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I. THE HEAT OF FOREATION OF CEMENTITE AS ELECIRULYZED
FROM A PURE IRON CAHBON ALLOY OF EUTECTOID 3TRUCTURE

AND" COMPUSITION

This part of the Thesis wes published jointly with George
H. Brodie in the Transactions of the American Society for Steel
Treaping, October 1926. Coples of this paper are available at
the Tows 3State College Library where it is kmown as Doctoral
Thesis HNo. 48.
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1T, THS SIGNIFICANCE QF pH DETEREINATIONS IN RELATION

TO HYDKOGHN ION CONCIHTRATICHS IXN MIXED ELACTKOLYIES
THEORETICAL CONSIDERATIONS

The treatment to determine the significance of pH deter-
minatipns in relapion»tc_hyd;ggen ion concentrations in mixed
electrolytes is more complicated for mixtures of higher order
salts and for those having a cormon ion. However the cone
sequences of the salt mixtures in regard to their influences
on discrepances in the values of hydrogen ion concentrations
as calculatsd from electromotive force messurements way be
sufficiently illustrated by choosing a simple mixture.

Iﬁ measuring pE @ very common sei up consistis of the
combination ‘

H,(l atm), E7(C molal}, XCL (¥), HgCl(s), Hg(1)
The électromotive force of the aﬁdve cell is ‘cdalculated. by

the formula

' %
(1) E = 04283 4+ 0,05915 108 =w
Cnt
where 1t is assumed'that the electromotive force of the cell
H, (1 2tm), E (C molal) H. H+( 1 molal), H, {1 atm)

can be calculated by the formula
(2) E = 0.05915 10g =w

Cut

It can be shown tha; if the acid in the two half cells zcets as

& perfect solute that these equations should give correct
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results where we are dealing with a single highly ionized
~acid as the electrolyte in solubion.

For such a pure strong acid it has long been kmown that
the measured electrcmotive force does not agree with the
calculated electromotive force made from the zbove assumptions.
It was soon discovered that multiplying”the concentration of
the electrolyte by the conductance ratio would mobt give
results and that the concentration of the electrolyte, when
mmiltiplied by the degree of ionization as determined from
freezing point data and vapor pressure measurements, also
failed to give correct values for the eleciromotive force.

The immediate outcome of this discovery was an attempt
to measure something based’upon the thermodynamic properties
of the solution that would galculate the correct value of the
electromotive force.

The view was taken that the chemieal activity of the ion
might be proportional to its céncentration or to the total
concentration of the dissolved acid. With the assumpiion that
this chemical‘activﬁty'was responsible for the eleciromotive
force it should be considered 2 corrected concentration which
could be substituted for the actual concentration and which
would give the correct eleciromotive foree. This was done as
follows: Iet a be the corrected concentration and ¢ the actual
coneentration, thén define the reiation cf a to ¢ by the
equation
(3) a = cy
Thus Y’ may be considered as the bhermodynamic degree of ion-

ization. This analogy holds for a solution of a strong




uni-univalent electrolyie it its pure water solution for quite
l_cm qon.centmpiqns but V;E‘a_ils completely at higher comcenirae
-t“i_.cz.xs_ of 2 single strong electrolyte such as hydrochloric acid_
solutions an; for °,°mp;°3 salt mixtures. Now evident:lyr the ratio
of the activiiy of an ion in one soluiion to iis activity im

any other solution may be calculeted by the equation

w - RT &
4 E Q@ =om I eow

Whenever it is poszible to measure the electromotive force.
3iace 2ll such solutions at sufficiently high dilution
show Xyt = Cytit means that y =1 wherever the behavior is
toat of a’perfect_ solutéon. The value of Cy+ which gives =
value of unity 1o (fy+tlas been chosen as the reference staté
and in fact corresponds to ihe concentration whick produces
the stendard electrcde potentisl,
The equation
(5} E = 0.283 + 0.05915 log ..3;.
Ayt
thus resulis. It may now be stated that the pH measured cdre
rectly signifies ln‘&lﬂz rather than 1In f(;‘;: s since (= Coyr-
When,however,mixed electrolyles are considersd ihe bee
havior is so different from that which has been assumed in the
use of the hydrogen electrode that it shguld be carefully
considered. As an example of the misinterpretation of the
results of such .z_z;easurez:iefn-_ts, some of the best known workers
in the diological field st1ll _consider' that the potential of
the hydrogen electirode “is influenced only by tke hydrogen ion

concentration.




o
In qr;i‘elmr tc obtain as broad an mderstanding' as possible
of the prineiple which seems to govern the activity of such
en ion as the hydrogen ion more comprehensive definitioms of
o, a_nd}(_as given by G. X. Lewisl will be used.
In general it is necessary to define & by ithe equation
(6) | w = (@l ocZ'/
where Z/ is thke totsl number of ions formed from a formula
weight, of the salt, 24 being the nurber of positive ions and
7. being the number of negative jons. Thus 2/ = 24 + 2.
m is defined by the egquation
(7) - _m(%% 7 )‘/z/ — 1/+ 1//)’/1/
and - J J '/z/

: + - , Iy ,/,
. _or A+ A -
(& v (r)(:;') = YY)

These definitions are se taken in order to allowY to approach

. )‘/«/

(m,- m.

