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ABSTRACT

The object of this investigation was to determine the»solu-
bility ' products of several alloy nitrides in the solvent liquid iron
at temperatures in the vicinity of 1600°C, the‘temperature range of
steel-making processes. The alloying elements chosen for study were
titanium, zirconium, aluminum, boron, vanadium, columbium, tantalum,
and silicon. The variables stﬁdiéd/;ere the concentrations of alloying
element and nitrogen in the solution from whiéh the nitride was precipi-
tated and the temperature of the solution.

Two experiméntél approaches were employed, a Sieverts method
and a quenching method. In the Sieverts‘method a liquid iron melt con=-
taining a known concentration of alloying element at a known temperature
was equilibrated with nitrogen gas at various pressures between zero
and one atmosphere. The nitrogen solubility at>which a departure from
Sieverts' Law appeared was measured. From this nitrogen concentration
and the known alloy concentration, the alloy nitride solubility product
was calculated. In the quenching method a melt of pure iron was equili-
brated at a known temperatureiunder a known partial pressure of nitrogen
gas with a crucible made of the alloy nitride whose solubility product
was to be measured. The melt was then quenched and analyzed by wet
chemical methods for dissolved nitrogen and the alloying element.

From these analyses the alloy nitride solubility product was calculated.

The composition of the alloy nitride phase was determined primarily by

xiii



x-ray analysis. Good agreement of results between the two experimental
methods was achieved.

The stability of the nitrides studied in contact with liquid
iron at 1600°C was found to decrease in the order TiN, ZrN, AlN, BN, VN,
CbN, TaN, and SijNh. Only TiN, ZrN, and ALN were found sufficiently
stable to contain a liquid iron melt without seriously contaminating
it under conditions approaching thermodynamic equilibrium. The solu-
bilities of all nitrides were found to increase with increasing temper-
ature. A thorough investigation of the variables gomposition and
temperature permitted the calculation of the free energy, enthalpy,
and entropy of precipitation of the nitrides from liquid iron solution.

The inferaction parameter approach proposed by Wagner was
found to giVe a reasonably accﬁrate representation of the activities
of the alloying element and nitrogen in liquid iron solution at con-

centrations up to the nitride solubility limits for all of the .alloying

elements except silicon.
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I. INTRODUCTION

The solubility of nitrogen in liquid iron alloys and the
interaction of nitrogen with dissolved alloying elements inrliquid
iron has been the subject'of a number of research investigations.
Most of this work however has been reported for concentrations Weli
below those necessary for the formation of the alloy nitride phasé.
Data in the concentration region near the solubility limit of the
alloy nitride, particularly for s&éééms exhibiting stable nitrides,
are important fof at least two purposes not served by data taken in
the dilute concentration region. First they are necessary in evalu-
ating the denitrifying power‘of various alloying elements in a metal
bath. Second they are necessary in determining thevstability of’a
given nitride if it is used as a réfractory to contain liquid>iron
alloys. Tﬁis latter application of nitrides in‘particular has re-

cently been receiving considerable attention.



II. .SURVEY OF PREVIOUS WORK

A. Solubility of Nitrogen in Pure Liquid Iron
and Adherence' of Dilute Alloys to Sieverts' Law

The published work of the past twenty-five years on the
solubility of nitrogen in pure liquid iron at one atmosphere nitrogen
pressure and 1600°C has been well summarized by Pehlke and Elliott.(l)
They present solubility values in Weight per cent nitrogen dissoived
from nineteen different researches. The solubility values range from
0.030% up to 0.055% with the majority lying between 0.040% and 0.050%.
Values have been measured by both the Sieverts method énd the sampling
method and no trend depending on the experimental method is apparent.
The same researches show the temperature coefficient of nitrogen solu-
bility to be small and positi&e ranging generally between zero and
3x 102 weight per cent nitrogen per degree centigrade.

A number of invéstigations have also been carried out to
determine the effect of nitrogen pressure on solubility both in pure
liquid iron and in various liquid alloys. It is universally agreed
that for pure iron and sufficiently dilute alloys this can be expressed

by the well known Sieverts' Law relation:
wt. %N = C Py, (1)

Pehlke and Elliott(l) have tested this relationship at nitrogen pres-
sures from 0.5 to 1.0 atmospheres for pure liquid iron at 1600°C and
for alloys of about 10% chromium, tantalum, tungsten and cobalt and

find that it holds quite accurately. Humbert and Elliott(g) have found
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that it holds over the same pressure range in Fe-Cr alloys up tok57%
Cr. However fhey find deviations for éildys of 61% Cr and a£oveiin
which wt. %N ceases to be proportional to J}NE; Kashyap and Parlee(5)
made repeated measurements on pure iron at 1600°C between nitrogen
pressures of 50 and 750 mm and foundvadherenée to Sieverts' Law with
reasonably good reproducibllity in the value of the constant C. ‘Their
results substantiate the work of Kbotz(h) who also verified Sieverts'
Law in pure iron at 1600°C at nitrogen pressures between 0.2 and 1.0
atmospheres. Brick and Creevy(5) made measurements on liquid Fe=Cr
alloys and on pure liquid‘chromium at 1 atmosphere and 2 atmospheres
nitrogén preésure.' They state that both these alloys follow Sieverts'
Law with values for C of 0785 for an Fe-jh% Cr ralloy and 0.9 for
pure chromium where the uﬁits of C are weight per cent y/(atm.)l/2.
However the fact that nitrogen solubilities were determined for only
two nitrogen bressures and the fact that the equilibration temperatures
were not well known makes these cénclusions questionable, parti;ularly
in view of the fact that they conflict with the apparently more accurate
measurements of Humbert and Elliott,(e)

Finally Schenk, Frohberg, and Graf<6) have verified Sieverts'
Law in pure iron at 1600°C between nitrogen pressures of 0.3 and 1.0
atmoépheres. They have also determined the effect of additions of
carbon, molybdenum, sulfur, and silicon on the value of C. They show
a nearly linear decrease in C up to 3% S, 5% C, and 12% Si, and a
nearly linear increase in C .up to 13% Mo, This indicates that no
nitrides were formed at these compositions since fqrmation of a nitride

pfésumably would have caused a discontinuous change in the value of C

at the composition at which the nitride formed.



B. Nitride Solubility Products
in Liquid and Solid Iron

Although several authors have calculated solubility products
of nitrides in iron using thermodynamic data derived from various
sources, the number of reported experimental attempts to measure them
is small. Chipman(7) presents calculated values of the denitrifying

constant K' = %i X %y for six nitrides which are reproduced in the

following table. TABIE I

SUMMARY OF DENITRIFYING CONSTANTS
ESTIMATED BY CHIPMAN(T)

Element Jj Compound Constant K' Value at 1600°C
Al AIN BAL x %N 0.55
si sism, (950" x dn 1,
Ti TiN %Ti x %N 0.0001%
\ VN %V x %N 1.5
B BN %B x %N like Al
Zr ZrN %Zr x BN like Ti

Chipman admits these are "rough estimates" made from data on the free
energies of formation of the compounds from the pure elements and the
free energies of solution of the pure componenﬁs in liquid ifon.
Pearson and Ende(8) present éalculated plots of standard free energies
of formation of various nitrides from their pure components at tempera-
tures of 1800°C and below derived from thermodynamic data calculated by

Kelley(9) and others. Pearson and Ende's results are significant in



_5_

that the nitrides follow about the same order of increasing stability
and their assumed compositions are the same as in Table I,

Several experimentors who have investigated the effect of
various alloying elements on the solubility of nitrogen in liquid iron
have reported the appearance of solid phases, possibly nitrides, at
sufficiently high alloy concentrations. Maekawa, Nakagawa, and
Yanagawa(lo) who have made SOlubility measurements of nitrogen in Fe-Al
and Fe-Ti alloys report the appearance of a solid phase on top of the
melt at alloy contents of 0.3% Ti and,8.0% Al at 1700°C under one at-
mosphere ‘of nitrogen. They state that aﬁ 1600°C sufficient solid phase
formed to make solubility‘measurements in the liquid Fe-Ti and Fe-Al
alloys impossible. They suggest that these phases were presumably TiN
and ALN but made no attempt to measure their solubility products. Their
statements are contrasted with the stétements of Pehike and Elliott(l)
who at 1600°C noted a sbiid phase appearing on top of Fe-Al melts con-
taining greater than 0.5% Al under one atmosphere nitrogen preésure and
who were unable to measure any solubility of nitrogen in Fe-Ti melts at
one atmosphere nitrogen pressure because of the formation of a solid
phase at very low Ti contents.

Pehlke(ll> reports values for solubility products of titanium
and zirconium nitrides at 1600°C as follows:

for TiN K' = %Ti x %N = 0.000112

for ZrN K' = %Zr x %N = 0.00726
These values were.calculated’from chemical analyses made on ingots which
had been equilibrated with one atmosphere of nitrogen gas in a Sieverts'

Abparatus. The original aim of these equilibrations was to determine



the interaction parameters of titanium and zirconium with nitrogen in
liquid iron but a solid phase appeared on the melt and interfered.

The most comprehensive experimental determination of nitride
solubility products in liquid iron has been reported by Rao and
Parlee.(l2) They used a Sieverts' method to measure the weight per
cent nitrogen absorbed by melts of Fe-V and Fe-Ti as the nitrogen
pressure varied between zero and one atmosphere. They report adherence
to Sieverts' Law in alloys of 10% and 20% vanadium up to one atmosphere
nitrogen pressure at 1760°C but state that this high equilibration tem-
perature was necessary because the mélt tended to solidify at lower
temperatures. The "solidification" they observed may well have been
the formation of vanadium nitride. With Fe-Ti alloys of 0.5% to 0.8%

Ti they determined the solﬁbility product. of titanium nitride by meas=-
uring the nitrogen concentration at which the nitrogen absorption curve
departs from Sieverts' Law. They attempted to calculate the composi-
tion of the nitride formed by fitting a Sieverts' Law line for pure iron
to the high pressure end of their absorption curves and extrapolating
the pure iron line down to zero pressure to determine the weight of
nitrogen in the precipitated nitride, They report the following re-

sults at 1600°C:

Tiy,7N(3) = 1.7Ti + N
- )T =
K' = (fpi-%Ti) x (fy-%N) = 0.0020

The method appears very ingenious and useful but the quantity and ac-

curacy of their data leave somethihg to be desired. Specifically there
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are not sufficient data points to determine precisely enough the shape of
the nitrogen absorption curﬁes.

Fountain and Chipman(l5) have used the same method to determine
the sblubility product of vanadium ﬁitride in solid iron. They indicate
that different points of deviation from Sieverts' Law can be determined
depending on whether the nitfogen pressure is being increased or reduced.
They offer several possible explanations for this, among them the exist-
ence of vanadium nitride of more than one composition and the possibility

of non-equilibrium existing above the solubility limit.

C. Nitride Phase Compositions

Ainumber df nitrides are known or ﬁuspected to éxist over a
range of compositions., For several evidence of a systematic vai'iation
of cémposition with lattice parameter is known.

Ehrlich(lh) has étudied the variation of lattice parameter
with compdsition in titanium nitride prbduced by heatihg pure titanium
powder in a nitragen gas atmosphere, He finds that TiN ,_which has thé
NaCl structure, can exist over the range TiNy ), to TiNl,l . It
exhibits a maximum lattice pérameter of M.EBX corresponding to a composi-
tion of TiN ..'As the Ti/N _ratiolvaries from 1.0 in either direction
the lattice paramgtér decreases., He also states that titanium nitride
has é.deféct structure with about 4% of the lattice points unpccupied for
the composition TiN " |

Chidtti(ls) reportS’fesults of x-ray measurements and chemical
analyses on nitrides of titanium, tantalum, and zirconium. He gives a

i O . ’
lattice constant of 4.23A for a nitride which analyzed chemically 77.4% Ti
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and 20.1% N . This cbrresponds to TiNO.89 . He reporté that tantalum
nitride is hexagonal with a = 5.0&3 and c/a = 1.62 and suggests that
its composition may vary between TalN aﬁd TaoN . He reports a zirconium
nitride phase of 10.45% nitrogen calculated from a weight gain of zirconium
metal heated to 1500°C in a nitrogen atmosphere which has a lattice para-
meter of 4.57X. This corresponds to a composition of ZTL~5N‘ He suggests
that this nitride phase is composed of the nitride ZrN with the NaCl
structure and a hexagonal metal phase of zirconium containing nitrogen in
solid solution. This contention is also supported by Domagala, McPherson,
and. Hanson(l6) who find practically no variation in lattice parameter
(4.567X to 4.5692) for zirconium nitride phases ranging from 10.5% to
13.5% nitrogeﬁ but find ¢ zirconium lines of increasing intensity in
the nitride x-ray pattern as the nitrogen content drops. They suggest
also that the ZrN phase may vary in composition on the metal-rich side
as far as ZrNO.46 and make no effort to predict the nitrogen-rich
boundary.

Hahn<l7)‘has studied the vanadium-nitrogen system and found two
nitrides, VN with the‘ NaCl structure and VNO.57—O.45 with a hexagonal
structure, both of which exist over a composition range. He gives the

following data on the composition limits:

Upper Boundary Lower Boundary
VNl.OO a = 1#,126.2 VNO.?]. a = 14-.061!-[2
o] o}
Wy )5 (10.58) a = 2.8354 Wy 5, (9.580) a = 2.831A

1

N ¢ = 45338



This agrees with Fountain and Chipman(l5) who found two vanadium nitrides
existing in solid iron and gave their nominal compositions as VN and

V,N.
(18)

Schonberg has studied the systems niobium-nitrogen and

tantalum-nitrogen(l9). In the niobium-nitrogen system he finds four
~different nitride phases in addition to a metal phase containing dis-
solved nitrogen. He gives x-ray lattice parameter and crystal structure
data on the nitrides and assigns them the following compositions:
NbN; oo (hexagonal), NbN_ o g5 (hexagonal-close packed), NoN 0 80 -..0.90
(WC type), NbNo, 4o - 0.50 Or NboN (metal atoms hexagonally close packed
with N interstitially dissolved). In the tantalum-nitrogen system he
again finds four nitride phases in addition to a practically pure metal
phase. He assigns the nitride phases the compositions TaN __0.05;
TaN..0.4%0 - ...0.45, TaN .0, 80 - . 0,90 and TaN.

