring its
composnthn to that of the compound A,B,. The following reaction must
have takenl. place at the peritectic temperature:

Composition: 60A 100A . 70A
: Equation: Liquid + solid A —2"%, solid A,,B,
:%\ Relative amount: 25% 8% 33%

The reaction takes place all around the surface of each grain of solid A
where the liquid touches it. When the correct composition is reached, the *
layer solidifies into A,B, material surrounding every grain of A. Further
reaction is slow since it must wait for the diffusion of atoms through the
peritectic wall of A, B, in order to continue (see Fig. 6-40). “When diffusion
is completed, all-the liquid will have been consumed, and since only 8 per-
cent of pure A was requnredjor the reactlon there w:ll be 67 percent of A
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Fig. 6-40 Schematic picture of the peritectic reaction.
Envelope of A,,B, increases in thickness by diffusion of A
atoms outward and B atoms inward. e

the compound A,,B,. Figure 6-41 shows the microstructure at various tem-
peratures in the slow cooling of this alioy. The story will be the same for
any alloy to the left of point G. The only difference will be in the amount of
excess A remaining after the peritectic reaction is complete;"th_c_:[pie_rthe
alloy composition is to the composition of the compound, the less primary
A will remain. ‘ o

- Alloy 2, 65A-358, solidifies pure A when the liquidus line is crossed at
T,. and as solidification continues, the liquid becomes richer in B. "When .
point H is reached, the liquid composition is 60A-408. Applying the lever
rule for this alloy, there is 35/4 x 100 or 87.5 percent liquid and 12.5 percent
solid A. Since the line GD is not part of the solidus line, some liquid must _-
remain after the reaction takes.place. It is therefore the solid A which must |

disappear in reacting with some of the liquid to form the compound A,B,. i '
——

Liquid solution {10B)
Aoy ol

Liquid solution{40B)-25%

=N

Temperature —»

A 10 20 30 40
AmBn
Percent B

Fig. 6:41 Slow cooling of a 90A-10B alloy showing the
microstructure at various temperatures.




200 INTRODUCTION TO PHYSICAL METALLURGY

The same reaction takes place again:

Composition: 60A 100A _ 70A
Reaction: Liquid + solid A 2229, 4 g

~~The amount of liquid entering into the-above reaction may be determined
by applying the lever rule below the reaction temperature.

Liquid ) GH 100 10 100 = 50 t
iquid (percent) = — x 100 = — x = ercen
q (p DG 20 p

vSince there Wwas 87.5 percent liquid before the reaction and 50 percent lig-
} uid after the reaction, it is apparent that 37.5 percent of the liquid reacted
I with 12.5 percent of solid A to give 50 percent of the compound A,,B, at the
| peritectic temperature. As _cooling continues, the liquid now separates 2
crystais of A;,B,. The liquid becomes rlcher in B and its composition grad-
ually moves down and to the right a!ong the liquidus line until it reaches
point E, the eutectic temperature. At this temperature, there is only s
X 100 or 10 percent liquid left. Since the liquid has reached the eutectic
point, it now solidifies into the eutectic mixture of A,,B, + B.*This alloy, at
room temperature, will conS|st of 90 percent primary or proeutectic A B
surrounded by 10 percent of the eutectic (A,B, + B) mixture. Figure 6-42
shows the cooling curve and the changes in microstructure at various
points in the slow cooling of this alloy.

Liquid sofytion {35 ) Liquid solution (40 £)-87.5%
Coolinlj . (D Primary 4(1004) - 12.5%
curve - G By Aoy 4 A

X o) 4
o WS Liguid solution (40 £)-50 %
Liuid \\[ & ~AmBn (30 B) - 50 %
p AmBn (30 £) - 90 %
iquid solution (80 8110 %

Temperature —

Eutectic mixture AmBn + &
(80 £)~ 10%

AmBn (30 £)-90 %

i
|

T
i
| AmBn+ £
i
l

1 \ L
Time —»= A 10 20 30 40 50 60 70 80
’ 4m Bn

Percent &

Fig. 6-42 The cooling curve and the microstructure at
various temperatures diring the slow cooling of a 654-358
alloy.
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The student should study the slow cooling of alloys on either side of the
peritectic point P in the equnllbrlum diagram that illustrates the formation-
of a terminal solid solution by a peritectic reaction (Fig. 6-39).