unity at infinite dilution for any salt of any type from the
sigplicity of NaCl to that of salts more complex than La (a% )5
For salts of the type NaCl O = (dyyde )‘, -dz{ o If the sol=
ution be sufficiently dilute so that the activity of ithe two
ions Wa and CL may be considered equal Oz s Myt a5 and

mt = My.e) » WhERCE Y = Sug which is identical with the defini-

WM NaCl .
tion of the thermodynamic degree od ionizztion given sbove.
The fact has been long recégnized that the influénce of
the electrical ‘charges upon the ions was largaly responsible

for the properiies of the ions as well as that of




, =5~
Phe solvent. In fact there is a rather complete treatmentd
of sclutions from that standpoint which is at least partially
successful. . Cut of this fact Lewis developed a
quantity which he calls the ionic strength. In any solution
of strong electrolytesqlet us multiply the stoichiometrical
molality of eaeh ion by the square of its valence {(or charge).
The sum of these guantities, divided by two (sinece we have
ineluded both positive and negative ions} we call the ioniec
strength, and designate by . Thus in general we have

S 2.
m" 7/t ntT + mrYo ar o+ m) 2ot 4+ mI g n3
R P

where the subscripts refer to solutes 1, 2, ete., regerdlesss
of whether or not theres are present common ions. TFor a mixture
of uni-univalent electroliytes such as HC1 and EHOgz we get

(W) +m () +m, (1) +ma (1)
.ilz b1 =m,+m?_

For a mixbure such as HC1l and C2Cl we getd

o, (1) +m,; (1) + m2(2) + m=2 (2)
u = ’ >

= m, +3n

The important principle known as the prineciple of the
ionic strength is that in dilute solutions the activity
coefficient of a given sirong elecirolyte is the séme in 811
solutions of the same ionic strengbh. Moreover since it is
true that the activity coefficient of a certain strong electro-
lyte is independent of the partieular character of any other

strong electrolyte which may be present but depends solely
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B
upon the total ionic sitrength, the same principle should apply
‘t0 the individual ions unless as lewls says, some other
peculiar compensation operates. Therefore we may state that

in dilubte solutions of any strong electrolytes, the activity

coefficient of any individusl ion depends solely upon the toial

lonic strength of the solufion.

When the solubility of a slightly soluble uni-urivalent
salt like T1C1l is studied in the presence of sirong electro-
lytes like HC1, KC1, KNOg, and Xp30; the relation between p%L
and~5§r is as skowm in Fig. 1. The data from whiea this
gréph was constructed are given in Table I and are base@ upon
the soiubility measurenents of Bray and Winninghoff?‘ .

This treatment gf solnbility measurenents is exectly that
given on page 371 of Lewis and Randall's Thermodynamics. The
impor%ant thing o note aboutvthe graph in Fig. 1 is that up
%0 a value of p%beqpal to 0.17 2ll the curves fall together
in a straight line.

In the case of the solubility of T1C1 given above, in

each solution of mixed electrolytes the solution was saturated

with T1C1L 2nd therefore o~ remaired constant. Thus Zrom the
relation }( = =X. gwe see that Y’ is inversely propor-

tional 40 m+ . Teking the slope of that part of the graph

that ig a sitreight line to be -k, we obbain the simple eguation

gL _ l[L—‘
{9} o= sl-mm =Y

Sinece the vglue of ‘x“ for 2 given p does not depend upon

either the presence or zbsence of a sollid phase > may apply

a sinilar treatment to any mixture of strong electrolytes

T P U O
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PIRST PART
A, THZ RELATIOE BETTEIN Wye\ AND m, ,d+ BEING EELD
dOKSTAI?-’l’ I¥ T8 CASE OF HC1l IN THY PRESENCE OF ARY STROWG
ELECTROLYPE WITHOUT A4 COMION ION.
The data upon which this part of the ccleulations have

been made are taken from the Table of Activities In Agueous

"y
4

Hydrochloric 4cid Solutions as given on vage 336 of Iewis and
Randall's Thermodynemics. Those values which kave beer used
gre given in Table II. These date are fo* pare agueous solu-
tions of EC1l, therefore muc¢ =4 2nd thus from these dais the
greph as showa izn Fig 2 hes been constracted.

In the pressnt c2se mye, = mtand assuming dxs Ayr=Key ,
-eguation (3) csn be written in the form
(10) N R

Mige

From Té’ale II teking corresponding velues of Y and L &nd
substituting them irn eguation {10) the value of k is obteained.

Such & e6t of celculetions is as follows:

I
k - (1 ".00992) ““““““ " - 0055777
(0.0005)"=
ks (1 - 0.984}-—--'---'- = 0.50598
{0.001)"
!
= (1 - 0.971)ecmmna= - = 0.64846
(o ooz)'f=
‘ .
"B = (1 - 0,947 mmmmman - = 0.74£953
: (0.005)"=
k= {1-0 243----'---- = 0.76
(0. c>1)'/z

Prom the sbove czleculstions k is found to vary snd since

in the case of TICl0x wes constant whereas sl1l other guantities
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changed, it Tollows that the value of k is determin ¢ by the

(@3]
<t
-
(0]
(¢
O
H
=
(¢]
!

particular value of At . The above valuss of ¥k and

[97]
ot
oy
o
5
9]
J
o)

sponding values of ({+ are recorded in Table II, an
of these guantities is shown in Fig. 24.
Sian/A =, + n, for a simple nmixture like IC1l and Xi0s

equation (10) can bhe written in the form.
(ll) H’.2= S S TS S e S T S 78 T T e e e A e e - ch,