Finally Taylor and Lenie(zo) have investigated the properties
of aluminum nitride. They state that the Al/N ratio in pure nitride
has the stoichiometric composition ALN but that the material often con-
tains some Alp0z or Alp0C. They state that AN 1is hexagonal with
a =3.,111 K and c = 4.980 E. This agrees with the data of Paretzkin(gl)

who gives the values a = 3.11k4 A and c = 4.986 A.



III. OUTLINE OF THE PROBLEM

A. General

The proﬁiem may be simply stated in thermodynamic terms as the
determination of the solubilit& produét of various alloy nitrides in lig-
uid iron. The two impoftant variables to be déait with are the composi-
tion of alloying element and n;troggn at which the nitride is formed and
the tempersture. A thorough investigation of these should permit the

derivation of all the thermodynémic functions of the nitride systems.

B. Systems Chosen For Experimentation

In selecting sultable systems fof experimental investigation a
natural starting point is those systems which previous investigators have
noted as forming a solid.phase, possibly nitride,"in the presence of ni-
trogén'while in solution in liquid iron. In this category are aluminum,
titarnium, zirconium, columbium, and vanadium. Two other elements silicon
and boron were known to form sfable-nitrides in the'puré state; although
there was no expefimental evidence as to whether or not these nitrides
were stﬁblé in the presence of liqﬁid iron,

On examining this list it is seen to contain a majority of ele-
ments which markedly increase‘thé solubility of nitrogen in liquid iron.
Two others known to have this property are tantalum and chromium. However
published data on the solubility of‘nitrogén in pure liquid chromium in-
dicate no formation of a chromium-nitride phase. The nitride would then
certainly be unstable in liquid iron-chromium alloys so this system was

disregarded. These eight systems aluminum, silicon, titanium, zirconium,

-10-
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boron, columbium, vanadium and tantalum form the experimental basis of

the research.

C. Experimental Methods

The felative merits and demerits of the‘two basic methods of in-
véétigating the thefmodynamic equilibrium betﬁéen a gas phase and a liquid
metal phase, the Sieverts method and the qﬁenching or sampling method,
have been the subject of considerable discussion. The choice between the
“two isn@rmally détermined by the”é§étem to be stﬁdied° Some of the fac-
tofs to be considered in this choice are discussed in a later section.

In this research both methods were employed in order to give a
comparison of results in several systems. Primary emphasis was placed on
the Sieverts method since by this method more variables could be tested
in a single determination. However the fact that the equilibrium measure-
ments were to be made in the presence of a solid nitride phase permitted
the quenching method to be used employing a nitride crucible to contain
the melt. This eliminated one of the main drawbacks to the Sievérts method,
the necessity of holding the melt in an oxide crucible with the resultant

possibility of oxygen contamination.

D. Poésible Methods of Correlating the Experimental Results

1. Determination of the nitride solubility limit by measuring the
point of departure of the gas solubility from Sieverts' Law
The method of determining the solubility limit of an alloy
nitride phase by equilibrating the system with various partial pressures

oflnitrogen and locating the dissolved nitrogen concentration at which
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the solution departs from the Sieverts Law relation has been applied by
Fountain and Chipman(l3>to solid iron alloys and by Rao and Parlee(le)to
liquid iron alloys. The method however necessarily contains assumptions,
and failure to carefully note these assumptions when the method 1s applied
to an experimental system can lead to errors. An analysis of the method
according to the phase rule is helpful in pointing out these assumptions.
Let the following definitions be adopted.
U = the total number of independent variables neceséary
to specify a system in equilibrium under a given set

of conditions with constant temperature and pressure
throughout the system.

N = the number of chemical individuals in the system.

G = the number of independent distribution relations
between concentrations of the same chemical indi-
vidual distributed between different phases.

E = the number of additional independent relations among
chemical individuals.

P = the number of phases in the system. A phase is de-
fined as any homogenous portion of matter bounded
by a physical surface, not necessarily continuous.

C = the number of components in the system, defined by
C=0N-E.

»

V = the degrees of variance of the system, the differ-
ence between the number of variables U and the total
number of independent conditions relating them.

The phase rule may then be expressed in either of the following
two forms:

V=U-G-E (@)

V=C+2-P (3)

il

Let this formulation of the phase rule be applied to the system of a melt

of liquid iron at temperature T containing a dissolved alloying element
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J in equilibrium with nitrogen gas at pressure PN2° The notation j
and N will be used to signify alloying element j and nitrogen in
solution in liquid iron. The respective concentrations by weight of j
and N will be signified by %j and %N. The solid nitride phase pre-
cipitated from solution by Jj and N, of unknown compoéition, will be
designated ij.

Three different cases must be considered?
Case 1 - at %i and N below the solubility limit of jXN.

System: gas phase containing Ne; liquid phase containing Fe, J, and
N;

E =1 - the Sieverts Law relation between Py in the gas phase and %ﬂ
in the liquid phase which may be wrltgen %ﬂ = CsfPNE

From Equation (2) or (3):
v b -0-1=30rV=(41)+2-2=73

If T and the total %j in the system are fixed by experimen-
tally imposed conditions, in terms of the above defined quantities adding
two more relations E, then V =1. This means that for each value of
PN2 there is a discreet %ﬂ in accordance with the eXperimentally ob-
served fact that N = C\Py, which is called Sieverts' Law. This case
is shown by line segment a in Figure 1 where the slope of the line seg-
ment is characteristic of the element j and the %Q,
Case 2 - at %ilrand 4N slightly above the solubility limit of J, N but
close enough to the solubility limit that the following assumptions hold:

a. Jj,N has a fixed composition, i.e. x does not change

Ix

during the course of the precipitation.
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Figure 1. Absorption of Nitrogen by an Fe-j Melt.

Fe - |
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b. The weight of j in ij is negligible compared to the
weight of j in the liquid phase.

System: gas phase containing Ny; solid phase containing JxN; liquid
phase containing Fe, j, and N;

N=5,G=0,P=3, U=k
E=2-%N= c.J}Né and K= %3 x
V=2

If ‘T and total %j are fixed, V = 0. This means thét only
~ one %K ‘and 'PN2 are permitted. In terms of Figuré 1 where the or-
dinate is»the total %N in the solid and liquid phasés, not just the

%E in the liqﬁid phase, the curve mﬁst follow a vertical or constant
preséure‘line'as in rééionvb.

“However before the precipitation of jXN has proceeded very far
either or both of the aséumptions made in cﬁse 2 may break down resulting
in an increase in V. If x varies as the preéipitation of jXN pro-
ceéds then oOne ‘of the'conditibns E Dbecomes invalid resulting in V=1
- Or if.sufficient. jXN precipitates so that the weight of J used up be-
comes appreciable then the fixing of the total %j does not fix %J.
Since total %j is not one of the variables U, 'a condition E 1is again
iost and V= l; ‘Thus for eithér or both of these: reasons the absorption
curve in Figure 1 may bégin to deviate from vertical as the precititation
of N ﬁroceeds. This is shoﬁn in region c.

Case 3 --at %N far enough above the solubility limit of j.N and with
ij .sufficiéntly insolublé that the concentration of i in the liquid

phase is negligible.
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System: gas phase containing Np; solid phase containing Jj,N; liquid

phase containing Fe and Nj

N=L,G=0,P=3,U=3

N = C JPNE

E=1

V=2
If T and total %j are fixed V = 1. Again there is a dis-
creet %E for each ’PNQ and these are related by the Sieverts Law re-
lation %E = C J%NQ as shown by the line segment 4 in'Figure 1 where
now the slope of d approaches the slope of the.Sieverts Law line of
nitrogen in pure liquid‘iron. By extrapdlating the line segment d Dback

to Py = 0 and finding its intercept C on the ordinate the weight of

N, -
nitrogen contained in the phase ij can be found. From this and the
initially fixed total %j in the system the composition of j N (i.e.
the value of x) cén be found. This howeVer is only an average composi=
tion. It should be noted that it is quite possible for the value of x
to change between point A and point B. It is also possible that the
nitride mighf be a complex containing iron of thé type (Fe,j)XN in
which case this method obviously cannot be used to calculate even its
average composition.

The 9N at A, the %j in the system, and the calculated com-
position of Jj,N 1if it is the same as the composition at A, permit
calculation of the weight pércent SOlubility product K' where:

= (4% () (1)
for the reaction:
SN =]+ 1 | (5)

The value of K' will vary systematically with %Q and %g, In order
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to calculate the solubility product XK which is a true constant at con-
stant temperature it is necessary to take into account the Fe-j-N inter-
actions in liquid solution.
2. Wagner's method of interaction parameters
Wagner(eg) has suggested representing the activity coefficient
of a solute 1 in a solvent also containing solutes 2,3,k4,... by.the

following equation:

dlny; dlnyy dlnyy dlnyy
- o} ———
ln71‘1n7l+(axl)xl+(axg)X2+(ax5)X5+(axu)X”+‘

(6)

where 7y; 1is the activity coefficient of component 1 based on Raoult's
Law with the standard state pure i, the infinitely dilute solution, 70 is

the activity coefficient at infinite dilution, and X; is the mole fraction

J

of 1 1in solution. He then defines the interaction parameter ei by:
j  Jlny;

d -1 (7)
T Xy

The corresponding equation for the activity coefficient based on Henry's

Law with the activity equal to the weight per cent at infinite dilution

is: L
dlog fy dlog 3 dlog
log f7 =———L g1 4 —2"L . go, — 2 1. g3, (8
i T R > ’ )

and for the interaction parameter:

+ dlog f;
J =21

The solubility product of JjyN in liquid iron may be written:

(a')xaﬂ X X
€= e ) (e () (ap) (10)
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where a.‘j and aﬁ are the activities of j and N in liquid solution,

aj N is taken as one since ij is assumed pure, and the other quanti-
X ' :

ties are as previously defined. Now using the representation of Equa-

tions (8) and (9) for fy and fy in Equation (10) and taking x =1

gives:
log K = log K' + eg(%g'_) + elg(%y_) + ep(#m) + eJ(%3) (11)

where K' 1is given in Equation (4). If the reference state is taken as
the infinitely dilute solution of nitrogen in pure liquid iron then fN
is defined by: )

%Nlimc()ag/%ﬂ) = fE =1 (12)
As a result of this reference state and the fact that nitrogen obeys
Sieverts' Law in Fe-N solutions the activity coefficient of nitrogen
in TFe-j-N sqlutions is given by:

g 4%11%5%2;& Py, T )

d No,
In Figure 1 fN is represented by the ratio EF/DF which is obviously
independent of-;hat PN2 is chosen; As a result of the fact that nitro-
gen obeys Sieverts' Law in Fe-j-N solutions below the solubility limit
of ij the interaction parameter eg in Equation (11) is zero.

The interaction parametgr eﬁp may be found from the slopes of
the Sieverts Law lines of a series of plots like Figure 1 for various
%i. The fN calculated by Equation (13) at some PN2 is plotted on a
log scale a;;inst %i and the slope of this curve is eé. e? may then

be found from the Wagner reciprocity relation derived from the Gibbs-
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Duhem Equation which says that inrdiluﬁe solution:

Gi-ej

and:

Ce -
zl:z
Cue fpe

where Mi and Mj' are the molecular weights of i and J.

The interéction parameter- eg can not be found directly from
the nitrogen absorption curves i; the Fe-j-N system. It is a property
of the binary system Fe-j and is a measure of how fast the activity of
J deparfs from Henry'vaaw as the %j increases in the Fe-Jj Dbinary.

3. Approximation of eg from data on the Fe-j-N ternary

With sufficiént data on the variation of K' with %Q it is

possible to find an approxihate value of eg by a trial and error method.

From Equation (11) it can be seen that the variation of K' with %j

and %E depends on the signs and relative magnitudes of e?, ve%

, and eq
J

Since e§ and eﬁ are available from the nitrogen absorption curves it

is possible to assume a value for eg and use this along with several ex-
perimental vaiues of %i and %ﬁ to calculate a series of K values from

Equation (11). If these values of K still show a systematic variation

with %i or %N then this must be due to error in the assumed value of

eg. The assumed value is corrected, the direction of the correction

being determined by the direction of the variation in K with %i and

the sign of eﬁ and _e?, and the K values are recalculated. This is

repeated until there is no longer an observable systematic variation of
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K with %i. The variation iﬁ K then remaining is assumed to be ex-
perimental and the value assumed for eg the true one. Obviously a fair
number of values of %Q and %ﬁ are necessary to insure reasonable accu-
racy in eg.
4, Estimation of J activity from the Fe-J binary

If the nitride ij is quite soluble it may require quite high
%i to precipitate it. Thus the solution may become so concentrated in
J that ed can no longer be considered even approximately constant. The
same condition applies to a system in which the activity of J in the Fe-
J binary departs greatly from Henry's Law at low J concentrétions. In
such a case it may be more accurate to approximate the activity of j in
the Fe-j-N ternary solution by the activity of J in the Fe-j binary
at the same J concentration. Of course care must be taken to express
all the activities relative to the same standard state. The binary Jj
activity may then be corrected for the effect of N on it by means of
the term e?(%y).

This effect is often negligible since in systems in which the
J concentration in equilibrium with jXN is high the N concentration
is likely to be correspondingly low making the term e?(%ﬁ) small.