The peritectic. reaction was described under equsllbrlu{r_\ conditions. In
actual practice, however, th|s condltlon is rarely attained. Since the new
phase forms an envelope around the primary phase it will act as a hin-
drance to the diffusion which is essential to continue the reaction (see .
Fig. 6-40). As the Iayer of the new phase becormes thicker, the diffusion
distance increases, sO that the reaction is frequently mcomplete For ex-
ample, according to the phase d:agram of the silver-platinum alloy system,
Fig. 6-39, a 60 percent Ag alloy should be a single phase 8 at room tem-
perature. The actual cast structure, Fig. 6-43, however, is not a single
phase. The Iigﬁt areas are primary « grains surrounded by the dark two-

Fig. 6:43 40 percent Platinum + 60 percent silver cast

alloy. Light areas are primary «; dark two-toned areas

are 3. Magnification 100X. (By permission from F. N. Rhines,
‘Phase Diagrams in Metallurgy,” McGraw-Hill Book Com-
rany, New York, 1956.)
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toned areas of g, indicating that the peritectic reaction was not complet
Since peritectic alloys are usually two-phase mixtures, their mechanic
properties follow the same principles stated for eutectic alloys with two}
differences: (1) the individual phases are more likely to be different tha
predicted for equilibrium conditiong, and (2) cast grain size is usual
coarse. .
6 19 Type VI—Two Liquids Partly Soluble in the Liquid State: The Monotect

Reaction In all the types discussed previously, it was assumed that the
was complete solubility in the liquid state. It is quite possible, howeve
that over a certain composition range two liquid solutions are formed the
are not soluble in each other. YAnother term for soiubility is miscibilit
Substances that are not soluble in each other, such as oil and water, are:
_said to be immiscible. Substances that are partly soluble in each other are:
said to show a miscibility gap, and this is Type VI, (
The equilibrium diagram for this type is shown in Fig. 6-44. The liquidus’
fine is T,CFET,, and the solidus line is T,TeJT;. Alloys having compositions
between point C and point F at a temperature just above T, will consist
of two liquid solutions, L, and L,. The lines CD and FG show the composi-
tion of the liquid phases in equilibrium. with each other at higher temper :
tures. In most cases, these lines are shown dotted because experimental’
d|ff|cu|t|es at high temperatures usually prevent an accurate determination.
of their position. Since these lines tend to approach each other, it is pos-
sible that at higher temperatures the area will be closed and a single homo-
geneous liquid solution will exist. This area should be treated like any
other two-‘phase area, and the same rules may be applied to determine the
chemical composition of L, and L, and their relative amounts at any tem-

solution of A dissolved in B.
Let us study the slow coohng of several alloys. Alloy x containing 10
percent B is a single-phase liquid solution L,, and it remains that way until :
the liquidus line is crossed at x,. Solidification starts by forming crystals §
of the pure metal A. The liquid becomes richer in B, gradually moving down
and to the right along the liquidus line. vWhen the alloy has reached the &
monotectic temperature line Ty al point x,, the liquid composition is given
by point C, which'is 80A and 2_0'5—The horizontal line on any phase diagram
indicates that a reaction must take place What is the reaction in this case?- .

7 Below the line, “the two phases present are solid A and L,. Offhand, it seems £:
’ that L, has disappeared and that in its place we have L,, but a more careful
study of the diagram indicates that this could not have happened. The com-
position of L, is given by point F, which is 40A and 608, whereas L, hasa ®

i composition of 80A and 20B; so although L, has disappeared, by itself it
| could not have formed L,. Remember that L, is a liquid solution rich in A, Fig, 6

whereas L, is a liquid sclution rich in B. The problem is that L, has too partly
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much A.“Therefore, what must occur at the horizontal line is that enough
solid A is precipitated from L, to bring its composition to the right one to

I
line Ty. “Above_the line we have 50 percent solid A (10/20.x 100) and 50 l\
percent L,. Below the line, we have 17 percent L, (10/60.x 100) and 83 {
. percent solid A. Therefore, at the horizontal line, the 50 pergent of L, must
have formed 17 percent L, and 33 percent solid A. The 33 percent, plus the
50 percent already existing, gives a total of 83 percent solid A as deter-
mined by the calculations. The reaction is summarized as follows:

s s i

Composition: 80A 40A 100A
Equation: L, gooling L,+solid A
Relative amount: 50% 17% 33%

+When one liquid forms another liquid, plus a solid, on cooling, it is known
as a monotectic reaction; the general equation for the monotectic reaction