Now the above eguation (11) can de used to calculate
values of m, corresponding to chosen velues of Mye,, &
held constant by simply substituting the chosen values of Mye
and a velue ofd+with the corresponding X. Such a sct of
caleulations are here shown.
(0.51 % 107> —2(0.51 = 10) (0.000496)+(0.000496)

(0,51 x 10 ) (035777}
~(0.51 x 10~ ) = 0.0051971
(1.1 = 107)%2(1.1 x 1077) (0.000884) + (0.000984

— T — S e et Vil AP U A, T S G T T P ALY A T G W A P W B CAT Nt Sk AP S G PGS > TS G I A B 200D o ot A e g

Rz = = -3.\2
(1.1 % 10°%)%(0.50596)%
-
—(1.1 x 10 ) = 0.004334
(2.1 x 1077 )= 2(2.1 = 10 ) (0. 001942) +(0.001942) %

(8.1 x 10 ) (C. Cdaée)

-3 2 - o -
o (5.5 x 107 ) =2(5.5 x 107 ) (0.00474)+(0.00474)
(5.5 © 107 °)%(0.74953)*




~10=

-3 2
(11 = 10 )2(11 % 10 ){0.00924) + {0.00924)
mz-."_ ———————————— S P i o T . GUD s M, s R W e e e T R S i - o - —— -

(11 x 1072 (0.76)?

—(11 ¥ 107°) = 0.033321

The results of such a series of calculatvions are given
in Table III, anc¢ the relation belween Ny, and m, at

various values of Ax are shown in Fige. J.

Crmaimg
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FIRST PART
B. THE RZIATION BETWEEN G+ AND muq , 44 BEING EEID
COESTAET’IN THE CaSE CF HC1 IE TH: PRESEECE CP ANY STRONG
ELECTROLYTE WITHOUT A COMMON IOH.
¥riting equation {9) in the form
(12) Qe mm/d{‘k = muc
and noting that k¥ is 2 function only ofd+ it follows that for
each particular value ofa+ this equation mey be written in
the more general form
{13) at+ ¥k 5 F
This equation is the egquation of a straight line whose
intercept is a+t and whose slope is egqual to k. Thus different
vzlues ofa+ give & set of.straight lines with intercepts egual
to+and of different slope as shown in Fig. 4. Comsidering
the form of equation {13} 2nd the fect that k¥ is 2 funetion
only ofatit is evident that the values of x snd dimay be
erbitrarily chosen. Thus taking from Fig. 22 values of X cor~
responding to the chosen values forasthe value of the expres-
sion O+ 4+ %k is obtaired. This with the chosen X determine
one point orn & particular line. Such a series of points
together with the corresponding intereepts Giserve to fix
the position of each line in the grasph of Fig. 4.
The graph in Fig. 4 is used to evaluate values of dtcor-
responding to chosen values of my,, at & given/u'as fTollows.
Suppose it is desired to determinme whem muc, = 0.0007 and

AL = 0.04, Substituting these velues in equation (12} there

results

T e A et o S T A e T e,




wllew

Yoo

‘ S axs (0,007} (0.04) k¥ = 0,007

whence x = Q.‘OQM_and' ar+ Xk = Q.O(_).’i. Now locating tkis
point on the graph in Fig. 4, then moving downward and parallel
to the nearest line of gonstanta¥ tntil the abscissa is reached
the value ofazx is obtained. The resulis &f this series of cal-
culetions are given in Table V and a graph ofdx againét Mucl

is showm in TFig. 5. 3ince the slope of the lines 1n this graph
correspond to the value'cf_‘—-'Y— at tue particular value of U we
have for the valuesofy, 0.932, 0.888 and 0,852 when U has the
respective values 0.0}.,. 0.0225 and 0;04. According to the orige
inal data these values should be 0.G24, C.887 and C.83066. Hence
tliese values are within the limits of accuracy with which values

may be taken from the graph in fiz. 4.
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‘from Table I ancl‘_plotted as shown in Fig. 54 . The same straighi
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3LCOND  DART
A. THE REIATION BETVEEN mye, AND m, ,GurBEING CONSUANT
TR -~ - N s - - . g
Id TEE CA3Sm oF Ol IN THE DPRESENCE OF ANY STRONCG SLECTROLYTE

WITH A COFON 1oy,

In the case of a mixture of uni-univalent electrolytes

such as HC1 and KC1 there exists the simple relation

2
m 4

n
|/_,_

since m, = [(mwm oo+ 12 )] and (& Dpe+ Bz,

(14} Ryer =

likewise for a mixture of bi<bivalent ions such as BalCl, and

CaCl, there exists the simple relation

ml’:aC(;: - - 08

M

since my = [(mach,_ J{2mg e+ Meact, )] and/u s 3J{mpgqer <+ m(‘uc(}
Howweer in the case of mixtures of electroiytes of different
types no such simple relation eiiats and a itreatment different
from that Wizich follows mu=st be used.

7o calculate tue value of m , for a given value of myc(,
((+being ueld constani ihe values of Y and /LL1;1ave been iaken
line graphs are shown separately in Figures 6, 7, 8 and 9.