5. Determination of the N activity from the gas phase |

It is also possible in the case of a very soluble nitride phase

that the J concentration in equilibrium with it may be high enough that

eé may not be approximated as constant. This can introduce considerable

error since eﬁ must be multiplied by %i which is large. In this case

a more exact method of estimating the N activity in the solution may be
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employed since this is fixed by the PNQ‘ in the gas phase. According

to Equation (13):

lay] Py, T = [#0 x fy] (16)

= [(%N)pure Fe] P, T

PNQ) T
S0 the activity of N in equilibrium with a solid nitride phase is equal
to the equilibrium %N in pure liquid iron at the same equilibrium PNQ‘
This method of course requires accurate determination of the equilibrium
Sieverts Law line for nitrogen in pure liquid iron at temperature T.

.6. Determination of K by the extrapolation of K' to zero %Q

An alternative method to Equation (11) of finding K from X'

is to plot values of logy K' versus %i and extrapolate with a straight
line to zero %i. As %j approaches zero the terms eg(%i) and eg(%g)
also approach zero. Therefore again in this method of analysis the term
e?(%ﬁ) must be neglected, after which Equation (11) yields:

lim log K = log K' , (17)
i 0 |

In order to insure that the term e?(%ﬁ) is negligible the values of K'

must be at large %i. This requires a graphical extrapolation over a

fairly wide range of %Q.'



IV. EXPERIMENTAL METHODS AND PROCEDURES

A, Comparison of Sieverts Method and Quenching Method

There are basically only two experimental methods available for
the study of gas-liquid metal phase equilibria because of the high equilib-
ration temperatures normally required. In the Sieverts method the equilib-
ration is made in a closed system with the measurement of the volume of
gas absorbed by the liquid metal being made directly at the equilibration
temperature. In the quenching or sampling method the equilibration is
usually made in an open system and the liquid metal phase is then sampled
or quenched in such a way that the gas solubility representative of the
equilibration temperature is preserved during solidification and cooling
of the metal to room temperature for subsequent analysis. Both methods
contain inherent and unavoidable sources of error. The choice between
them is normally determined by the particular gas and liquid ailoy to be
studied.

In this research both the Sieverts method and the quenching
method were employed in order to gain a comparison of the effectivness of
the two different methods in the systems under consideration. The advan-
tages and disadvantages of each method may be briefly summarized in tab-

ular form.

-20-
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TABIE II

ADVANTAGES AND DISADVANTAGES
OF THE SIEVERTS METHOD
Advantages:

1. There is a positive measure of the approach of the system to
equilibrium, S

2, The gas solubility measurement is made directly under the equilib-
ration conditions. ‘

3. Several of the variables temperature, nitrogen pressure, and
composition may be varied over fairly wide ranges during a single
determination.

4, There is no necessity to place primary dependence for determina-
tion of liquid phase composition on chemical analyses.

Disadvantages:

1. The system must be held for an extended period at pressures below
one atmosphere. This can cause vaporization of volatile compo-
nents out of the melt.

2. The melt is held in an oxide crucible. This presents the possibil-
ity of melt-crucible reaction contaminating the melt, particularly
with oxygen.

Quenching Method

Advantages:

1. The system remains always at a total pressure of one atmosphere,
minimizing vaporization from the melt and permitting measurements
to be made on a liquid alloy containing one or more volatile
components.

2. The melt is held in a nitride crucible which reduces the possibil-
ity of oxygen contamination.

Disadvantages:

1. Since the gas solubility in the liquid phase usually changes with
temperature the amount of gas dissolved may change during the
quenching.
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TABLE II
(CONT'D)

2. There is the possibility of contaminating the melt by reaction
with the quenching medium.

3. The partial pressure of the active gas can be controlled only by

- diluting it with an inert gas. This means that the accuracy of
the nitrogen partial pressure depends on the accuracy of the
metering system and introduces the possibility of error through
thermal diffusion in the gas phase.

_M. When the entire melt is quenched only a single set of values of
the temperature, nitrogen pressure, and composition may be studied
in a single determination.

The most important source of error in the Sieverts method is the
possibility of metal vaporizing out of the melt while the system is being
equilibrated at pressures below one atmosphere, causing metal powder to
deposit on the cooler wglls of the reaction bulb. This introduces three
important errors. First it changes the hot volume of the reaction bulb
during thevcourse of the experiment. Second the experimental gas may re-
-act chemically with or become adsorbed on the fine metal powder causing
an apparent increase in the measured solubility. Third and most important,
vaporization changes the composition of the melt. A small change in melt
composition can have a large effect on the solubility of the experimental
gas, particularly if the volatile component being lost is present as a
dilute solute. These effects are more pronounced in using the Sieverts
method to measure the solubility limit of a nitride phase than in simply
making a nitrogen determination under atmospheric pressure of nitrogen.
This is due to the necessity of varying the nitrogen pressure over a wide

range below atmospheric pressure and to the much longer equilibration times

‘required by the presence of the nitride phase.
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Another error which may be encountered with the Sieverts method
is a reaction between melt and crucible. Since the crucible material is
an oxide, in this study A1203 or Zr02, this can introduce into the
melt oxygen as well as Al, Zr, or some other element present in the
crucible. These elements may all effect the apparent nitrogen solubility.
The effect of oxygen is particularly serious since Pehlke and Elliott(l’23)
have shown that small amounts of oxygen have a strong retarding effect on
the kinetics of niﬁrogen'solution as well as a decreasing effect én the
solubility. If the oxygen content of the melt is too high it is possible
for the approach to equilibrium to be so slow that the equilibrium nitro-
gen solubility is not reached in an experimentally reasonable time. The
absorption of oxygen by the melt from the crucible can occur even if there
is no chemical reacﬁion since the crucible surface generally contains
adsorbed oxygen which is impossible to remove even by long outgassing at
a high temperature.

The most important source of error in the quenching method is
the possibility that the gas content of the metal may change appreciably
during quenching due to the change in equilibrium gas solubility with
temperature. In particular the phase change from liquid to solid may have
a large effect on the gas solubility. The avoidance of this error simply
requires a rapid enough quench to maintain in métastable equilibrium the
gas solubility representative of the equilibration temperatuie. The loss

of gas by solid state diffusion after quenching is negligible in the case
of nitrogen although it might become appreciable in the case of a more

rapidly diffusing gas such as hydrogen.
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Since the composition of the metal phase cannot be determined
directly with the quenching method as it can with the Sieverts method,

reliable methods of chemical analysis are a necessity.

B. Experimental Procedure for the Sieverts Method "

In the Sieverts method the equilibration is carried out in a
closed system with a measured volume of purified nitrogen gas geing admit-
ted to the reaction chémber and the equilibrium pressure it pfoduces being
measured by a mercury manometer. A schematic diagram of the apparatus is
shown in Figure 2. The reaction bulb is Vycor and is designedvso ;s to
minimize the free volume of the closed system in Which the equilibration
takes place. The heating is done by means of an induction coil driven
by a high frequency generator which provides stirring of the liquid melt
to aid the approach to equilibrium.

To make a determination weighed charges of vacuum melted iron
(Ferrovac E) and alloying element of highest possible purity were placed
in a crucible 1 1/4" in dismeter and 1 1/2" deep which was surrounded by
a larger crucible fo act as a radiation shield. A summary of the analyses
of the charge materials used is given in Appendix A. Inner and outer
crucibles of recrystallized alumina were used for all systems except
zirconium. The Fe-Zr alloys were found to react with alumina crucibles
removing the zirconiuﬁ from the melt and forming ZrO2° Hence zirconia

crucibles were found more suitable for this system. The inner crucible

was covered with an alumina or zirconia lid and Alundum insulating discs

were placed on the top and bottom as shown in Figure 3.
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After the reaction bulb had been sealed, evacuated, and checked
for leaks purified argon was admitted to a pressure of about half an at-
mosphere. Poﬁer‘was then turned on and the charge raised gradually to its
melting point. If the alloy addition was in powder or sponge form the reac-
tion bulb was held under hard vacuum until the chargg reached about 1000°C
at which temperature the charge was held for 15 to 30 minutes to remove
adsorbed gases. Then the bulb was isolated from the vacuum system and
pressurized to half an atmosphere with argon to prevent vaporization of
metal when the charge was melted. The time for complete outgassing of tﬁe
charge could be determined by periodically isolating the reaction bulb and
checking for a spontaneous pressure rise in the system

The melt temperature was measured with a Leeds and Northrop
disappearing filament type optical pyrometer sighted vertically down-
wardly on the center Qf the melt surface. The temperature scale was
calibrated against the observed melting point of pure iron taken as 1536°C.
The emissivity of all melts was assumed to be that of pure iron, taken as
O.1L3,2)1L and was assumed not to change with temperature or composition. A
detailed calculation of the relation between the true and observed tem-
perature scales is given in Appendix B.

With several of the systems studied pure alloying element could
not be added to the melt. Master alloys of 10 to 15 percent alloying el-
ement in iron were prepared by melting in the same apparatus under atmos-
pheric pressure of argon. With aluminum this was necessary because the

comparatively low melting point of aluminum causes it to be molten for

some time before the iron melts. In a melt of 1 to 2 percent aluminum

_this could cause a sufficient loss of aluminum to make a significant change
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in the me;t composition. With titanium and zirconium the percentages
required for nitride precipitation were so small that agaih a small loss
would be significant even though these elements melt at higher temperatures
than iron. With all other alloying elements the composition required was
generally greater than 5% so these were added as the pure élement. A1l
master alloy comgbsitions were aimed either at a binary eutectic composi-
¢
tion or within the golid solubility range in order to minimize any ség-
regation which might occur on solidification. Vertical cross section
pieces of the ingot were used as additions since any segregation which did
take place should be on a micro-scale and not a macro-scale.

After the charge had melted the reaction bulb was evacuated as
rapidly as possible and then stopcock g was closed and a measured vol-
ume of purified argon was admitted to bring the bulb pressure'up to one
atmosphere. The volume was measured by-drawing the argon into the closed
leg of the gas buret and fhen balancing the’two mercury legs with stop-
cocks b and c¢ closed and reading the'mercury height on the buret
scale. Stopcock é was then opened, the argon was drawn into the reac-
tion bulb, the mercury legs rebalanced, and the leight again read on the
buret scale. The differencé between the two buret readings was the vol-
ume of gas drawn into the reaction chamber at atmospheric pressure and am-
bient temperature. The perfect gas law could then be used to calculate
the volﬁme at STP. Since argon is insoluble in liquid iron this gives

the free volume of the reaction chamber at the equilibration temperature

which is hereafter referred to as the hot volume.
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- The perfect gas law predicts.that the apparent hot volume or the
volume of gas meésufed atmospheric pressure and ambient temperature which
‘is required to fill the hét volume at some pressure less than atmospheric
varies linearly with the pressure at which it is measured. Actually there
is a slight vafiation from linearity since the volume of the closed leg of
‘:the mercury manometer which is included in the.hot volume varies with
pressure. However this variation is small and the calibration curve shown
in Figure 4 is substantially linéar. The deviation at the high end of the
pressure scale is caused by fric%ian in the mercury legs Ofrthe manometer
and solubility measurements very close to but slightly‘bélow atmdspheric
pressure were avoided through out the research because of this inaccuracy
infthe pressure reading. The variation of hot volume with equilibration
temperature is also esseptially linear. However the hot volume was deter-
mined individually at each equilibration temperature for each run before
the start of the solubility measurementé,

After suitable determinations of the hot volume the argon was
pumped out of the reaction chamber as rapidly as possible to minimize the
‘length of time that the melt would be exposed to a hard vacuum. Measured
volumes of purified nitrogen were then admitted to the reaction chamber
and the equilibrium pressure reached in the chamber was measured by the
manometér. The difference between the aﬁparenﬁ hot volume at that pres-
sure and the volume of nitrogen admitted was the volume of nitrogen
aﬁsorbed by the melt. In order to accﬁrately determine the nitrogen

) . ‘
absorption curve it was necessary‘to admit nitrogen in small increments

and take a large number of data points.
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The admission of nitrogen was continued until several equilib-
rations produced the same or nearly the same equilibrium pressutre indica-
ting that the vertical segment of the absorption curve (segment b in
Figure 1) had been reached. Then the admission of nitrogen was stopped
and the melt temperature raised 50°C. Since in all of the systems studied
the solubility of the nitride increased with temperature, this temperature
rise caused the nitride formed to redissolve. This was possible only if
the nitrogen admission had been stopped ih time to prevent too much ni-
tride from prec1p1tating Then by admitting more nitrogen in sufficiently
small increments several data points could be obtained below the new ni-
tride solubility limit to establish the Sieverts Law line at the higher
temperature. Nltrogen was then admitted in additional increments until
another 'bressure halt" was observed. This prooedure was repeated until
the llm1t of one atmosphere pressure 1mposed by the design of the reactlon
bulb'was reached. For some systems the nitride solubility limit could
be.measured at as many as five differeht.temperatures in a single ‘deter-
mihation. In the hcre insoluble systems determinations were made to
estebiish the absorption curve at nitrogen concentrations well past the
break point to attempt to determine the composition of the nitride phase.

In order to check the approach to equilibrium, measurements
- were made by both adding nitrogen to and withdrawing it from the same
melt. It was found that below the‘nifride phase solubility limit both
methods gave substantially the saMe Sieverts Law line. However above the
solubility limit the two curves were different and the positlon of the
break point depended greatly upon whether it was approached from the low

nitrogen or high nltrogen side. The reversabllity of the equilibrium
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with temperature however proved to be much more favorable. Melts in
equilibrium with nitrogen pressures below the nitride solubility limit
were cooled 50 or 100°C precipitating the nitride and sharply reduc-
ing the nitrogen pressure. On heating the melt up to its original tem-

perature the nitrogen pressure returned to its original value.