Alloy Atloy -
: ’
| g 9 ’
| /{}’1 \
/1 \
/ ‘ A
/ \
;7 ! \
P ‘ A / |
/]
i Lyt [ Ly
- X)
A+ Ly .
7 c i F
" 2o l’ 2 o
a
g . |
5 [ A+ Ly '
a | |
5 | | |
= T | \ . |
£ 13 : 73 i '
1 i |
| w gl | :
1 |
l L
{ ' 4+8 | |
i | | {
| | |
| I | i
] I I
s [ I |
.. | | 1 ! | | l 1
,. 4 100 20 30 40 50 6 70 80 90 £ A
' Composition, weight percent & ‘ .
;' Fig. 6:-44 Hypothetical equilibrium diagram of two metals ' ‘

partly soluble in the liquid state: the monotectic reaction. ;
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. dropped, more solid A will be formed from L,. When the eutectic tempera-

’

may be written as.

cooling

L, L, + solid

heating

Point C is known as the monotectic point. Y should be apparent that the
monotectic reaction resembles the eutectic reaction, the only difference:
being that one of the products is a liquid phase instead of a solid phass.
It tuins out that a!l known binary monotectic points in metal systems are
located nearer the composition of the solid phase, so that the solid phase
predominates in the reaction. In this case, 33 percent solid A was formed §
compared with 17 percent L,. As in the case of the eutectic, alloys to the &
left of point C, such as alloy x, are known as hypomonotectic alloys, §
whereasf,alloys to the right of point C up to point F are known as hyper- 62
monotectic alloys.

We now continue with the discussion of the slow. cooling of alloy x §
After the monotectic reaction is complete and as the temperature is

ture is reached at T, the alloy is at X3 and L, will be at point E. This is the
right temperature and right composition to form the eutectic mixture. The
eutectic reaction now takes place, with L, forming a very fine mixture of §
solid A, plus solid 8. vfhe final microstructure will consist of 87,5 percent
grains of prlmm surrounded by 12.5 percent of the eutectic (A + g8) mix-
ture. . The student should verify these percentages. :
The occurrence of two liquids in the hypermonotectic afloys, that is, :
alloys of compaositions between C and F, above the monotectic tempera-
ture, introduces structural considerations which have not been discussed i#f
up to this point. Given enough time, the two liquids wiil separate into two
layers according to density, with the lighter layer on top. It is quite possi-
ble, however, to have two liquids existing as an emulsion wherein tiny drop- ¥
lets of one liquid remain suspended in the other liquid.: Unfortunately,, £
knowledge of this behavior with respect to metals is very limited at the
present time.
~Consider the slow cooling of a hypermonotectic alloy y containing 7UA
30B. At the elevated temperature, this alloy will be composed of a single;
homogeneous liquid phase L,. Upon cooling, the limit of liquid immisci-:
bility is, crossed at y;, and the second liquid L, will make its appearance,
probably at the surface of the confining vessel, and possibly also at various
points through the liquid bath. The compositien of L, may be obtained by
drawing a tie line in the two-phase region and applying Rule I. As the lem-
perature decreases, the quantity of L, increases, so that just above the
monotectic temperature, at point y,, the amount of L, present would
equal to 10/40 x 100, or 25 percent Condltlons being favorable thls Ilqmd
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equation to form more of L, + solid A. With continued cooling, more solid
Ais formed from L, its coﬁﬁf)s:tlon becoming richer in B, until the eutectic
temperature is approached at point y,. At that temperature, the remaining
L, (37.5 percent) undergoes the eutectic reaction and solidifies into a very
fine mixture of A -+ 8.

An example of an alloy system showing a monotectic reaction is that be-
tween copper and lead given in Fig. 6-45. Notice that In this case the L, +
L, region is closed. Also, aithough the terminal solids are indicated as «
and B, the solubility is actually so smalil that they are practically the pure
metals, copper and lead.

Type VII—Two Metals Insolublé in the Liquid and Solid States This will
complete the study of basic phase or equilibrium diagrams that involve
the liquid and solid states. lf points C and Fin Fig. 6-44 are moved in oppo-
site directions, they will eventually hit the axes to give the diagram shown
in Fig. 6-46. There are many combinations of metals which are practically
insoluble in each other. When cooled, the two metals appear to solidify
at their individual freezing points into two distinct layers with a sharp line
of contact and almost no diffusion.