3ince each of these graphs is for a particulaer ¢ walue of (& we

may read off values ef)( or %‘-E for different values of «

and then calculate m,. From the values of myand W is is possible

to caleulate the corresponding values of m Y and m, as shewn

helovw,.




ol Gw

E,

 From the graph in Pig. 6 {(lx & 0.000439%) it is found
Y=

tuat for ' s 0.1,y= LU S 0.9657, therefore
/ My }
[0.00049612
z ' .
me 0.9657 o
Byey = ~——= = ' = 0.00002638
M~ 0.01

and m. = 0,00997362 ,
From the graph im Fig. 7 (Kes 0.000984) it is found

s '/:. ¢t
that for = 0,1 = = 0.9237, therefore
* M 5s Y Sy 9237,
r.eoogs.@}z
2
sz: 009237 .
Mpyey 5 === = = 0.00005055

and m. = 0.02244945

From the grapgh in Fig. Suv{0x s 0.001942) it is found

":
thet for/w s 0.2,Y = (1:: < 0.387, tuerefore
Wit
0.001942]2
Kiiz 0.87

and ﬁz - 00398?55 . . .
?rem the grapk in FPig. 9 (Kx = ’O.ﬁ047é) it is found

"2 ' (lt ) .
that fOI*/LL = 0,125, { s ooy = 0.,9066, therefore
. 0.00474 | 2
my 0.9066 -
Byey & = < s 0.0017495
M 0.015625

amd m, = 0,0138755

¢ g e A b e €A RIS B BT e
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The results of this gseries of calculations are]given in
Tables_WI;'YII, VIII and IX and the corresponding graphs are
shown in Pigures 6A, 7A, 8A and %A, In the Figures 6, 7, 8

: e h . _

and 9 tue relation of mye toM hes been plotted and gives

the curves there suown.

3ZCOND PAR'P
B. THE RELATION BEYVESHG(WAND myo /a BEING HELD CONSTANT
IN THE GASE OF HCL IN THS PHI3ZNCE OF ANY STACNG HLECTROLYTE
WITH A CCO2ICN ION.

By using a procedure similar_to the one used in the
case of an electrolyte without a common ion the value of U+
for a given value of ms can be found. Thus ifM & 00,0025 and
Myey & 0.0005, thenm, = 0,002 and my & 0.001118. Substie-
tuting these values in equation ({12) there resulis

'2.
atr + (0,001118){0.0025) Xx = 0.001118

It is seen that x = 0,0000559 and that Uit xk < 0,001118.
Locating this point'on the graph in Fig. 4 and then moving downe
ward and parallel o the nearest line of constant Aruntil the
abscissa is reached the value ofUdxis found to be C.00107,
The results of suck a series of calculatinns are given in Table
X .

In order to determine the value ofdyrconsider tke principle
of the ionic strength és applied t0 the ﬁons, At 2 given total
ionic strength each ion has a definite activity coefficient .

3uch a Table of activity coefficiehis:of individuwal ions at

various wvalues offi is given on page 382 of Lewis and Rendalll's

[,



elfw

Thermod ynamics. Those values which are of use hers have teen
recorded in Teble IIA and a graph is shown in Fig 2. Tt should
be noticed that for values of & considered here all the ions
zentioned in Table IIA heve the same activity ceefficient for
2 givea .

Hence it metiers not in dilute solutions whether HCL is
in the presence of & electrolyte with or without a commor iom,
tne activity coefficient of the hydrogen ion will depend solely
upon the total lonic stréngth_and therefoi-e the activity of the
nydrogen ion will be)yrmye, - Taking values for Yyrfrom Table
TIA and vlsues for mupe from Table X there js obtained the
values 'ofqufas_ shown iz the last column of Table X, ¥nen
these values of @y+ are plotted against the correaponding values
fOr mye) the graph showm in Fig. 10 results while 1fdw%s
ploited against coérresponding values of my the graph in Rig.
11 is obtained. |

In case the solution is not sufficicntly diluse so that
tue principle of the ionic sirengili may be appiied to ihe
'in&‘ividual ions but 'does rold as applied to the elceitrlyte the
value of Jytmust be determined by some other method which detere
mines Gn+ directly or else gives a value ford§ from which in

combination with(y the value ofd ytray be obtainedy

Ny e g A 0 e e PSPt
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CONCLUSICON

-

fhe conclusions whiek folliow are gll stated with the

assumption of the velidity of tkhe principle of the ionic
strengtie.
In & hydrogen clectrode set-up consisting of & normal

ren electrode, with the liquig

[e]
2
,-.J
O
£
[¢4]
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o
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potentisls properly carsd for, the value of the measured
elsctromotive force is given by the equstion
1
{15) E = 0,882 ¢+ 8858915 log —
Ayt
it follows that since & large number of different values
of mye, mey sccompsny & constant velue of Ayt , as skown in

-

the graphs of Figures 5 snd 10, the determination of Uy by the
oréirary hydrcgen ion set up does not determine the value of
mycr unless the value of/j& is glrezdy knovwn.

s very likely that the investigstor im eny field

fede

It
will be more cocncerned withithe value of Ayr rather than with
thet of Dyey sinee’the chemical effects of the hydérogen ion
would De expected 10 bear & closer relstion o AWthsn 0 Mye «

Since the value of the eleciromotive force as cszlculated
from eguation (15) does not determine the value of myuc, where
the prineciple of the ionic sirength holds and since at higher
ioric strengths variastions from the principle of the ionic
strength cccur in salmost every way it follews thet the hydrozen

electrode cannot be expected to determine the value of mye, oOT




of eny other acid in highly complex mixtures.

Theae :esuits isve been raaéily subject
the time that the discovery of the principle

was announced

t¢ prediction since

of the ionic strength
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Tabie I, Solubllity of Thallous Chloride at 25 in the

presence of other salis.