C. Experimental Procedure for the Quenching Method

In the quenching method the equilibration is carried out in an-
open system with a stream of gas passing over the molten metal. A schemat-
ic diagram of the quenching apparatus is shown in Figure 5.

The system consists of a gas-tight vertical tube furnace with a
pedestal of adjustable height to support the crucible and charge which is
heated by an induction coil. A sliding seal in the bottom furnace closure
permits the cruéible to be lowered out of the heating coil and quenched by
a blast of helium while maintaining the furnace atmosphere. The nitrogen
pressure over the melt was controlled by mixing metered streams of purified
nitrogen and argon gases. The method used to calibrate the flowmeters and
compute the value of PN2 is described in Appendix C. In this method as
well as the Sieverts method the temperature was measured with an optical
pyrometer and the calculation of the true and observed temperature scales
is shown in Appendix B.

A charge of about hé grams of pure iron was placed in a crucible
made of the nitride whose solubility product was being determined, and
- this was surrounded by an alumina crucible as a radiation shield. In cases

where the size of the nitride crucible left an annular space between the

two crucibles this space was filled with alumina grain. No crucible lid
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was used, the top of the melt being left uncovered to increase the quench-
ing rate. After the system had been sealed and purged for 30 minutes and
the nitrogen partial pressure set at the desired value the power was
turned on and the iron charge melted and brought up té the equilibration
temperature . It was desirable to do this ad rapidly as possible since
the temperature.readings tended to become less accurate as time elapsed
because fumes from the crucible and melt, which were carried on the

moving gas stream, tended to cloud the optical port.

After a suitable equilibration period the power was turned off
and the melt was lowered into the bottom of the furnace tube and qﬁenched
by a blast of helium. The helium flow was controlled by valve a. in
Figure 5. Tank helium was used without further purification and the small
amount of oxygén it contained occasiohally caused a slight tarnishing of
the top surface of the ingot. This did notvappear to affect the results
however, the oxidation probably taking place after the ingot had solid-
ified. On quenching from 1600°C solidification took place too rapidly
to follow visually, probably in less‘than a second. On quenching from
1700°C  however the solidification took up to five seconds and could easily
be followed visually. The ingot was then removed from thé crucible and a
vertical cross section cut from it and analyzed by wet chemical methods
for both nitrogen and the alloying element. A summary of the analytical
procedures used is given in Appendix D.

This method obviously was limited to the more insoluble nitrides
from which crueibles could be fabricated sufficiently dense to contain

liquid iron for a reasonable equilibration time. Three nitrides were
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studied in this way, aluminum nitride, boron nitride, and titanium nitride.
Three AIN crucibles fabricated by hot pressing were:donated by the
Carborundum Company of Latrobe, Pennsylvania. Detalls of the hot pressing
method are given.in Appendix E. The crucibles contained some material,
apparently a binder or lﬁbricant, which burned out at about 800°C causing
considerable smoke in the furnace chémber. However this smoke was soon
removed by the gas stream and no difficulty in temperature measurement was
encountered for the remainder of,thé run.,

BN crucibles were machiﬁed from commercially available bar
stock. This stock contained about 2.5% B205 which began to vaporize
as soon as liqﬁid iron formed in the crucible., This vapor qﬁickly coated
the opticai pyrometer port making accurate temperature measurement iméos-
sible. ‘However by rapidly raising the melt temperature to 1600°C the

~ temperature could be stabilized with thekpyrometérAbefore the coating on

the port got too heavy. The temperature éould then be controlled rea-
sdnably accurately for the rest of the equilibrétion period by;controi-
ling the power inpﬁt to the.induction coil. Because of this temperature
control problem however meésurements could not be made with BN cfucibles
at temperatures above 1600°C. An attempt to burn out the B203 by
proionged heating in air at 2500°F caused comﬁlete deterioration of the
BN compact. | | | |

TiN crucibles ﬁere prodﬁced from commercially available TiN
powder by a cold pressinévand a sintering method developed by Sponseller§25)
and described in detaii in Appendix E. These cfucibles contained'no
volatile material‘buﬁ proved‘slightly>borous to liquid iron. It was nec-

= essary to cut the equilibration time somewhat to keep enough melt in the
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crucible to give a sample at the end of the equilibration.

| Before making any runs with nitride crucibles the effective-
ness of the quenching method and the apparatus design were first eval-
uvated by making a series of equilibrations of pure iron in alumina cru-
cibles at various temperatures and partial pressures of nitrogen andz

comparing the results with data obtained by the Sieverts method.

D. Determination of the Nitride Phase Composition

Two direct experimental methods Qere tried to determine the
compositions of the various nitride phases precipitated, x-ray lattice
parameter measurements and wet chemical analyses. A method described by
Beeghly(26) waS»feundlvery effective in extraeting the nitrides from the
solidified ingots fromvthe.Sieverts method deferminetions. The alumihe
crucibles wefe broken away from the inéots. Then the top 1/8" vas cut
off with a metal lathe and the chips collected. These were placed in e
250 ml. round bottom flask which was fitted with an ‘18" long indented
Westhype reflux condenser. A solution of 3 ml. bromine and 13 ml.
methyl acetate for each gram of chips was added to the flask, and the
eolution was heated with an electric hot plate until it boiled vigorously.
The solution was allowed to refluxbfor four hours during which the iron
matrix was completely dissolved; The residue of pure nitride wae then
filtered off, washed with methyl acetate to remove the bromine, and dried
for six hours at 220°F. Care was taken to'prevent the nitride from
coming in contact with water since this could easily cause oxidation.

Both x-ray diffraction techniques and wet chemical analyses

were used to attempt to identify the compositions of the nitride residues.

<
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Debye - Scherrer powder patterns were)méde of the nitrides and the 4
spacings compared with ASTM standard patterns taken of synthetically
prepared nitrides. In addition lattice parameter measurements were made
on the residues and compared with available date on the systematic varia-
tion of lattice paramefer with chemical composition in some of ihé systems.
Wet chemical analyses of the residue for metal and nitrogen were made in
one system but these were hampered by the small quantity of residue which
could be extracted, even from an entire ingot. However x-ray patterns of
extracted residues showed a comﬁléte absence of iron lines indicating that
the extraction procedufe when properly carried out was very effectivé in
producing the pure nitride phase. A complete sﬁmmary and discussion of

the results of these analyses is given in a later section.



V. RESULTS AND DISCUSSION

A. Calculation of Results From the Sieverts Measurements

The weight percent of nitrogen absorbed by the melt at any ni-
trogen pressure was calculated from the difference between the volume of
nitrogen introduced into the reaction chamber and the apparent hot volume

at that pressure. This is expressed by the equation:

o 273 P 76.0 _ .. 28 100
A= (V-n) x 52 x 6.0 x v P 22,500 & W
. k1 P |
= (V-h) ke J~76.O (18)

In Equation (18) V 1is the volume of nitrogen introduced into the reac-
tion bulb in cubic centimeters which produces an equilibrium pressure p.
P and T are atmospheric pressure and ambient temperature in centimeters
of mercury and degrees Kelvin, the conditions which apply to the gas buret
and hence to the measurement of the volume V. W is the weight of the
metal charge in grams. The apparent hot volume h is the volume of gas
measured under conditions P and T which is required to fill the free
volume of the reaction chamber at the equilibration pressure p. It is

calculated from the linear relation predicted by the perfect gas law:

Hp
h = —= 1
! | (19)
where H is the hot volume at atmospheric pressure (i.e. with P = P).
76.0
P
%ﬂ measured at pressure P to that which would be measured at a pres-

enters Equation (18) in order to correct the

The factor Vt

sure of one standard atmosphere or 76.0 cm. of mercury. This correction

=40~
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assumes that the absorption of nitrogen by the melt follows Sieverts' Law,
Even where this is not true such as above the solubility limit of a nitride
phase the error is small since the difference between P and one standard
atmosphere is small. It is also apparent that since W the weight of the
metal charge is used in calculating %ﬁ, the weight of dissolved nitrogen
has been neglected with respect to W. W lies generally between 100 and
140 grams while the weight of nitrogen dissolved is at most 0.5 grams
and usually much less. Thus the error involved in this assumption is
negligible.

B. Summary of the Nitrogen Absorption Curves Determined by the Sieverts
Method

The nitrogen absorption curves for all compositions of the
eight alloy systems studied are presented in Appendix F with all experi-
mental points plotted to scale. As outlined in the experimental pro-
cedure each determination in the Sieverts Apparatus, which is represented
by a single graph in Appendix F, was made at a constant alloy compo-
sition with absorption curves for this composition determined at from one
to five different temperatures. All measured nitrogen absorption values
were corrected for the residual nitrogen contained in the charge materials
by adding to them the weight percent nitrogen contained in the iron melting
stock as given by the supplier's lot analysis.' These values were 0.0018%,
0.0001%, and 0.0002% for the three lots of Ferrovac E wused in this
study. The amount of nitrogen added to the melts by the residual nitrogen
in the alloying elements was negligibly small,

It should .be noted that not all absorption curves of the same

* determination can be considered equally accurate. Since the nitride was
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precipitated and redissolved several times in most determinations there is
the possibility that in some cases part of the nitride was slow to redis-
solve or did not redissolve at all. This could be due to adherence to the
crucible walls or to the more sluggish kinetics attending the presence of
8 solid phase. It would effectively remove some nitrogen from the equi-
librium and is reflected in a number of the absorption curves by the fact
that the first point or two in the Sieverts Law region of a curve for a
higher temperature lies above the Sieverts Law line. This means that

most of the nitride eventually did redissolve at the higher temperature.
However in a few of the curves such as those of the zirconium system the
Sieverts Law lines at the higher temperatures do not pass through the
origin but have a fairly large positive intercept on the ordinate af zZero
nitrogen pressure. This indicates that the nitride formed at the lowest
temperature never completely redissolved and that only the absorption
curve for the lowest temperature in each determination can be depended
upon for any degree of accuracy. This condition was particularly bad for
the zirconium system because the zirconia crucibles which had to be used
to prevent crucible reaction with the Fe-Zr alloys had much more porous
surfaces than the alumina crucibles used for the other systems. This
caused the nitride to adhere much more readily to the zirconia crucible
walls. In the case of the silicon system also, the higher temperature
absorption curves are not considered as accurate because of the possi-
bility of reaction between silicon and the A1203 crucible. This effect
presumably would become worse the longer the liquid metal charge was held

in the crucible.
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In most of the systems one absorption curve was run both in the
direction of increasing nitrogen pressure and in the direction of de-
creasing nitrogen pressure. Decreasing nitrogen pressure was found to
shift the part of the curve above the break point to lower pressures
glving a lower nitride solubility limit than is found with increasing
nitrogen pressures. This "hysteresis" effect is thought to be due to non-
equilibrium conditiohs caused again by the sluggishness of the nitride in
redissolving. The true nitride solubility limit is taken as the break
point in the absorption curve determined with increasing nitrogen pres-
sure.

The opposite effect, supersaturation with increasing nitrogen
pressure, can also be observed in a number‘of the absorption curves. This
causes several points on the Sieverts Law line to be measured at nitrogen
pressures higher than the equilibrium pressure which exists after the first
nitride formation. This effect is not apt to cause error in the determi-
nation of the nitride solubility limit however, since the vertical or con-
stant pressure portion of the absorption curve can simply be extended
downward until it intersects the Sieverts Law portion. The point of inter-

section then denotes the nitride solubility limit.

C. Calculation and Summary of the Interaction Parameters e§ and e?

The interaction parameter eﬂ was defined in Equation (9). E-

quation (13) gives the activity coefficient fy from which eﬁ is calcu-

lated. In order to apply Equation (13) to the experimental nitrogen solu-
bility data it was necessary to select a reference pressure. A value of

PNE = 20.25 cm. (0.267 atm.) or JbNE = 4,50 (cma)l_/2 was selected since it
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was low enough to be below the nitrogen pressure required for nitride pre-
cipitation in most of the experiments and high enough so that the differ-
ences in nitrogen solubility in the various alloys could be read accurately
from the absorption curves. In the few cases where the pressure at which
the nitride formed was below 20.25 cm. the Sieverts Law line was ex~
trapolated up to this reference pressure. As was previously noted the
choice of reference pressure theoretically makes no difference in fyy as
long as all alloys obey Sieverts' Law below the nitride solubility limit.
However at very low nitrogen pressures the pressure measurement becomes
more difficult causing the low pressure end of the absorption curve to be
less accurate and resulting in less accuracy in fyy if the reference pres-
sure is chosen too low. Similarly if the reference pressure is chosen too
high then in a large number of cases the Sieverts Law portion of the ab-
sorption curve must be extrapolated graphically far beyond the break point
and again less accuracy in fiy may result.