An alloy system which comes very close to this type is that between alu-
minum and lead shown in Fig. 6-47. Notice that the two-phase liquid region
extends almost entirely across the diagram. This condition corresponds

°oF
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‘45 The copper-lead equilibrium diagram. (From

s Handbook, 1948 ed., p. 1200, American Society tor
s, Metals Park, Ohio.)
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Liquid 4 + liquid &
/]
*‘E Solid 4 + liquid 8 -
2 .
2 ;
° T
Solid 4 + solis £
4 -
Composition g

Fig. 6-48 Hypothetical equilibrium diagram for two metals
insoluble in the liquid and solid states.

to a limiting case of the monotectic reaction and the eutectic reaction.
The upper of the two horizontal lines represents a monotectic reaction in §
which the monotectic point is very close to the composition and melting &
point of pure aluminum. The lower horizontal line represents a eutectic #
reaction in which the eutectic point is practically coincident with the com.
position and melting point of pure lead. ‘
6-21 Interrelation of Basic Types The various types of equilibrium diagrams that E
have been discusseéd may be combined in many ways to make up actua §
diagrams. - It is important for the student to understand the interrelation E
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Fig. 6:47 The aluminum-lead alloy system. (From Metals e
_ Handbook, 1948 ed.,;p. 1165, American Society for Metals, ¥ Fig. 64
Metals Park, Ohio.) solubili
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between the basic types to make the study of complex diagrams much sim-
pler. The first three types differ only by the.solubility in the solid state.
Starting with a completely insoluble system of Type Il (Fig. 6-48a), if the
points at either end of the eutectic line (F and G) are moved toward each
other, that is, toward greater solubility in the solid state, this will resultin a
diagram of Type llI, partly soluble in the solid state (Fig. 6-48b). If they are
moved until they coincide with the eutectic composition at £, a completely
soluble system resuits (Fig. 6-:48c). Types IV and V are determined by the
intermediate phase. If this phase decomposes on heating (incongruent
melting), the diagram will show a peritectic reaction. If the intermediate

'

Q
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g [ £ -0
a
=
Composition
{a) Insolublé in the solid state
(3] W
5 5
E E
% @
S §
~ —
Composition Composition
{5) Partly soluble in the solid state (c) Completely soluble in the solic state
Interretation of equilibrium diagrams as the

ubility in the solid state is varied.
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phase shows a true melting point {(congruent melting), the diagram m
show a eutectic reaction.

TRANSFORMATIONS IN THE SOLID STATE

There are several equilibrium changes and reactions which take pla
entirely in the solid state.
¥6-22 Allotropy During the discussion of metals and crystal structure in Chap.
\_f,.f" it was pointed out that several _Mmetals may exist in more than one type
crystal structure dependlng upon temperature /fron tin, manganese, a
cobalt are examples of metals which exhibit this property, known as
ropy. On an equilibrium diagram, this allotropic change is indicated by g b
" point or points on the vertical line which represents the pure metal. T
is illustrated in Fig. 6-49. In this diagram, the gamma solid-solution fiel
is “looped.” The pure metal A and alloys rich in A undergo two transfo
mations. vWMany of the equilibrium diagrams mvolvmg iron such as Fe-
\Fe Mo, and Fe-Cr show this looped solid-solution field. Since the type of

iron th on that exists in th|s temperature range is gamma iron, the field is usua
called the’gamma floop.

" Insome alloy systems involving iron, the gamma loop is not closed. Th Fig. G'ﬁ
is illustrated by the iron-nickel equlibrium diagram shown in Fig. 6-50. Thigi Metals

diagram shows the freezing point of pure iron at 1539°C(2795°F), formi
the § solid solution, which is body-centered cubic. “The 2y Solid solution
formed by a peritectic reaction at 1512°C(2757°F). Notice that for pureiro
the allotroplc change from ) (b c.c.) crystal structure to the .y (f.e.c.) for
occurs at 1400°C(2554°F), but for the alloy this change begins at a hlgh

Liquid

Melting point’

of 4
4
2
2 Aflotropic
5 change
L3
= d

A Composition g

Fig. 6:49 Hypothetical equilibrium diagram showing metal
A undergoing two allotropic changes.
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Fig. 6:50 The iron-nicke! equilibrium diagram. (From
Metals Handbook, 1948 ed., p. 1211, American Society for ;
Metals, Metals Park, Ohio.) I8