Bvo,  Fra . s = A -t

0 . 0.01807  0.01607 624228 0.01607  0.12677
0402 0,95,716 6..01_?16 58..27'5 0,03716 0.19277
0,05 0.01826 0,61826 '54,764 0,06826  0,26127
0.1 0.01961  0.01961 504995 VO,11961 0.34189
0.3 0,02313 0.,02313 43,234 | 0.32313 0.56844
i G «030?2 0 &39?2 32.552 1.03072  1.10152
Ty , . -
§¢925 o,oos@ 0.’017078} S58e5 0_.031359 | 0,18352
05 6,655§_ 0.018161 550964 0.0559 o,‘23643'
Cel .0'."00396 9402029 494285 0.10396 0.32243
0.2 0.00268 0.023307 424907 ©  0.20268  0.4502
e | o | , . co o _
0.025 0,00866 0.017058 584624  ©0,03366  0.1833
0.05 0,00583 0.018042 55.426 70,0558'3 10,23628
0.1  0,00383 0.0199%42 50,146 | 0.10383  0,32223 -
0.2 0.00253 0.022172 44177 0.20253  0.45003
By, 50, | , | . .A : .‘

0.02 O',Gi]_??g’ 0.02779 564211 0.7777 0.27892
0.05 0.01942 0.01942 51.493 0,16942  0.41161
0.1  0.02137 0,02137 46,795 <V>‘..32137 . 0.5669
0.3 0.026  0.025 36861 0.926 0.96228
i 0.03416 ‘o..olzéizilé‘ 29.274  3.03216 1.7413
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Table II. Activities In Aquéous Hydwochloric Acid Solutions.

Dyer - J‘-‘/f | Y. s ok

© 00,0005 0.022361 0.992 0.000496 0.35777
¢.001 10.031323 0.984 0.000982 0,56596
0,002 0.,044721 0.971 0.001952 é ,64846
0,005 0.070711 0,947 0.00474 o,~49§3
0.01 3.1 U.924 0.00g24 S .76
2.02 0.14142 0.694 0.,0178%
.05 0,22351 0,86 0?043
0.1 G.31623 0,814 0.0d14
0.2 0.44721 0.7¢3 0.1566

0.762

0.5 C.707LL 0,381

Table IIA. Activity Coefficients‘@f Individual Ions At

Various Vzlues Of The Ionic Strengtl.

n 0.001 0,002  ©0.005 0,01 0.02
ut 0.98 0.97 2.95 0.92 0.50
oH 0,96  0.97  0.95  0.92  0.89
Ci,Br,I, 0.98  0.97 0.95 0.92 ¢.89
X A 0.98  0.97 0.95 0.92 0.89

xat .98 0.97 0.95 0.92°  0.39

-
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5:1 T mn b . —~— 3 :l A .
Table 111, The Helation Between mye; 4nd mp, 2% Various
Vaiuves of &t . No Common Ion Eresent.
Y

A= (10} 0,495 0.284 1,942 6,78 9.24
e (10°)  (ommmm el Dy —mmmmm .‘;-*-;_-_ﬁ_L__
0.51  0.00518 | o |

0.52 0.01594
0.53 0.03145
0.54 0.05117
0.55 0.07451
0.55 0.10133

.57 0.12097
0.58 0.16315
0:59 0.196818
0.6 0. 254
0.7 0.66574
0.8 1.1273
0.9 1.5735
1.0 1.9835
1.1 0.0423
l.2 ' 0;12555
1.5 0.22951
1.4 0.34351
1.5 3.4986  0.46075
1.6 |  0.57507
157 - 0.69123
1.8 0.80098
1.9 0.90802
5 4.4161  1.00605

2.1 - o .. G.e1138
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Tgble IV. Values of&: and i+ xk vwhen X hes the value 0,001,
. _ .-3 ,- . . : ,- :
o (109 k ardxx(10 )  0s(107) k¥ cutxx{10)

0.5 0.365 0,865 " 5.5 9729 6,249
1 0,508 1,508 6 0,751  6.751
1.5 0,592 24092 65 0.753  7.253
2 0,65 2465 7 &,754 7.?54
2.5 0.681  3.181 7;5 0.755 6.?55
3 0?7' 3,7; & Q;756 7756
3.5 0.725  4.225 8.5 C.757  9.257
4 0.736  4.736 2 0.756  9.758
4,5 0.744 5.244 9.5  0.759  9.259
g 0747  5.77 10 C0.76 10,76

Tevle V., Values ofClrand m when hes various values,
e HCl g

¥o common icn present,.

L 0.0L C.0225  0.04
7, (16 ) | ax {207
1 0,95 0.92 0.9
2 1.87 1.81 1.75
3 2.78 2.68 2158
4 373 3158 . 3.44
g 4,62 4045 4425
6 5¢55 532 . 5.08
7 6448 6.21 3.96
8 7e34 7.07 G2
19 7+98
10 8.83
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?Table VI. Corresponding Values of mye and mp, 2t Varlous