Using Equation (13) and the reference pressure PN2 = 20.25 cm.,
fN was calculated for each absorption curve. For each temperature log fﬁ
was then.plotted against %i and the average slope of this curve was taken
as the value of eﬁ. These plots are shown in Figure 6 through Figure 13.
From these values of eﬁ, e? was then calculated by Equation (15). The
‘humerical values Of eﬁ and e? are summarized in Table III and compared
with the values of other experimentersﬂ 1,3,12,27,28,29))

The value of eg is actually given by the limiting slope of the
curve of log fy versus %i as %Q approaches zero. However in this

study the %i had to be high enough to cause nitride precipitation at

less than one atmosphere nitrogen pressure so no data points could be
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obtained for very low %i except in the systems titanium and zirconium

‘age slope causes the values of e% to be slightly lower than those of

other experimenters which were determined at very low %Q‘ as evidenced by
Table III. However with the exception of the silicon system in which the

nitride is extremely soluble the agreement is quite good. This indicates
that the values of e% and e§

~some cases up to surprisingly high %i.

can be considered reasonably constant in

Dealy and Pehlke(3oj have suggested in view of the relation:

de? N2 :
R SR (__é_E_) (20)
a(1/T) R axiaxj Xj = X3 .= O

which can be derived from the Van't Hoff equation, that eg should be
proportional to l/T over short temperature ranges in which the deriva-
tive of molar enthalpy with respect to mole fractions of the two dilute

solutes can be considered independent of temperature. The same con-

clusion certainly applies to ef since it is related to eg by a constant:

eJ - M solvent eJ (21)
1 (2.303) (100) M; 1

or in the case of this research in which the solvent is iron:

o - 02425 . | (22)
1 Mj 1

Therefore to test the consistancy of the values of eg given in Table III,

N
in Figure 14 through Figure 17. It can be seen that for the systems alumi-

the ej for each system were plotted against l/T. These plots are shown

num vanadium, columbium, and tantalum the values of e% fit very well a
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TABLE III
SUMMARY OF MEASURED VALUES OF THE INTERACTION
PARAMETERS eg AND eg
M
° J LI B | J
Element J Temp °C eN e 3 e N Ty Values of other experimenters for ey
Pehlke Msekawa Others
1110ttt Nakagava(27,28)
1600 -0.53 -1.82 -0.64 -0.93
i 1650 ~0,64 -2.20 Rao an?
(6 runs) 1700 -0.k2 1.k -0.63 Parlee(12)
1750 -0.27 -0.93
1600 -0.63 -4.09
Zr- 1650 ~0.7h -4.81
(6 runs) 1700 -0.73 =475
1750 -0.71 -4.62
1600 -0.028 -0.054 0.0025 -0.04 -0.0103
M 1650 -0,0kk -0.085 Eklund (29)
(9 runs) 1700 ~0.051 -0.098
1750 -0.062 ~0.120
1550 0.11% 0.088
1600 0.094 0.073
1650 0.08 0.062
(6 runs) 1700 0.069 0.053
1750 0.059 0.046.
1600 -0.093 ~0.338 -0.10 -0.11 -0.105
\' 1650 -0.088 -0.320 Kashya? ?nd
(5 runs) 1700 -0.083 -0.302 Parleeld
1750 -0.079 -0.288
1550 -0.063 ~0.419
1600 ~0.061 -0. 4ok -0.067
Cb 1650 -0.057 -0.387
(4 runs) 1700 -0.053 -0.351
1750 -0.050 -0.331
1550 -0.034 -0.437
Ta 1600 -0.032 -0.413 -0.034
(1 run) 1650 -0.030 -0.390
1700 -0.028 -0.367
1450 0.052 0.10k4
1500 0.026 0.051
si 1550 0.021 0.043
(2 runs) 1600 0.008% 0.017 0.047 0.048
1650 -0.0032 -0.0064
0.0038 0.0076

1700
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a l/T dependence. .For the boron system the fit is fairly good, while the-#fi-
tanium and zirconium systems show some scatter. For the zirconium system
this can be explained by the difficulty experienced in redissolving the
nitride as previously mentioned.

The eg valges for the silicon system show a reasonably good
fit to the l/T dependence, but for the line as drawn in Figure 17 eﬁi
becomes negative for temperatures of 1650°C and above. This would indi-
cate that at these temperatures and silicon concentrations silicon in-
creases the solubility of nitrogen in liquid iron. This conflicts with
all other known data on the iron-nitrogen-silicon system’which indicate
that silicon decreases the nitrogen solubility in liquid iron. This dis-
crepancy is probably caused by reaction between silicon and the A1203
crucible and as a result the entire line of Figure 17 is somewhat question-
able.

J
. J

The interaction parameter eg can be determined from information

D. Calculation and Summary of the Interaction Parameters e

on the variation of the activity of J with composition in binary Fe-]
solutions. Wilder and Elliott(3l) have used the electrolytic cell method
to study the liquid Al-Ag system. From their data in combination with
that of Chipman and Floridis(32) on the distribution of aluminum between
liquid iron and silver layers a value of eﬁi can be calculated for the
solvent liquid iron at 1600°C. The data show this value to be valid up
to about 13% Al. Elle and Chipman(33) have studied oxygen activities
in liquid Fe-Cb alloys using gas mixtures of H, and HQO. From their

data and previously determined values of the free energy of formation of

Cb02 a value of egg can be calculated which however is expected to be
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strictly valid only in very dilute soluticns. Chipman et §£(3h> from
measurements on the distribution of Si between liquid iron and liquid
silver found a value.for egi in liquid iron which is wvalid to about 30%
Si Dbut becomes invalid with small amounts of additional silicon. Chip-
man(35) gives a value for egi calculated from data on the equilibrium
of titanium, oxygen, and TiO in liquid iron.
It was previously noted that the eg interaction parameter
could also be estimated from data on the Fe-j-N ternary system provided
sufficient data were available to show a systematic variation of K' for
JN  with %Q, This method was used to estimate values of ex and eg.
Finally for the zirconium and tantalum systems no known data on the
liquid binaries are available and the ternary data were not of sufficient
quantity or quality to show the necessary systematic variation of K!'
with %i. In view of correlations between interaction parameter and
atomic number such as the one found by Turkdogan and coworkers<36> eg

was estimated by comparing eg for the unknown element with eg for a
known element in the same group in the periodic table.

A summary of the eg and eq values used and the sources from
which they are derived is given in Table IV. These values are valid only
at 1600°C. However because of complete lack of data on the variation
" of eg with temperature it was necessary to appiy the values in Table IV
at all experimental temperatures which ranged from 1450°C to 1750°C.

In all of the systems studied eg was positive and in four of

the systems the effect of the j-Jj interactions was small or negligible

compared to the j-N interactions. In the titanium and zirconium systems

eg is small while e% is large and negative and %i is also small.
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TABLE IV
SUMMARY OF VALUES OF THE INTERACTION PARAMETER eg
Element j eg Source eg
T 0.046  Chipnan(3) 9.0
: Zr . Ti
Zr 0.025 BEstimated from €y = €71 9.0
AL 0.048  Wilder and E11iott(3L) 5.3
B 0.038  Estimated from experimental data 1.7
v 0.043 Estimated from experimenta data 9.0
Cb 0.0081 Elle and Chipman(33) 3.2
Ta, 0.001%  Estimated from efa~1/3 eZP since eb-=1/3 ¥ 1.0
51 0.029  Chipmen et al %) 3.b

Therefore the term eg (%J) in Equation (11) makes a negligible contri-

bution to K. In the columbium and tantalum systems eg is very small

while eﬁ is very large and negative so although %i is large the term

eg (%i) again makes a negligible contribution to K. In the aluminum

system eg and e% are both small and negative while eg is slightly

larger and positive. This makes eg important and causes the terms
eg (%3), eg (%N), and eﬂ (%J) to nearly cancel each other making K

.nearly equal to K'. In the boron, vanadium, and silicon systems the term

eg is appreciable with respect to e? while %i is large, particularly

in the case of vanadium and silicon.
In the boron, columbium, vanadium, tantalum, and silicon

systems the %j to precipitate nitride must be high, hence the assumption

of a constant eg is questionable. This is particularly true of silicon
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since 1t was noted that Chipman et §£(3M) found rapid deviations from
Henry's Law over a sho?t composition range beginning.at ébout 30% sili-
con, while the silicon content required to precipitate Si3Ny from liquid
iron solution under less than one atmosphere nitrogen pressure is about
35%. ‘However since for the majority of these systems no activity data on
the Fe-j binary is available it is necessary to assume that eg can be
approximated as constant out to the %i ‘required to precipitate the ni-
tride.

E. Calculsgtion of the Nltrlde Solubllltv Product bv the Method
of Interaction Parameters

Using Equation (11) and the interaction parameters listed in
Tables III and IV a value of the nitride solubility product K was calcu-
lated for each of the absorﬁtion curveé in Appendix F which shows a point
of deviation from Sieverts' Law. The %j and %N associated with the
break point of each absorption curve are summarized in Table V together
with the values of K' and K calculated from them.

F. Calculation of the Nitride Solubility Product Using the Nltrogen
Activity Determined by the Gas Phase

It was noted that in the systems bofon, vanadiﬁm, columbium,
and tantalum which have rather soluble nitrides eﬁ may not remain con-
stant up to thé %i required to preciptiate the nitride. Although the
e§ measured in this study generally agree well with the values of other

experimenters obtained in more dilute solutions, any error involved in

assuming eﬁ constant can be at least partially eliminated by calculating

the nitrogen activity in solution directly from the nitrogen activity in

the gas phase which is fixed by the equilibrium nitrogen pressure. This



SUMMARY OF THE SOLUBILITY PRODUCTS K' AND K
CALOULATED BY THE INTERACTION PARAMETER METHOD

Element j  Temp °C %3 ol K' = %Ti x %N K
Ti 1600 0.195 0.0193 0.00376 0.00289
0.228 0.0178 0.004%08 0.00294
0.254 0.0145 0.00368 0.00262
0.277 0.0138 0.00382 0.00266
0.318 0.0100 0.00318 0.0021%
1650 0,195 0.0390 - 0.00760 0.00479
0.228 0.0343 0.00782 0.00481
0.277 0.0348 0.00964 0.00565
0.304 0.0172 0.00523 0.00320
1700 0.228 0.0457 0.01042 0.00739
0.254 0.0403 0.01023 0.00722
0.277 0.0517 0.01432 0.00955
0.304 0.0287 0.00872 0.00613
0.318 0.0292 0.00929. 0.00644
1750 0.304 0.0501 0.01522 0.01172
K' = %?3 X %_l\l
Zr 1600 0.253 0.0425 0.01076 0.00506
0.322 0.0432 0.01391 0.00591
0.409 0.0225 0.00921 0.00419
0.558 0.0185 0.01032 0.0039%
1650 0,462 0.0765 0.0353 0.00723
0.558 0.0453 0.0253 0.00607
1700 0.612 0.0787 0.0482 0.00744
1750 0.612 0.1120 0.0686 0.00790
K' = %A1 x %N
A 1600 1.07 0.0458 0.0490 ~ 0.0512
1.17 0.0381 0.0k4k45 0.0477
1.3% 0.0318 0.0k426 0.0450
1.57 0.0298 0.0468 0.0500
1.81 0.0211 0.0382 0.0b1k
1650 1.81 0.039%4 0.0693 0.0697
2.26 0.0307 0.069k 0.0702
1700 2.26 0.0495 0.112 0.109
< 3.1k4 0.0312 0.098 0.095
3.85 0.0310 0.119 0.115
1750 3.1k 0.0541 0.170 0.151
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TABLE V
(coNT'D)
Element j  Temp °C by %N K' = 9B x %N K
B 1550 3.82 0.010% 0.0397 0.151
5.83 0.0028 0.0163 0.125
7.06 0.0018 0.0127 0.150
1600 5.83 0.0045 0.0262 0.154
7.06 0.0033 0.0233 0.199
1650 5.83 0.0123 0.0717 0.349
7.06 0.0050 0.0353 0.236
1700 7.06 0.0079 0.0557 0.324
1750 7.06 0.0163 ° 0.115 0.557
K' = % x %N
v 1600 8.05 0.238 1.92 0.63%
9.93 0.243 2.4 0.637
15.04 0.280 k.21 0.593
1650 9.93 0.303 3.01 0.858
15.04 0.369 5.55 0.890
1700 15.04 0.478 7.19 1.282
1750 15.04 0.545 8.29 1.64%0
K' = %b x %N
Cb 1550 14.17 0.1625 2.30 0.327
1600 1.4 0.209 2.38 L 0.486
' 14.17 0.218 3.08 0.446
1650 1k.17 0.257 3.6k 0.589
17.71 0.232 4.38 0.484
1700 17.71 0,205 5.79 0.780
K' = 92 x 4N
Ta 1550 20.2 0.141 2.85 0.547
k' = (451)3/4x
si 1450 34.0 0.0006 0.00T8 2.47
1500 3k.0 0.0054 0.0702 2.85
1550 36.7 0.0021 0.0313 1.19
1600 34.0 0.0218 0.284 3.04
36.7 0.0117 0.17h 2.14
1650 36.7 0.0360 0.536 2.58

1700 36.7 0.0252 0.376 3.27
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will not completely eliminate any error in K since the j activity re-

quired for the calculation of K depends upon e? which in turn is calcu-

s

J

lated from the experimentally determined value of ey by means of Equation
(15). However eg appears in Equation (11) multiplied by %N which is
small, while ejv appears multiplied by %i which is large. Therefore

N
the use of the nitrogen activity determined from the gas phase should defi-

nitely lessen any error in K which might be introduced by variation of
eé at higher %i} The recalculation of K by this method for the systems
boron, vanadium, columbium, and tantalum is shown in Table VI.

| By comparing the . K values in Table V and Table VI it can be
seen that the use of the nitrogen activity determined by the gas phase
causes the K wvalues for the boron system to become much more nearly con-
stant at a given temperatﬂre. This indicates that the experimentally
determined values of eﬁ given in Table III may not be constant up to %
B. For the boron system the values of K in Table VI are probably more
accurate than those in Table V.

For the columbium and tantalum systems the K values in Table VI

are very near the K values in Table V and the differences are considered
to be within the limit of accuracy of the experimental method. This is

Ta

Cb and eN

further evidence that ey can be considered constant up to the
columbium and tantalum contents at which the experiments were run.