temperature. The last allotropic change takes place at 910°C(1666°F),
forming the « (b.c.c.) crystal structure.
6:23 Order disorder Transformation "Ordinarily in the formation of a substitu-
< tional type of solid solution the solute atoms do not occupy any specific
position but are distributed at random in the lattice structure of the solvent.
The alloy is said to be in a “disordered” condition. Some of these random
solid solutions, if cooled slowly, undergo a rearrangement of the atoms
where the solute atoms move into definite positions in the lattice. This
structure is now known as an ordered solid solution or superlattice (Fig.
6-51). Ordering is most common in metals that are completely soluble in
the solid state, and usually the maximum amount of ordering occurs at a
simple atomic ratio of the two elements. For this reason, the ordered phase
is sometimes given a chemical formula, such as AuCu and AuCu, in the
gold-copper alloy system. On the equilibrium diagram, thé‘ ordered solu-
tions are frequently designated as o', 8/, etc. or o', &”, etc,, and the area in i
which they are found is usually bounded by a dot-dash Iilje. The actual
equilibrium diagram for the Au-Cu system is shown in Fig. 6-52.
When the ordered phase has the same lattice structure as the disgrdered
phase, the effect of ordering on mechamcal properties is negllglble ”Hard-

DR

e Laln P
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Fig. 6-561 Atomic arrangements in a disordered and ordered
solid solution.

3

Atomic percent gold

: 10 20 30 40 50 60 70 8090
1100 T T T T T — T T 152000
1000 1800
900 .
-4 1600
800 |-

41900
© 700} <
g a H1200 §
2 600} S
2 &
g 500 - 1000 @
5 |

a00l ) o~ 4800

7N SN

3001 / \ / \\ . ~600
f { \
1 a-/ 1 a/l

200 |- ! | L a0o
] | ]
i 1 1

100 | | ! ] \ [ | 1

Cu 100 20 30 40 50 60 70 80 90 Au
' Weight ‘percent qold
Fig. 6-52 The gold-copper equilibrium diagram. (From
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Quenched
{disordered) =

Annealed
{ordered)

Electrical resistivity ——

1 i 1
0 25 50 75 100
Cu Atomic percent Au Au

Fig. 6-563 Electrical resistivity vs. composition for the
gold-copper system, (By permission from C. S. Barrett,
“Structure of Metals,” 2d, ed., McGraw-Hill Book Company,
New York, 1952.)

electrical resistivity at the compositions which correspond to the ordered
phases AuCu; and AuCu. In the gold-copper equilibrium diagram there was
no two-phase region between the disordered and ordered solid solutions.
In some cases there will be a two-phase region between the ordered and
disordered solid solutions. Most frequently this is associated with the
formation of a crystal structure which is different from that of the dis-
ordered phase from which it forms. This is illustrated by the copper-
palladium alloy system shown in Fig. 6-54. This diagram shows three .
ordered phases: o/, o, and 8. Copper and palladium are both face-cen- " *
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Fig. 6:54 The copper-palladium ailoy system. (From Metals
Handbook, 1948 ed., p. 1201, American Society for Metals.
Metals Park, Ohio.)
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tered cubic, and the ordered solutions o' and o" are face-centered cubic
however, 8 is body-centered cubic and shows a two-phase region on;

™ »
. 6-24 Zhe Eutectoid Reaction This is a coemmon reaction in the solid state.
k 7 very similar to the eutectic reaction but does not involve the liquid. _

" this case, a solid phase transforms on cooling into two new solid phases, j

The general equation may be written as

=

cooling
—9

Solid, solid, + solid,
heating A

eutectoid mixture

The resultant eutectoid mixture is extremely fine, just like the eutectic
mixture.vnder the microscope both mixiures generally appear the same,
{and it is not possible to determine microscopically whether the mixture
resulted from a eutectic reaction or a eutectoid reaction. An equilibrium

diagram illustrating the eutectoid reaction is shown in Fig. 6-55.

Alloy Alloy Alloy
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alloys | alloys
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Fig. 6:55 Phase diagram ilfustrating the eutectoid re-

action,
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The liquidus line is T,ET; and the solidus line is T,FGT;. The eutectic
mixture is composed of the phases that occur at both ends of the eutectic
temperature line, namely, A solid solution “(point F) and B solid soiution
Q (point G). Point M indicates an allotropic change for the@rg_r_n_eﬁl A g

/The slgmflcance of the solvus line MN is that, as the alloy composition |s

i increased in B, the tempeérature at which the allotropic change takes place
(r is decreased, reaching a minimum at point N. The solvus line FN shows

the decrease in solubility of B m v as the temperature is decreased Point

position, and the line OP is the eutectord temperature line. Like the eutec-
tic diagram, it is common practice to call all alloys to the left of the eutec-
toid composition hypoeutectoid alloys and those to the rlght of point N
hypereutectoid a//oys