Values of Ax. Common Ton Prescat. ‘ _
x L e d m“c\_(l(}—s) ™, -(1(53)
0.000496 0.05 0.9825 10.15 2.3981
0,075 o,§741 4,609 5257892
0.1 0.9657 2.638 | 9,9?3'62
é,;zg' 0.9572 1.718 15.60782
0.15 0.9488 1.224 22,48786
6.175 0.9405 ¢.905L 130.62491
0.2 ¢.9317 0.7985 40
0,225 c.9232 45702 50,625
0.25 C.9147 0.4705 62.5
0.275 0,5062 9.3961 75,625
0.3 0.8976 0.3333 9G
Table Vil. : :
0.000984 0.05 0.9742 40,81 2.0916
0.075 09615 15,62 54368
0.1 .0401 10.73 ' 9.8925
0.125 9,405 7,067 155643
0.15 09237 5.055 224494
0,175 ¢.9112 3.808 30.5869
0.2 °.u982 3 40
0,225 ¢.8852 2,441 50,625
0,25 08121 503 62i5
0.275 0.8557 1.732 754625
03 0,470 1.499 90
| ravie vrII. | |
: 0.001942 0.05 0.9675 16L.16 C.t8c
0,075 0.9512 74,103 4.5839
~N = ~ A A~ T N CAQr







Tavle VIII.
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174.95
126,63
93.838
77.651
64,190

15,5643
22,4454
30.586¢
40
50.625
62.5
754625
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1,113
73758

13.8755

21.2337
29.06566
39.2235
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Table X. Corresponding Values of (@, O[H*,_m“gnd my ot

Various Values of M , Common Ion Present.

. /U— ) _mHC(
0.0025 0,0005

0,001
0.0015
5.002

0,0005

0.001

0.002

0.004

0.006

0,008

PEyeq
0.002
0.0015
0.001

5.0005

0.0095
0,099
0.008
0.006
0.004
0.002

mi(m‘q} x{lo_s} K
11.18  5.559  9.00107
1581 7.905 0.00152
19.37  9.685 0.00188
22,36 11.18 0.,00215
22.36 2,236 '0.0021
31.62  3.162 0.00295
44,72  4.472 0,00414
63.24 6.324 '0.00585
7746 7746  0.,00709
§9.44  8.924  0.00826

Ca4b
0.92
1.84
3.68
5.52
7430
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? 1. G» H. Lewis, Lewis snd Randall's Thermodynamics,

L ¥eGraw-Hill Book Co., 1823

? 2. Bray and Winninghoff, J. im. Chem. Soc., 33, 1663 (1911)

“ It should be stated thet the concentrstion
in these dats is expressed in smount per
liter and rot in =zmount per 1000 g, of wster.
Since in dilute solutions the two methods of
ezpressing concentraetion ere essentielly id-
entical these values have not been reczlen-

latede.




TERNARY SYSTEX IRON-CARBON-SILICOXN

8 The work of Charpy and Cormu Tbenard‘ as well 28 that
ifof Honds apd Murekemi: indicate thet the tempersture of the
§'33 trensition ip iron is practicslly independent of the sil-
icon content until silicon percentsges sbove some five to

g six vercent occur. Unpublished work by Ruaer3 as well &g thet
h of Snyder, Wever and Oberhoffer4 indicate & sherp rise in the
g température of the kg trensition with the first zdditiocms of
: silicon. The work of these intter investigetors unmistekebly
indicates thet the 44 and the A3 points ere merged in pure

;é iron-gilicon elloys &t values of silicon in the neighborhood
é of two percent.

‘ The assumptions of the laws of ideal solutions within
the range properly known as dilute solutions for the solid
phases, silicon plus alphs iron and silicon plus gammz iron
in one case and for carbon plus gamme iron in the other case,

mekes it possible to apply the well known eguation,

at RE
{1) e = (K e 1) e
éx AE

where X is the distribution ratio of the solute between the

alpha and the gemmz phases, €.i.,

X ig greater thuan unity for gilicon egnd is equal to z&ro




for carbon.

t
sy

These two values of X cause eguation (1) to take e

following two forms:

(2) &% _ 4 BIZ
ax T AH
(3} az bl

where i = E-1 and i1c positive. Zqustion (2) should repre-
sent the effect of silicon on the itemperature of the Ay itrans-
ition. In equatlon (3) X-1 = -1 since ¥ = O and therefore °
equ ntL 1 (3) should reprcsent the effect of carbon on the
temperature of the A; transition.

If the Turther assumptions are made that the presence of
silicon does not effeet appreciebly the solubility of carbon

in alphs iron, and on the othrer hand if the presence of car-

ton does not effect aporeciably the distribution of silicon

the solubility dilagrem for the ternary system iron-carbon-sil-
icon for the temperature interval from 7C0°-1100° C. may be

predicted from the very limlted dats which 1s now aveallable.

B

This three dimensional diasgrad is a modification of the

. * %
llagram o

f
&

earlier two dimensional i is changed so as to make

it consistent with the asvun. tion that at one percent silicon

A -

t=ts

the 4, transformation in a carbon free iron is raised to 950°C.
3

-

This value is not considered as definitely esvabllished but it

* This diegram is shown on page 13,

** See ILiterature Citstion No. 2.

vy



}is the higher of the valueg gilven by Viever and Qpehoife er4.

tion to thze left of the Ay sitable or A4, zetastzble lines egua-
tion (2} gives the effect of silicon and equation {3) that of

carbon upon the iemperavure of the g tronsiition.

b
k3

W
&
4
W
fid
£

If prescure upon the tirec cozponent srystem lron-carbon-
gilicon be assuzed Lo be constant, then the equation P + F = &

gives I = 2 when alpha iron and solid solution arc in equilib-
riun and whien s01id solution and cementite are in eguilibriun.,
The As, the carbon solupility and the Acm lines Dbecome respec-
tively the 45, the carbon solubility and the fck surfaces when

alpha iron, carbon and solid szsiublon zre In eguilibrium

’

in this three component system, the i, stable and the 44 neta-
stable changes take place at a2 series of temperatures =nd com-
positicns as represented by the A; stable 2nd the ﬁl meta-
stable lines respeciively.