For the vanadium system the values of K 1in Table VI show much
more scatter at a given temperature than the values of K in Table V.
Moreover they show a systematic increase with increasing %V. This is an

indication that the value of eg given in Table III which was estimated

. from the ternary Fe-V-N data is too high. In Table VII the K values
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TABLE VI

SUMMARY OF THE SOLUBILITY PRODUCTS K' AND K CALCULATED
USING THE NITROGEN ACTIVITY DETERMINED FROM THE
GAS PHASE FOR THE SYSTEMS BORON,
VANADIUM, COLUMBIUM, AND TANTALUM

Element j  Temp °C %3 N K' = %B x W K
B 1550 3.82 0.0104 0.0397 0.145
5.83 0.0028 0.0163 0,143
7.06 0.0018 0.0127 0.143
1600 5.83 0.0045 0.0262 0.175
7.06 0.0033 0.0233 0.197
1650 5.83 0.0123 0.0717 0.292
7.06 0.0050 0.0353 0.260
1700 7.06 0.0079  0.0557 0.346
1750 7.06 0.0163 0.115 10.498
K' = %V x %N
v 1600 8.05 0.238 1.92 0.581
9.93 0.243 2.1 0.617
15.04 0.280 h,21 0.736
1650 9.93 0.303 3.01 0.821
15.0k 0.369 5.55 0.974
1700 15.04 0.478 7.19 1.570
1750 15.04 0.545 8.20 1.969
K = b x 4
Cb 1550 1h .17 0.1625 2.30 0.329
1600 11.41 0.209 2.38 0.486
k.17 0.218 .3.08 0.464
1650 k.17 0.257 3.64 0.618
17.71 0.232 4.38 0.498
1700 17.71 0.205 5.79 0.716
K‘=%‘I‘ax%N

Ta. 1550 20.2 0.141 2.85 0.550
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for the vanadium system from Table V have been reproduced in the column
labeled K; and the K values from Table VI reproduced in the column
labeled K,. The K were then recalculated using the activity of nitro-

gen determined from the gas phase and lower value of ez

= 0.028
(ez = 6.0). These values are shown in Table VII in the column labeled K5.
It can be seen that they are much more nearly cbnstant for a given temper-

ature, and the value of ez = 0,028 is therefore expected to be nearer

to the correét value.

TABLE VII

COMPARISON OF K VALUES FOR THE VANADIUM SYSTEM CALCULATED
FOR DIFFERENT VALUES OF THE INTERACTION PARAMETER e%

Temp °C W Al K' =% x #¥ K, K, Ks
1600 8.05 0.238 1.92 0.63%  0.58L  0.455
1 9.93  0.243 2.1 0.637  0.617  0.454
15.04  0.280 4,21 0.595  0.736  0.L457
1650 9.93 0.303 3.01 0.858 0.821  0.59
15.04 0,369 5.55 0.890  0.97%  0.624
1700 15.04  0.478 7.19 1.282 1.570 0.954
1750 15.0%  0.545 8.20 1.6450  1.969  1.193

The fact that the K; values are not as constant as the K5
values and in particular that the Kl value for 15.04% V is lower than
the other two values for lower vanadium contents indicate that there is

probably some change in the value of e;

with increasing vanadium con-
tents. This is borne out by the work of Pehlke and Elliott(l) who found
a value of eg ==-0.10 to be good only out to about 5% V. Beyond that

composition they found a slight change in slope of the curve of log fN
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versus %K. However the change in slope was small so the error produced

in K by assuming eg constant should be correspondingly sméll.

G. Calculation of the Nitride Solubility Product Using the J
Activity Estimated From Fe-j Binary Data

Because of the high solubility of 'Si5Nu in liquid iron the
silicon content required to precipitate Si5N4 below one atmosphere of
nitrogen pressure is in excess of %30%. It was previously noted that
this is beyond the silicon concentration for which ezi may be approxi-
mated as constant. Consequently the use of the interaction parameter
method to approximate the silicon activity in Fe-Si-N solutions may
lead to serious error producing a low value for the silicdn activity and
therefore also a low value for the solubility product of Si5Nh'

In order to avoid this error the K values for the silicon
system were recalculated with the silicon activity estimated from the
activity data of Chipman et gi(iu) which cover the entire composition
range of the Fe-Si system, The nitrogen activity in solution was de-
termined from the nitrogen activity in the gas phase.

The activity data of Chipmen et gl(5u)for 1420°C are shown
graphically in Figure 18 and numerical values are given in Table VIII.
From these data silicon activities are calculated for the various experi-

mental temperatures used in this study from the relation:

o (/1) R
where iSi represents the relative partial molal enthalpy of silicon in

binary Fe-Si solutions relative to pure silicon and defined by the
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equation:
Ly; = Hgy - Hyy (24)
TABLE VIII
ACTIVITY OF SILICON IN Fe-Si SOLUTIONS AT 1420°C.
FROM THE DATA OF CHIPMAN ET AL (%)
si -L 851
mole fr, K cal. -log 7si 7s1 (mf) = Xg; 7g1

1.0 0.0 0.00 1.00 1.000
0.9 0.1 0.0l 0.98 0.882
0.8 0.4 0.0% 0.93 0.7h4
0.7 1.7 0.07 0.85 0.595
0.6 4.4 0.12 0.76 0.456
0.535 (36.7%) 7.2 0.19 0.64 0.343
0.507 (34.0%) 8.1 0.2k 0.57 0.290
0.5 8.4 0.26 0.55 0.275
0.4 13.4 0.72 0.19 0.076
0.3 19.3 1.45 0.0%6 0.0108
0.2 2h,1 2,09 0.0081 0.00162
0.1 27.8 2.34 0.0046 0.00046
0.0 28.5 2.50 0.0032 0.00000

LSi is known from the work of Korber and Oelsen(57). For lack of other
information it is necessary to assume that iéi is constant with temper-
ature and treat it as a function of composition only. The silicon activi-
ties given by Chipman et gi(ju) are expressed relative to Raouit's Law
with the activity of silicon related to mole fraction and the standard
state taken as pure liquid silicon. To use these silicon activities in
conjunction with the experimental data they must be expressed relative to
Henry's Law with the activity of silicon related to weight percent and the

standard state taken as the infinitely dilute solution of silicon in pure

liquid iron. This conversion is made by means of the equation:

®si (m.f. - Reoult's Law) . 0.55857° (25)
ag; (% - Henry's law) = Mg;
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where 7°»is the slope of the 8y Versus mole fraction Si plot at infi-
nite dilution. Implicit in Equation (25) are the assumptions that the
mole fraction of silicon is proportional to the weight percent silicon up
to the experimental silicon contents and that the weight of silicon is
negligible with respect to the total weight of the solution. An exact
calculation shows that these assumptions produce an error of 5% to 10%
in the calculated silicon activity with respect to Henry's Law. This is
a negligible correction compared to the uncertainty in the experimental
data.

The silicon activities calculated for all experimental temper-
atures and compositions are shown in Table IX. The effect of the silicon-
nitrogen interaction on the activity of silicon can be shown to be negli-
gible because of the very small %@ in a solution containing over 30% Si.

The values of K for §8i N4 calculated by this method from the

5
break points of the nitrogen absorption curves are given in Table X. By
comparing these K values with the K values given for the silicon
system in Table V it can be seen that the values in Table X are larger as
would be expected. However they still do not show the expected systematic
variation with temperature. This is probably due to error in the experi-
mental data rather than error in the méthods of estimating the silicon

~ and nitroéen activities.

H. Calculation and Summary of Enthalpy and Entropy of
Decomposition of Nitrides in Liquid Iron

The variation of the nitride solubility product with temperature

is given by the Van't Hoff Equation:
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d(1n K) = -AH° (26)
a(1/r) R
TABIE X

CALCULATED ACTIVITY OF SILICON IN Fe-Si SOLUTIONS OF
34.,0% and 36.7% SILICON AT TEMPERATURES FROM 1420°C to 1700°C

Temp °C 451 4 - () K
1450 34,0 0.0006 0.0078 13.10
1500 34,0 0.0054 0.0702 14,02
1550 36.7 0.0021 0.0313 9.45
1600 34,0 0.0218 - 0.284 10.99

36.7 0.0117 0.174 ~ 7.91
1650 36,7 0.0360 0.5%6 7.66
1700 : 36.7 0.0252 ‘ 0.376 8.74

If log K 1is plotted versus l/T the slope of the curve gives AH°
the standard enthalpy of decomposition of .the nitride and the intercept
at 1/T =0 gives AS° the standard entropy of decomposition of the
nitride in liquid iron, i.e. for the reaction as given by Equation (5).
The usual procedure is to assume that A H° and A S°® are constant over
short temperature ranges and therefore to fit a straight line to the
points on the Van't Hoff plot. These plots for the seven experimental
systems in which the temperature variation of K has been studied are
shown in Figure 19 through Figure 25. To obtain these plots the values
of X from Tables V, VI, VII, and X for a given syétem were averaged at
each temperature and plotted against the reciprocal temperature. The
values of A H° and A 8° were calculated from these plots by the inte-
grated form of Equation (26):

o
nk =LE (1) + 87 : (27)
R R
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They are given in Table XI along with the assumed nitride compositions
which were used to calculate K. Also given in Table XI are the values
of AF° for the decomposition of the nitrides in liquid iron at 1600°C
as calculated from the given values of AH° and A S° according to
ﬁhe relation:

AF° = AH® - T AS° ' , (28)

I. Discussion of Results of the Various Methods Used to
Calculate the Nitride Solubility Products

Because of the possibility of variation in eg and e? ‘at
high solute concentrations it is felt that the values of AH°, AS°,
and A F°l6OO for the more solubie nitride systems given in the second
and third sections of Table XI are more accurate than the values for
the same systems given in the first section. For the three more insolu-
ble nitride systems titanium, z irconium, and aluminum the values of A H®,

AS°, and AF° were calculated by the interaction parameter method

1600
only, since in these systems the solute concentrations are low enough
that thelinteraction parameters should definitely remain constant over
the required composition range.

By comparing Figure22a with Figure 22b it can be seen that the
use of the nitrogen activity determined by the gas phase for the boron
| system considerably reduced the data scatter in fhe Van't Hoff plot. The
lower values of A H° and A S° they yield aré consequently considered
more accurate, With the vanadium system the K values calculated from
the nitrogen activity determined by the gas phase (values in column K5 of

Table VII) show about the same scatter in the Van't Hoff plot as the K

values calculated by the method of interaction parameters. This is seen
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from Figure 2%a and Figure 23b. However as was previously noted the K
values calculated from the nitrogen activity determined by the gas phase
are much more constant at a given temperature and therefore the slightly
lower A H° and A S° they yield are also considered more accurate.
Figure 24 and Figure 2hb which show K values calculated from the two
different methods for the columbium system also show about the same
scatter and as previously noted the comparison of the K values in Table
V and Table VI show small differences within the limits of experimental
error, Nevertheless the values of A H° determined from the two differ-
ent sets of K values show an appreciable difference of about 7,000
calories/mole° This emphasizes the difficulty involved in trying to make
an accurate determination of A H° from a Van't Hoff plot over a com-
paratively small temperature range. Although there is no experimental
evidence of error introduced by variation in e;b and egb , the lower
values of AH° and A S° determined using the nitrogen activity de-
termined by the gas phase are considered more accurate in the columbium
system as well as in the boron and vanadium systems.

The A H° and A S° values in Table XI show that the results
for two systems, zirconium and silicon, are inconsistant with the results
of the other five systems. The problem with zirconium is that it is a
very strong oxide former. Calculations made ffom data after Elliott and
Gleiser(58) and Chipman(7) show that at 1600°C the AF° of decom-
position of ZrOp, 1in liquid iron exceeds the A F° of ZrN by more than
60,000 cal./mole of Zr and exceeds the AF° of A1205 by about 5,000
cal,/mole of 0. This indicates that ZrO, 1is more stable than either

\Al 0 or ZrN in contact with liquid iron at this temperature. This

273
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explains the previously noted reaction between Fe-Zr alloys and A1205
crucibles which resulted in the formation of ZrOp floating on top.of

the melt with an attendant drop in the zirconium content of the solution.
Appendix F contains three nitrogen absorption curves for melts of iron
plus up to 0.422% Zr made in A.LEO5 crucibles. These curves all show
a Sieverts Law line almost identical with that for pure iron all the way
to one atmosphere nitrogen pressure. This indicates that nearly all the
zirconium was removed from solution by reaction with the AlQO5 crucible
because if even small amounts of zirconium had remained in solution the
nitrogen solubility would have been éppreciably increased. It is also
quite possible that the reduction of the A1205 crucible by zirconium
caused appreciable quantities of aluminum to be dissolved into the melt.
However the effect of aluminum on nitrogen solubility is small (i.e.
eﬁlﬂsO) and its presence therefore would not be reflected in the slope of
the Sieverts Law line.

The data on the zirconium system consequently were obtained
using Zr02 crucibles to contain the melt. However even these caused the
formation of small amounts of floating solid on top of the melt under a
hard vacuum. This solid is thought to be ZrOp formed from oxygen adsorbed
on the crucible walls and zirconium from the melt. Another possible
source of oxygen is YEO5 which is contained in the ZrOo crucible. The
zirconium recovery in the melt therefore may have been somewhat lower

than the calculated charge compositions causing the calculated values of

N
r

slightly low. It is noteworthy however that although the quantity of

Zr

K' and K to be slightly high and the values of eN and e to ‘be

\ fioating solid formed appeared to vary considerably from run to run the
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values obtained for thé nitrogen solubility and the nitride solubility
limit are reasonably self consistant.