When the hypoeutectoid alloy 1 is slow-cooled, v solid solution is formed
when the liquidus line is crossed at x,. More and more y is formed until
the solidus line is crossed at x,. It remains a uniform solid solution until the
solvus line is crossed at x,. The pure metal A must now start to undergo an
allotropic cha_r)_gg”__fgrm_rr_rg_,t_be__q____ lid solutlon Notice that the « solid
solution dissolves much less of B than does the v solid solution. Some of \
the B atoms that are dissolved in the area that will undergo the allotropic
change must now diffuse out of that area. When sufficient diffusion of B
atoms has taken place, the remaining A atoms rearrange themselves into
the new crystal structure, forming the « solid solution. The excess B atoms
dissolve in the remaining y solution, which becomes richer in B as the tem-
perature falls. The composition of the remaining vy is gradually moving
down and to the right along the solvus line MN. When the alloy reaches the
eutectoid temperature x,, the remaining y has now reached the eutectoid
point N. The significance of the eutectoid line is that this temperature is "’,

v must now transform byMTtectord reaction, formrng alternate layers of
« and g in an extremely fine mixture. The reaction may be written as

cooling
_ o+ f3

—_—

eutectoid mixture

heating

/fhe microstructure at room temperature consists of primary « or proeutec-
toid o which was formed between x, and x,, surrounded by the eutectoid
mixture of & + 8. This is shown in Fig. 6-56. In drawing the cooling curve
for a given alloy from the phase diagram, it is important to remember that
whenever a line is crossed on the phase diagram, there must be a corre-
sponding break in the cooling curve. Also, when a horizontal ||ne is crossed
on the phase diagram, indicating a reaction, this will show on the. coollng Jl
curve as a horlzontal line. The coohng curve for alloy 1 is shown in Fig.
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Primary a or
proeviectold o

, Eulectod
J S la+p)

mixture

Fig. 6-56 Microstructure of a slow-cooled hypoeutectoid
alloy, alloy 1 of Fig. 6-55.

6-57. The description of the slow cooling of the hypereutectoid alloys 2

. And 3 is left as an exercise for the student. ’ -]
6-25 fhe Peritectoid Reaction This is a fairly common reaction in the solid #

state and appears in many alloy systems. The peritectoid reaction may be §
written in general as

i . . cooling .
Solid, + solid, —— new solid,
. heating

The new solid phase is usually an intermediate alloy, but it may also be a ["f'
solid solution. The peritectoid reaction has the same relationship to the
peritectic reaction as the eutectoid has to the eutectic. Essentially, itis &
the replacement of a liquid by a solid. Two hypotheti'cal phase diagrams
to illustrate the peritectoid reaction are shown in Figs. 6-58 and 6-59. 3

X

tad
~

Temperature ——

Time —
Fig. 6-57 Cooling curve for alloy 1 of Fig. 6-55.
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Fig. 6:58 Phase diagram showing the formation of an
intermediate phase y. by a peritectoid reaction.

In Fig. 6-58, two solid phases « and g react at the peritectoid-temperature
line EF to form an intermediate phase y. The equation may be written as

cooling

a+ B
heating
In Fig. 6-59, two solid phases, the pure metal A and g solid solution,
react at the peritectoid-temperature line CD to form a new solid phase,
the terminal solid solution y. The equation may be written'as

A+ /3 cooling
heating
\ Liquid
L+ 4 L+B
N B
2 A+
o
¢ 4
§
2
r+8
A+Y
Y
AY
A 8
Composition

Fig. 6:-58 Phase diagram showing the formation of the
termipal solid solution vy by a peritectoid rgaction.
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It was pointed out in the discussion of the peritectic reaction that th
microstructure of a peritectic alloy rarely shows compiete transformatif)
(Fig. 6-43). This is because diffusion through the new phase is requir_‘
in order to reach equilibrium. Since the peritectoid reaction occurs enti're"
in the solid state and usually at fowey temperatures than the peritecti'_;
reaction, the diffusion rate will be slower and there is less likelihood thaf
equilibrium structures will be reached. Figure 6-60 shows a portion ofthej
silver-aluminum phase diagram containing a peritectoid reaction. Ifa?
percent aluminum alloy is rapidly cooled from the two-phase area just
above the peritectoid temperature, the two phases will be retained, and the
microstructure will show a matrix of y with just a few particles of « (Fig.
6-61a). If the same alloy is slow-cooled to just below the peritectoid tem-

., perature and held there for 20 min before rapid cooling, some transforma-
tion will take place. The microstructure, Fig:. 6-61b, shows that some v has
transformed to the new phase g, while much of the original o remains. The §
phase diagram indicates that there should be only a single-phase S, 50
aobviously:equilibrium has not been achieved. Even after holding for2hrat‘;
just below the peritectoid temperature, a single-phase structure is stil

‘ not produced (Fig. 6-61c).