In accordance with the foregoingvtreatmént the Az surface
ig congtructed from the following points:

(S1=0C.00, C=0.00, T=900°C.Y, Si=1.0C, €=0.00, T=950°C.) Tever?




dfm

' ‘ To & point 29C, higher and very
(81=0.00, €=0.85, T=T72C%C.), slightly to the left of the A,
metastable (8i=1.C0, C=0.67,

T=?592C.) Heyes, Flanders and
Ioore-

{51=0.00, €=0.40, T=768°C.)
The Aem surface is drawn ae 2 plane through:
(51=0.0C, €=0.85, T=720°C.)} and (Si=1.00, C=0.67, T=759°C.)
}
in a direction to intersect 5i=00, 0=2.00, T=1i34°C. Thus

s

the 4; metastaeble line is the intersection of the A5 and Acnm

This mammer of 4 aving the g surface mekes 1t distinetly
curved in the zero silicon plane ahd mekes the surface very
nearly o plane at a2 point slightly beyond the 1.C0 percent
This was to conform to the fact that the so-

silicon plane.

+ . - . - e 0
called betz tronsformation is lowered from sbout 768°C. 1o

C. by the precence of this percentage of silicon
In accordance with the method of constructing t}
dimensional dizgram the £, steble line in the inree dimension-
a2l diagram 1s considered to be the intersection of the carbon
solubillty plane with the 4Lz plane.

We are not as fortunate in regard 4o dazbts Tor locating
the pesition of the A; stable line in space as we were in the
location of the A; metastable, due o the Fact that the temp-
erature and carbon content of the iron-carbon eubectoid in

the pure iron carbon system are not knowm.

The point Si=1.00,




e

0=0.57, T=771°C. shculd be very neazr the position of the 4,

. on the

@]
lerd
)
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sccompanying dlagrem as beling siightly below and to the left
of the A, plane. The reason that it falls off of the A
plane is larzely due %o the fact that the value for T=771°%C.

Yoore upon & 0.95 per-

d
cent sillcon alloy arnd the value C.57 percent carbon was tak-

en from the solubility studies of ISehwartz, TFeyne, Coruon

wnite lron.

: L X . o .
A reasonzable correction for the variation of carbon con-
tent accomponying o variation of silicon from 1.20 percent to

0.95 percent would easgily vnlace this point upon the A; sur-

fzece.

b

The general direciilon of the carbon solublillity surface

e
}-..o
ct
3
]
(0]
&)
(U]
[0
Q
ch
o
o
¢t

eunperature and carbon ic fixed Dy the fact

that in the 1.00 gercent sillicon plane ircxn carbide is meta-

*  HOTE-~-The writers wish to state thalt the agreement be-

tween the carbon content of pearlite in a 1.20 percent sili-~
con vhite iron, zs cbtazined by the method used in extending
the A; line from the iron carbon euntectoid to the temperature
771%C. as shovn in the paper of Hayes and Wakefield and that
determnined experimentally by Vakefield, is very gocd, indeed,
if the above correction for the effect of variztion of sili-
con upon the carbon content of the iron carbon eutectoid is
mede. This does nobt preclude, however, the possibility of
the A, polint being raised through a considersble interval by
the presence of 1.C0 percent sillicon as may be readlly shown
fron the accompanying three dimensional Tigure. :

R——



G

steble and thus the carbon sclubllity plene lies vo the left

of the Acm plane. It is also rather closely Tixed by the solu-
7

bility studies of Ienwaritz, Feyne, Gorton and Austin . The A

-

-, Pl b - - - <1 e N (el - p— ;’ rr s E4 r,

want of cother evidence thaon that of laxwell and Hayes which
: - Es 3 - 4N g A 4 S mIn A ~0C - 2

shows that ircn carbide 1ls metasiable at T2C07C. in the pure

The behevior of & hypereuvectold a2llioy of sbout 1.00 per-

the point waere the C.5 silleon, 1.00 carbon vertical 1ine

- 1 ~ - 2 3 S - £ -~ E - -
greatly change the sillicon conternt of the s0lid solution, the

-

composition temperature values of the s0lid soluitiorn will fol-

fu

low the carbor solubility »lare and will sirilke the A, stable
¥ ¥ , 1

line 2t 2 point very nesr the 0.5 percent silicon peint. From

, manner 28 1o cause the solid solucilon compositicn and temp-

carbon, less =ilicon and & lower temperaiure.
The behavior of a hypocutectold alloy upon cooling slovw-

1y from 2z iemperature above the criticel range and contalining,

[RRSERN



- -
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for exzemple, C.5 percent silicon and 0.25 carbon would be a
follows: At the point where the 0.5 silicon, 0.2% carbon

verticel line intersects the A surface (see dlagram

S
)
i~
bl

[ ]

iron begins separaiing from the solid solution. The compo-
sition and btemperature of the soiid solution then follows the
Ag surfzce until the A, stable line is reached. Due to the
fact that we have, in this discussion, azscumed that sillcen
is mbre soluble in alpha iron than in gamma, the silicon con-
tent of the solid solutlon wili be les: than C 5 vercent when
the A. stable line is reached zs chown in the figure.