The initial data for the zirconium system were obtained with
ZrO, ' crucibles of 3/L4" inside diameter and 2" deep. However with these
deep narrow crucibles very little stirring of the molten metal could be
observed visually. Moreover on examination of the solidified ingots it
appeared in several cases that the charge had never become a completely
homogenous mélt. Therefore several melts were made with ZrO2 crucibles
of 1 13/16" inside diameter 1 7/16" deep. In these melts the amount of
stirring observed was much greater and the solidified ingots all appeared
definitely homogenous. However the results obtained were identical to
those obtained on the smaller diameter ZrOp crucivles,

It can be seen from Appendix F that in some of‘the nitrogen
absorption curves for the zirconium system the deviation from the Sieverts
Law line is in a horizontal instead of a vertical direction. The reason
for this is that when sufficient ZrN precipitates to form a continuous
film on top of the melt the gas phase is effectively insulated from the
liquid phase. Equilibrium between the gas and liquid phases at higher
nitrogen pressures can be achieved then only by diffusion of nitrogen
through the solid film into the liquid phase where it can react with the
'zirconium in solution to precipitate more ZrN. This process is so slow
that equilibrium is not achieved in an experimentally reasonable time.
Consequently once the nitride film has formed the melt will absorb almost

no more nitrogen and the only volume of gas required to further increase
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the nitrogen pressure is that necessary to fill up the hot volume. Of
course these absorption curves with a horizontal deviation cannot be con-
sidered to define the nitride solubility limit as accurately as the ab-
sorption curves with the normal vertical deviation, since the conteracting
effects of horizontal deviation due to nitride film formation and vertical
deviation due to nitride precipitation may cause the experimental points
to appear to follow a straight Sieverts Law line beyond the true nitride
solubility limit. However the nitride solubility limits measured from
these horizontal deviation absorptiqn curves agree reasonably well with
those absorption curves for the zirconium system which show the normal
vertical deviations.

The effect of nitride film formation was evident for the other
alloy systems as well as zirconium. It was reflected in the much longer
times required to reach pressure equilibrium at nitrogen pressures above
the nitride solubility limit. Below the nitride solubility limit the
equilibrium préssure was reached in 5 to 10 minutes while above the ni-
tride solubility limit 30 minutes was minimum and equilibration times of
60 to 90 minutes were not uncommon. However with all systems except zir-
conium the nitride films were apparently porous enough that the absorption
curves showed normal vertical breaks if sufficiently long equilibration
times were used.

The apparent inconsistency in A H®° and A S° for the silicon
system is attributed to the extreme solubility of SiBNh which makes
estimation of the activities of Si and N less accurate and to the

possible reaction of silicon with the A1205 crucibles which may have

produced erroneous values of K at the higher temperatures in each
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determination., The experimental values of K' and K are felt to be
correct within an order of magnitude, but little faith can be placed in
the values of A H° and A S° calculated from them, These are thought
to be considerably low, A calculation using the data of Pehlke and

(1,39)

Elliott and Chipman(7) indicates that the values should be A H°

= 21,500 cal,/mole, A S° = 20.21 cal./mole °K, and A F° -16,300

1600
cal./mole° The fact that this value of AF°1600 corresponds reasonably
to the value in the third section of Table XI is further evidence of an
order of magnitude accuracy in the K values, at least for temperatures
of 1600°C and below.

The vélues of A‘F°l600 given in Table XI are a measure of the
relative stabilities of the various nitrides in contact with liquid iron
at 1600°C. They show that the resistance of the nitrides listed in Table
XI to liquid iron at 1600°C decreases from top to bottom of the table.
Only TiN, ZrN, and possibly AlN can be considered as refractory materi-
als which will be reasonably resistant to attack by liquid iron at this
temperature, Table XI shows that BN, although it is used in contact with
solid iron base alloys at elevated temperatures in a number of appli-
cations particularly in nuclear reactor components and is advertised as
being resistant to attack from liquid metals such as silicon, aluminum,
'copper, zinc, and iron, is soluble to a fair degree in liquid iron. Table
V suggests that if BN is equilibrated with liquid iron at 1600°C under
atmospheric pressure of nitrogen gas the melt should dissolve 4 to 5 per-
cent boron., If the partial pressure of nitrogen over the melt is less

than one atmosphere the amount of boron dissolved by the melt will be
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correspondingly higher. The solubility of BN in liquid iron is certainly
.great enough that if BN is used as a refractory to contain liquid iron |
the melt will become sefiously contaminated with boron., Also if the mass
of the melt is sufficiently large with respect to the mass of the re-
fractory the melt may easily dissolve enough'EN to corrode through the re-
fractory and run out.

Determination of nitride solubility products from the éxperir
' mehﬁal data by the method of extrapolation of log K' to zero %Q proved
to be generally less accurate than the other methods of calculation. For
the titanium and zirconium systems the interaction parameters e? are
large and negative. This means that the assumption that the term.eg(%g)
is negligible over any appreciable range of %Q is not valid. The plot
of K' versus %i for the aluminum and boron systems is shown in Figure
26 and for the columbium and vanadium systems in:Figure 27. The values
of K given in Figure 26 show reasonable agreement with the K Valﬁes
for the aluminum and boron systems given in Table V. The K values
given in Figure 27 are slightly higher than the values given in Table V
ifor columbium and in the last column of Table VII for vanadium. This is

N and eN

probably due to the fact that the interaction parameters EV b

are also large and negative.

J. Summary of the Nitride Solubility Products Measured
by the Quenching Method

The experimental results obtained by the quenching method are
summarized in Table XII. The first section of the table gives the results

of the calibration runs made with'pure iron using Al crucibles and

205
© compares them with results for the solubility of nitrogen in pure liquid
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iron measured by the Sieverts method.

The first three runs were made at 1600°C for various equili-
bration times under atmospheric pressure of nitrogen gas. The nitrogen
solubilities determined by Kjeldahl analysis were corrected to one
standard atmosphere of nitrogen pressure by multiplying them by Jfﬁiég.

P is the atmospheric pressure existing during the equilibration whicg was
read from a mercury barometer, In order to determine if the liquid seal
at the gas stream outlet caﬁsed the build-up of a pressure, appreciably
above atmospheric in the furnace chamber one outlet line was connected
to a manometer and the maximum gas flow to be used was passed through the

system, The manometer showed no measurable pressure build-up indicating

TABLE XII

SUMMARY OF RESULTS OBTAINED BY THE QUENCHING METHOD
Sieverts'(l)

Element j Temp °C Time (min) Py  (atm) N %N K'
-2 Method
NONE 1600 15 1.000 0.0452 0.0451
1600 30 1.000 0.0456
1600 60 1.000 0.0456
1600 30 0.762 0.03%99 0.0393
1600 30 0.332 0.0288 0.0262
1700 30 1.000 0.04k42 0.0460
%J Al
Ti 1600 30 0.3%2 0.3%6 0.0149 0.005%6
- 1700 15 0.331 0.38 0.0056 0.00213
1700 15 0.977 1.20 ~ 0.0094 0.01128
1700%+ 5 0.979 0.11 0.0391 0.00430
Al 1600 30 0.331 1.44 0.0381 0.0549
1600% 30 0.972 1.15 0.0547 0.0629
1650%+ 2-5 0.971 0.50 0.0329 0.0164
B 1600 30 0.978 3.49 0.0060 0.0210
1600 30 0.764 2.51 0.0053 0.0133

*quench not completely satisfactory
+equilibration ended prematurely by equipment failure
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that it was less than one millimeter of mercury and therefore could be
considered negligible. The excellent agreement among the first three
runs at 1600°C and one standard atmosphere nitrogen pressure and the
Sieverts method value for the same conditions indicated that equilibri-
um between liqﬁidlaﬁa gas phases in the quenching apparatus was reached
within 15 minutes. This however is in the' absence of a solid nitride
phase. Because the presence of the nitride phase slowed the attainment
of equilibrium in the Sieverts measurements an aim equilibration time of
30 minutes was selected for the equilibrations using nitride crucibles.

The next two pure iron runs were made to test the effectiveness
of the gas metering system in controlling the nitrogen partial pressure
in the quenching apparatus. The results obtained are plotted and com-
pared with the Sieverts method data in Figure 28. While the agreement
at one atmosphere and 0.76 atmosphere nitrogen pressure is excellent, the
quenching method solubility value at 0.33% atmosphere is slightly higher
than the Sieverts method solubility value at the same pressure. Thismight
be the effect of themal diffusion which would tend to cause enrichment
of the lighter of two gases in a mixture at the hotter portions of the
furnace chamber. .This would have the effect of enriching the atmosphere
immediately above the melt surface in nitrogen and depleting it in argon, -
which would account for the higher nitrogen sblubility valvue., However
the difference between the quenching method solubility and the Sieverts
method solubility is small and may only reflect a small error in the ni-
trogen analysis.

The final run on pure iron was made at 1700°C to test the ef-

féctiveness of the quenching system with this extra 100°C of superheat.
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The nitrogen solubility value obtained was lower than the solubility
measured at 1600°C while the Sieverts method data indicates that the ni-
trogen solubility should increase slightly with increasing temperature.
This indicates that on quenching from 1700°C a small but finite amount
of nitrogen is lost from solution.

In order to determine if an appréciable temperature gradient
existed across the diameter of the melt, optical pyrometer readings were
taken both at the center and at the outer edge of the melt. These
readings showed the melt edge to be approximately 10°C cooler than the
melt center, This difference is nearly within the limits of the pyrome-
ter accuracy and in any case is very small. This indicates that the
temperature of the melt is substantially uniform and that most of the
temperature drop between melt and surroundings is therefore through the
crucible walls. These readings would appear to indicate that there is
also little or no temperature gradient across a melt in the Sieverts
apparatus where direct pyrometer readings cannot be taken since all ex-
cept the center of the melt surface is covered by a crucible 1lid.

From the results of the pure iron calibration runs it was con-
cluded that the design and operation of the quenching apparatus were
basically sound. Equilibrium between melt and gas phase was reached with-
in 15 minutes. The control over the nitrogen.partial pressure and melt
temperature were sufficiently precise, The quench was sufficiently fast
to permit negligible amounts of nitrogen to escape from solution on
quenching from 1600°C and very small amounts of nitrogen to escape from

solution on quenching from 1700°C.
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Four runs were made using titanium nitride crucibles and the
results of these are summarized in the second section Table XII. It was
previously noted that the TiN crucibles proved slightly porous to liquid
iron and for this reason the aim equilibration time for all runs at 1700°C
was cut to 15 minutes instead of the usual 30 minutes. The fourth run was
terminated after 5 minutes by burning out of the induction coil, but the
analyses are not very different from thése obtained in the other three
runs so equilibrium must have been approached even in this short time.
Over heating of the induction coil had to be carefully guarded against
with this system because the electrical and thermal properties of TiN
caused the crucibles themselves to heat up to a temperature very near to
that of the melt.

The agreement between the K' values for TiN in Table XII and
those in Table V is only fair. Moreover the nitrogen and titanium a-
nalyses and the values of K' are noﬁ completely consistant among them-
selves. For example the second and fourth runs show a lower K' at
1700°C than the first run shows at 1600°C although it is certain from the
Sieverts data that the solubility of TiN in liquid iron increases with
increasing temperature. Although the third run shows a K' value which
compares well with the K' values for TiN at 1700°C in Table V it is
difficult to understand the high titanium anal&sis. In addition the ni-
trogen analyses are generally lower than the corresponding nitrogen values
in Table V. This may be accounted for by the fact that difficulty was
experienced with this system only in completely dissolving the samples for

the Kjeldahl analyses. A small amount of black appearing residue invari-

; ably remained undissolved after the sample had been digested. This may
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have been all or partly a nitrogen bearing compound and thus led to low
nitrogen analyses.

The results of the three runs made with ALN crucibles are summa-
rized in the third section of Table XII. The values of K' for 1600°C
show good agreement with the values of K' at 1600°C for the aluminum
system given in Table V. The Table XII values are slightly higher than
the Table V values. This may be explained by the fact that with the
quenching method the equilibrium is being approached with an excess of
nitride present while in the Sieverts method the equilibrium is being
approached with the nitride initially absent. The initial presence of
the nitride in the quenching method may have the effect of increasing
the tendency toward supersaturation in the solution. The aluminum and
nitrogen analyses show self consistancy, the %N decreasing as the %AL
increases. The value of K' increases with decreasing %éé which is
the same trend shown by Table V and Figure 26. The run at 1650°C which
was cut short by a burned out induction coil obviously did not stay at
temperature long enough to reach equilibrium. This accounts for the low
values of %Al, %N, and K'. Even in this case however it is signifi-
cant that the value of K' agrees within an order of magnitude with the
K' values for the aluminum system at 1650°C given in Table V.

The fourth section of Table XII summarized the results of two
runs made with BN crucibles. The values of %E, %ﬂ, and K' agree
quite well with the values for the boron system at 1600°C given in Table
V. The %§ for the second run apprears to be slightly low and this is

thought to be an inaccuracy in the analysis.
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K. Summary of Methods Used to Determine the Nitride
Phase Compositions

Attempts were made to determine the compositions of the nitride
phases formed both directly by x-ray and wet chemical analyses and indi-
rectly by means of the previously described phase rule analysis and from
the variation of the solubility product with temperature.

Only three of the alloy systems, titanium, zirconium, and alumi-
num, have nitrides sufficiently insoluble that the assumption of negligi-
ble %Q in solution which is inherent in Case 3 of the phase rule analy-
sis might be expected to hold. Of these three, zirconium must be elimi-
nated because of the extreme non-equilibrium conditions which were shown
to exist at nitrogen pressures well above the nitride solubility limit.
For the titanium and aluminum systems the majority of the nitrogen ab-
sorption curves are not suitable for calculation of the nitride phase
composition since they were terminated slightly above the break points in
order to redetermine the nitride solubility limit at a higher température.
However two absorption curves in each of the two systems extended to suf-
ficiently high nitrogen pressures to make a calculation of the nitride
phase composition possible by the phase rule method. The graphical analy-
sis of these absorption curves and the details of calculation of the ni-
tride phase compositions are shown in Appendix G.