The similarity, in both the general equation and the appearance on an -
equilibrium diagram, for the monotectic, eutectic, and eutectoid reactions :
and the peritectic and peritectoid reactions is apparent from a study of
Table 6-4. These reactions are by no means the only ones that may oceur :
on equilibrium diagrams. However, they are by far the most common ones,
and the student should become familiar with them.

6-26 Complex Diagrams Some of the equilibrium diagrams discussed under the
simple types are the same as actual ones. Many alloy systems have dia- }
grams which show more than one type of reaction and are generally more §
complex than the simple types. However, even the most complex dia-
grams show mainly the reactions that have been covered. The student §
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1
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Fig. 6-:60 A portion of the silver-aluminum phase diagram.
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Fig. 6-61 (a) A peritectoid alloy, Ag +
7 percent Al, stabilized by long heat
treatment above the peritectoid tem-
perature and then quenched. “Islands™
are the y phase embedded in a matrix
of y. Magnification 150X. (b} Same as
(a), cooled to a temperature slightly
below that of the peritectoid and held
20 min before quenching. Much of the
light-colored y has transformed to the
dark-colored g without greatly affecting
the islands of y. Magnification 150X.
{c) Same as (a), cooled to a tempera-
ture slightly below the peritectoid and
held for 2 hr before quenching. Dark
matrix is 8; light area is residual o that
has not yet been dissotved by the .
Magnification 150X. (By permission
from F. N. Rhines, “Phase Diagrams in
Metallurgy,” McGraw-Hill Book Com-
pany, New York, 1856.)

*,;!;
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%L¥8-4 Equilibrium-diagram Reactions der
VME OF REACTION GENERAL EQUATION APPEARANCE ON DIAG ha
L, “the
hotectic L, =229 4 solid \/ be!
heating L, + solid rec
] lig
ectic Liquid ‘—gming solid, + solid, } { ho
heating Solid; + solid, sol
Solid, ph
ectoid Solid, =229 ¢4jid, + solid, ha
heating Solid, + solid, Jef
' — . ali
' ) Liquid + solid, ¢
itectic Liquid + solid, =200 ew solid, AN o
heating ew solid the
- lak
Solid, + solid,
tectoid \ Solid, + solid, =229+ ew solid, ﬁ .
heating ew solid; tio
o]
gr:
. should. be able to label a phase diagram completely; understand the sig- on
nificance of every point, line, and area; determine the various reactions” the
that occur at the horizontal lines; and describe the slow cooling and micro- res
structure of any alloy on, a binary equilibrium diagram. The application of* sig
some of the principles in this chapter will now be illustrated for a complex : dif
equilibrium _diagram such as the cobalt-tungsten alloy system shown i
Fig. 6-62.