From this point of intersection, if cooling ig sufficlent-
ly slow, the composition of the solid solutiorn and ils tempera-
ture follows For a limited disitence the 2, stable line in the
direction of lower temper-iure, more carbcn and less silicon.

-

This is because the alpha iron separating slong ithe iron-car-

reducing the silicon conbtent of the solid

J-+
in

bon euvcelboid line
solution. If the rate of cooling is too rapid in the case of
either thehyper or hypoeutectoid alloy, the compocition of the
£011d solution may reach the £, metastable line in which case
the separation'of alphz iron end iron carbide will t e place

-
¥

in such z manner as to cause the compositicns and temperature
of the solid solution teo follow the A, metastable line in the
direction of less silicon, more carbon and a lower tempera-

ture. In case the cooling from the higher temperature 1s al-

e



so sufficlentliy rapid, the fcm plane nay be intersected in
which case prceutectold cementite will separate. This contin-
geney is also shown in the Tigure.

The behavior accompanying the foregoing figure and dig-
cussion 1s the result of the writer's belief that zustenite
is eésentially of the same fundamental nature wnether it is
formed from cnrbon or from iron carbide., Thus we mey quote

9
*rom a discussion of the paper of Hayes and Wakefield by

changing the words line to surface and point to line, as fol-

v

lows. First, the fact that carbon may be iteken into solid solu-

solution and the carbon may be precipitated, irndicates that
there must be a zmechanism for the conversicn of carbon in each
of these forms into the other. If such is the case, the =01id
solution ic very probably the same in both cases. If we sc-
cept the concept of the solid solution as that which Hever pre-
gents and which reference ir, Schwarti7quotes, we may conclude
that the carbon in the austenite enters the interior of the
face-centered cube whether it comes from cerbon or Trom cemen-
iite and that the ircon atoms in the cementite take their place
in the regular positions of the iren in these face-cenitered
cubes. If this is correct, the cementite is formed gt the

time that the carbon is preeipitated. At the iron-carbon eu-




tectold carbon is precipitated without the formation of the

carbide. This being the case, it follows that the difference

veiween austenite saturated with carpon from co rhon and sabtur-~

'S

ated with carbon from cementite is simply that a greater num-
ber of the face-centered cubes in the solution gaturated with

rom cemenbite have their interior occupied by a carbon

|25

carbon

atom. This concept at least conforms to our present knowledge
of the ructure of sustenite as derived from X-ray studles.

One of the writers has stated elsevhere that tnls saze

Eal

Sﬁ"uemeﬂt can be made of austenite in the presence of more than
cne Torm of the solute {dissolved carbon) if such forms are in

equilitriun with each other
In either of ithe sbove contingencies, alpne iron should
rate where the carbon solublility plane crosses the Ag sur-
face. For eguilibrium processes there shovrld e no discon-
tinuity 1n the Ag suwrface.
£ these conclusions are correct, it becones evident that
there is only on Ag surface. This beling the case there 1is only
one Ag point in the pure iron—cérbon system and it is the sta-

ble 4g and oceurs at about 900°C. Certainly there is no sig-

sition in pure iron except that 1T re-
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presents a stable tronsition for the phase gamma lron 1s a

stable phasc above its temperaiure and the alpha phase is a

At e i i s e
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There is another fact wnich seems to the writers to e a

fundemental objection to a value for A5 stable at any other

the one which is ususlly tsken (95C0°C.). Sup-
pose we assume that there are two molecular weights of inhe s0l~
ute, one walch we will call (C) arnd the other (FesC). TFor di-
lute solutions the slope of the Lg line is given by equatlion
(2) and under such circumstances it may De integrated tc the

Al

-

(FezC) as the case may be. Now in the iron-carbon diagram the
abscisse it percent carvon and a2t low values for carbeon the

value for X, if we assume (C) to be the solute, is very nearly
the same as the value for X if we assume (Fe,C) zs the soclute.

-

The fact is that the velwes of X would not differ by zore than
4 percent even up to C.5 percent carbon., As zero carbon is
aprroached they aprroach ezcih other and at zero carbon become

.

identicel. Hence 1% appezrs that there would be only the one
igy-point at zero carbon and silicon even ifit be grented thai
two absolutely independent solid solutions may exist. The
The writers, therefore, doubt the existence ofan A3 stable

n pure iron carbon alloye or in iron carbon

| aid

transition elther

silicon 2lloys containing not zmore than one or tvo percent sili-

con.
The writers regret that there is not more dependable data

from which the three dimensional diagran might be extended, for




=11~
example, & few more poimnts for the &3, 4, stable and 4, mets-
‘stable woulé be of zreat sssistance in determining the mapner
in which these three change in curvature. It is of interest to
note thet esccording to %Wever, with silicon contents betweern
one pvercent snd twoc percent, the temperature of the Az trans-
ition in pure iron-silicon alloys rises very rapidly. This
makes the A3 surface distinctly concsve upward. Now if the
Acm surface end the carbon solubility surface should remsin .

nearly plsne or should becoms concsve downward, the 2, stsble

and 43 meitasteble lines would both be turned upward ané toward

the right, that is, in the direction of less rapidly decressing

carbon contents snd leter to ineressing carbon contents. If

this represents tne behavior, it is evident that neither the
*

carbon content of 4, stzble cr £, metastadble would become zero,

and also it is evident that their temperature would rise pos-

'sibly above 1000™C with higher silicon contents.

it e i g i
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