The freezing point of cobalt is shown on the left axis as 1495°C. Th ‘“(
freezing point of tungsten, 3410°C, is where the two dotted lines on th &
right would meet and is above the range of temperatures shown. Sinc -
two-phase areas must be bounded by single phases on either side o -
a horizontal line, it is necessary to first iabel the single-phase areas. Th 8
upper line on the diagram is the liquidus iine, so above the liquidus lin
there is a single homogeneous liquid solution indicated by L. On the left, 14
from the freezing point of cobalt, there is.a very thin, cigar-shaped are
which resembles Type |. Therefore, there must be a solid solution forme 10
below this area. The solid solution is labeled 8. Once the g area has bee
labeled, the portion between the very thin lines is labeled as g8+ L. Nextt 6
this area is a portion of the diagram which looks like a variation of Type
and shows a maximum at 1500°C. The area between the points 35, 45, an 2
1500°C would also be g+ L. Along the right axis, the dotted line indicates
small solid solution area which is labeled as epsilon, e. Now the area aboy
1690°C may be labeled as L+¢. The first horizontal line is at 1690°C. Abov g 662 1
thé"ﬁ\pe therejis L+ ¢. Below the line a new solid solution & appears. The stu<: & ugais Park
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dent should recognize that this is a peritectic reaction. After the § region
has been labeled, the area to the right may he labeled as § + . The area to
the left of the & region above 1465°C may now be labeled as L + 8. The area
between 1100° and 1465° may also be labeled as g+ 8. The students should
recognize the eutectic point at 45 percent W and 1465°C. Above the lineis a
liquid solution and below the line two solids g and §. At 1100°C is another
horizontal line and therefore, another reaction. Above the line are two
solids § and 8. Below the line a new phase appears, an intermediate alloy
phase, which is labeled y. This is a peritectoid reaction. Once the y region
‘has been labeled, the area to the right becomes y + § and the area to the
left 8+ y. The point A on the vertical line representing cobalt must be an
allotropic change. Below point A there is a very tiny amount of solubility
of tungsten in cobalt. The solid solution area is tco small to be shown on
the diagram, but it is labeled « as indicated. The triangle AB3 may now be
labeled as « + B, although it is not labeled in the diagram. The dotted hori- I
zonhtal line at 350°C indicates another reaction. This is the eutectoid reac- I
tion, with the eutectoid point at 3 percent W and 350°C. Above the lineis g8 .
solid solution, while below the line are two solid solutions a +y. The dia- '
gram is now completely labeled. Two intermediate alloy phases are shown
on the diagram, y and §. Since their range of composition is not very great, if}_-
they are most likely intermetallic compounds. The y phase appears to cor- 1
respond to the formula Co,W, and the § phase to the formula:CoW. Another 0
significant fact that may be determined from the diagram is the very large
difference in solubility of tungsten in cobalt depf;nding upon the type of
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Fig. 6:62 The cobalt-tungsten alloy system. (From Metals
Handbook, 1948 ed., p. 1193, American Society for Metals, *
Metals Park, Ohio.)



220 INTRODUCTION TO PHYSICAL METALLURGY

crystal structure. In the g solid solution, where cobalt is face-center
cubic, the maximum solubility of tungsten in cobalt is given as 35 perce
at 1465°C. However, once the allotropic change has occurred and cob;
becomes close-packed hexagonal below point A, the solubility of tungstes
in cobalt is almost negligible. Thé reactions and specific equations thd
occur at each horizontal line on this diagram are given below.

TEMPERATURE REACTION EQUATION

1690°C Peritectic Lt e =228
1465°C Eutectic [l Ry
1100°C Peritectoid B+ 5 —ing .
350°C Eutectoid gAY .y
QUESTIONS

6 1 What information may be obtained from an equilibrium diagram?
_/6 2 Explam the importance of equilibrium diagrams in the development of nes
7 alloys.
6:3 Platinum and gold are completely soluble in both the liquid and solid states.
The melting point of piatinum is 3225°F and that of gold is 1945°F. An alloy com.
taining 40 percent gold starts to solidify at 2910°F by separating crystals of 15 percest
gold. An alloy containing 70 percent gold starts to solidify at 2550°F by separating
crystals of 37 percent gold.
a Draw the equilibrium diagram to scale on a piece of graph paper and labet &
points, lines, and areas. '
b For an alloy containing 70 percent gold (1) give the temperature of inilia
solidification:/(Z) give the temperature of final solidification; (3) give the chemica
composition and relative arnounts of the phases present at 2440°F; (4) draw ths
cooling curve.
64 Bismuth and antimony are completely soluble in both the liquid and solid states:
a Check the crystal-structure factor and calculate the relative-size factor for these
metals. B

b Bismuth melts at 520"F and antimony melts at 1170°F. An alloy containing %
percent bismuth starts to solidify at 940°F by separating crystals of 90 percen

antimony. An alloy containing 80 percent bismuth starts to solidify at 750°F by
separating crystals of 75 percent antimony. -
1 Draw the equilibrium diagram to scale on a piece of graph paper labeling ai. :
lines, points, and areas.
2 For an alloy containing 40 percent antimony, (a) give the temperature of |n|t|¥
solidification; (b) give the temperature of final solidification; (¢) give the chemicg.
composition and relative amounts of the phases present at 800°F; (d) draw the
cooling curve. ’
6-5 Bismuth (meiting point 520°F) and cadmium (melting point 610°F) are assumed
to be completely sotuble in the liquid state and completely insoiuble in the soli
state. They form a eutectic at 290°F containing 40 percent cadmium.
1 Draw the equilibrium diagram to scale on a piece of graph paper Iabelmgg
p0|nts, lines, and areas.