The results give nitride compositions of T12.2N and Tig.uN
for the titanium system and A15.9N and Alu.5N for the aluminum system.
Only for one absorption curve, the 0.228% Ti curve, can a line with the
slope of the Sieverts Law line for pure iron be drawn through the data

points at high nitrogen pressures with reasonable accuracy. The nitride
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compositions calculated in Appendix G are all thought to be too high in
metal. This is due to the difficulty in completely saturating the liquid
and solid phases with nitrogen at a given nitrogen pressure once an in-
itial nitride film has formed on the melt. Apparently even after times
of 60 to 90 minutes complete équilibrium does not exist at nitrogen
pressures well above the nitride solubility limit.

Since the variation of the nitride solubility products with
temperature was known it was thought possible to at least infer limits
on the nitride compositions by célculating values of K for various ni-
tride compositions, i.e. various values of x in Equations (5) and (10),
and determining which compositions gave the best fit to a linear relation
between log K and 1/T. For at least three of the systems previous
work had shown the possibility of the nitride existing with a metal rich

(12), (1%4) (13),(17)

stoichiometry. These systems are titanium, vanadium,
18

and columbium.( ) Figure 29 shows the Van't Hoff plot of the Sieverts

method data for the titanium system for assumed nitride compositions of

(12), and

TiN, Til.7N the composition calculated by Rao and Parlee
Tig.aN given as the upper composition limit by'Ehrlich(lu). It can be
seen that the composition for which the data points show the best fit to
a straight line is TiN. The fit for Til.7N is only slightly worse but
the fit for Tie.hN is definitely worse. With both of the latter two
nitride compositions the data points show some positive curvature. This
indicates that the composition of the titanium nitride precipitated from
liquid iron is no higher in metal than Til.7N and probably not that
rich in metal. It is definitely not as metal rich as the compositions

T12 2N and Ti2 MN calculated from the phase rule analysis.
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Figures 30 and 31 show Van't Hoff plots for the nitrides V2.5N
the composition given by Hahn(lT) and Cb N the most metal rich columbium
nitride found by Schonberg(ls). Figure 29 shows greater data scatter than
either Figure 23aor Figure 23b and evidence of possible negative curvature.
Figure 30 shows slightly greéter scatter than Figure 2kaand Figure 24b and
possible poéitive curvature. The indications are that the compositions
of vanadium nitride and columbiumvnitride precipitated from liquid iron
are not as metal rich as V2.5N and CbQN, although compositions in the
ranges Vl.O-Z.ON and Cbl.O-l.SN ' are quite possible,

Both wet chemical and x-ray analyses were attempted on samples
of nitrides extracted from the solidified ingots of the Sieverts method
determinations. Wet chemical analyses of the extracted nitrides were
successfully used only with the aluminum system. They were hampered by
the small quantities of nitride which-could be extracted from an ingot
and by the fact that the nitride residue was invariably slightly con-
taminated with A‘lEO3 from the crucibles. In addition the inaccuracy
inherent in wet chemical analyses is reflected by a comparatively large
variation in the metal/nitrogen ratio of the nitride. The results ob-~
tained with the aluminum system are shown in Table XIII. Details of the

analytical procedures used and their estimated accuracies are covered in

- Appendix D.
TABLE XIIT

RESULTS OF WET CHEMLCAL ANALYSIS OF
EXTRACTED AIN RESIDUE

Total Al (wt. %) Nitrogen (wt. %) Calculated Nitride
Composition
59.80 2k, 80 ALy oW

59.45 26.00 Aly 16N
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The most .generally sucgessful method of identifying the nitride
formed and determining its stoichiometry was by x-ray analysis of the ex-
tracted nitrides. Powder patterns were made using the Debye-Scherrer
technique and the lattice parameters were determined by calculating a,
for small values of sin=2 © and extrapolating to 0°. Since the amount
of material required for this technique is .very small (100 mg. or less)
sufficient nitride could be extracted in all systems except zirconium.
The details of the x-ray procedure and a summary of the results of the
patferns run on each system are given in Appendix H.

Lattice parameter measurements on extracted titanium nitride
gave a lattice constant of 4,242 k. This is in excellent agreement with
Ehrlich's(lh) value of 4.23 ﬁ which hé claims corresponds to a compo-
sition of TiN. ILattice parameter measurements on two samples of ex-
tracted vanadium nitride gave lattice constants of 4.062 & and 4.068 X.
According to Hahn(lY) this lattice parameter corresponds to a composition
of VNO’71 (or Vl.hN) which is.about the composition limit on the low ni-
trogen side for the nitride of nominal composition VN. These results
are quite consistant with the éomposition limits indicated for these
systems by the temperature variation of the solubility products.

The results of the efforts made to determine the nitride compo-
sitions precipitated from liquid iron solution cannot be considered con-
clusive, However they indicate that although there may be some compo-
sition variation on the metal rich side from the compositions assumed in
Table XI it is small. The value of x in Equations (5) and (10) is
thought to be less than 1.5 for all of the nitride systems. There is

- no composition for any system which is sufficiently indicated to justify
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basing calculation of the thermodynamic quantities 'K, AH®°, AS°, and
A F° on any nitride compositions other than those in Table XI.

There is also the possiblity that some of the nitrides may be
complexes with iron. Powder patterns run on unextracted samples show
intense alpha iron lines and weaker JN lines with no evidence of any
FeN lines. This indicates that no complex of the type JjN.FeN is formed
but does not rule out a complex of the type (Fe, j)N in which Fe atoms
replace some of the j atoms in the JN structure. If this occurs it
would show up in the powder pattern as a shift in the © wvalues which
could not be distinguished from the same shift produced by a varying
J/N ratio. Its effect on the x-ray measurements would be to cause an
error in the calculated lattice constant values. Its effect on the
thermodynamic quantities would be to cause the values of K to be
slightly low since the activity of jXN in Equation (10) would not be

unity as assumed but would be less than unity.



VI, DISCUSSION OF ERRORS

A, Sieverts Method

Humbert and Elliott<2) have discussed the major sources of error
in a Sieverts apparatus substantially identical to the one used in this
study and have attempted to estimate the error produced by each source on
nitrogen solubility measurements in liquid Fe-Cr-Ni alloys. For some
sources the error estimation can be made only in a qualitative way.

(11)

Pehlke in his analysis of the same apparatus being used to make ni-
trogen solubility measurements on a number of different binary liquid iron
alloys has considered several additional factors. Some of the factors
these investigations considered which afe likewise important in this study
are enuﬁerated below.
a. Uncertainty in temperature

Humbert and Elliott(2> estimate an uncertainty in temperature
meésurement of +10°C. Pehlke(ll) calculates an error of about 7T°C in
the calibration of the temperature scale and estimates an additional error
of 5°C 1in temperature control throughout the run for a total uncertainty
of #l12°C. He also estimates that the error introduced by assuming con-
stant emissivity of all melts over the necessary ranges of temperature and
composition is less than the total uncertainty of +12°C. Both investi-
gators agree that a temperature error of this magnitude leads to a maximum
error in nitrogen solubility measurement of 1 to 1.5% for alloys of
10% solute or‘less. The temperature uncertainty in this study is proba-

bly of this same order of magnitude. For the very soluble nitride systems

such as silicon, tantalum, columbium, and vanadium the uncertainty may be
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slightly greater because of the high (15%-35%) alloy contents required
to precipitate the nitride.
b. Uncertainty in gas volume

Errors in the measurement of gas Volumesvresulted from uncertain-
ty in the gas buret reading and variation in the temperature of the gas
buret. The uncertainty in the reading was +0.1 cubic centimeters. The
variation in buret temperature was +£1°K throughout the course of a six
to ten hour run. The buret temperature variation was rather large because
the gas buret was not surrounded with a water cooling jacket but varied
with the room temperature. The maximum error in volume measurement occurs
when a full buret of gas is usea and is given by 100 x 1/273 + 0.1x2 = 0.57
cc because two buret readings are required for one volume measurement., The
hot volume was essentially constant at about 50 cc so the error in its mea-
surement was 50 x 1/27% + 0.1x2 = 0.38 cc. The total maximum érror possi-
ble in the measurement of a volume of nitrogen absorbed is then 0.57 +
0.38 = 0.95 cc. A melt of pure iron at 1600°C weighing about 115 grams re-
quires about 100 cc of nitrogen gas to saturate the melt and fill the hot
volume. This represents a meximum error in volume measurement of 1%.

Thus for all measurements made at pressures and compositions for which at
least 100 cc of nitrogen was admitted to the reactidn bulb the volume
'measurement error was probably less than 1%.

However because the majority of the measurements in this study
had to be made at reduced pressure and therefore with small volumes of ni-
trogen admitted to the reaction bulb, the relative error was in some cases
greater than this. In the systems titanium, zirconium, aluminum, vanadi-

uﬁ, columbium, tantalum, and silicon all break points in the nitrogen
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absorption curves occurred after nitrogen volumes of at least 20 cc had
been admitted to the reaction bulb. This gives a maximum error of 0.65
cc and & maximum relative error of 3.2% at the nitride solubility limit.
In the boron system several of the nitride solubility limits occur with
nitrogen volumes as low as 5 cc in the reﬁction bulb. For this system the
maximum error is 0.47 cc and the maximum relative error 10% at the ni-
tride solubility.
c. Uncertainty in pressure
The solubility of nitrogen in an alloy may be expressed as a

function of pressure through Sieverts' Law.
W =cy By (29)
2
Differentiating this gives:

C 4 By,
A(M) = - =— (30)
2J-PN2

The relative error in percent is then:
(@) 2VPy, (@)

where C has a value of 0.0k5%/(atm)L/2 or 0.00872%/ (cm)1/2+  This

x 100 (31)

obviously is most serious at lowlnitrogen pressures for alloys with low
solubilities.

For this error also the least favorable case is the boron system.
The pressure could be measured to 40.2 cm of mercury for all systems,
However for the boron system ~ffN2 goes as low as 2.0 (cm)l/2 with

%g equal to 0.002. This is a maximum relative error of about U45% at
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the nitride solubility limit. For the silicon system the most unfavorable
case is J@he = 5.0 (cm)l/g, Y = 0.002, for a relative error of 8.7%.
With thg aluminum system the most unfavorable case is J}N2 = 4.6 .
(cm)l/Q, % = 0.03, for a relative error of 0.6%. Thus it can be seen .
that for alloy systems wiph fairly soluble nitrides in which the element J
does not decrease the solubility of nitrogen in the melt, the relative
pressure measurement error at the nitride solubility limit rapidly becomes
negligible., This applies to the systems aluminum, vanadium, columbium and
tantalum. For the titanium and zirconium systems in which the nitride is
quite insoluble but the element J has a strong increasing effect on the
nitrogen solubility the most unfavorable case is J}N2 = 1.5, %ﬂ = 0.01,
for a maximum relative error of 5.8%.

It can be seen that in making gas solubility measurements at re-
duced pressures the pressure and volume measurement errors become much
more important than they are with measurements at atmospheric pressure
where thé melt absorbs generally larger volumes of nitrogen. The total
error in the measured nitrogen solubility at the nitride solubility limit
varies widely from system to system, and within a given system depends on
the alloy content at which the nitride forms.

d. Possible systematic errors |

In addition there is the problem of vaﬁorization of metal from
the melt. This is an error which is inherent in the Sieverts method and
for which no quantitative estimate can be made. None of the alloying ele-

ments used in this study has an extremely high vapor pressure in comparison
to iron, such as manganese and chromium for which previous researchers have

shown the vaporization error to be appreciable, On the other hand the
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method used to measure the nitride solubility product required that the
melt remain under pressures less than one atmosphere for the entire du-
ration of the run, usually between six and ten hours. Although effort
was made to adjust the J composition of the melt so that the nitride
would be precipitated at as high a nitrogen pressure as possible, the re-
quirement of reprecipitating the nitride at several higher temperatures
made it necessary to make a number of runs at high j contents and
therefore forced pressures of 0.1 to 0.5 atmospheres for times in
excess of one hour. The appearance of a deposit in the reaction bulb
particularly near the end of a run was seldom entirely avoided but the
deposit was usually small.

In this connection it should be mentioned that a run was made
on a melt of 0.741% aluminum without a cover being used on the cruci-
ble. This resulted in an extremely heavy deposit in the reaction bulb,
Nevertheless the measured solubility for this run was quite consistant

with the other data for the aluminum system.

B. Quenching Method

Two important systematic errors which may enter the quenching
method are the changing of the solute contents on quenching of the melt
and uncertainty in the equilibrium nitrogen pressure adjacent to the melt
due to thermal diffusion in the gas phase., The calibration runs made on
pure iron in the quenching apparatus indicate that these errors were a-

voided by proper design of the apparatus. The method of measuring the

melt temperature was substantially the same as in the Sieverts appartus,
and the uncertainty in the measured values is therefore expected to be the

same,
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Concerning the error involved in the wet chemical analyses, the
error in the metal analyses is estimated at 0,02 welght percent by
Cochrane Laboratories Inc. which performed the analyses.b The error in the
nitrogen analyses is estimated at +0.0005 weight percent for the pure
iron and iron-aluminum systems, and +0.001 weight percent for the iron-
boron alloys. The error increases as the nifrogen content decreases be-
cause the volume of ammonia given off in the Kjeldahl distillation becomes
smaller, and the relative importance of residual nitrogen in the reagent
solutions increases. The nitrogen analyses for the iron-titanium system
apparently contain some systematic error due to interference of titanium

SO0 no error can be estimated for them.,
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VII, CONCLUSIONS

The solubility products of the nitrides of eight strong nitride formers
in liquid iron have been measured at temperatures in the vicinity of
1600°C using both the Sieverts method and the quenching method. The
results may best be summarized by the fgllowing equations giving the

standard free energy of precipitation of the nitride from liquid iron

solution:
for TiN A F° = 75,200 ~ 28.34T
for ZrN A-F° = 32,600 - 6.69T
for AIN AF° = 63,700 - 27.91T
for BN AF° = 45,900 - 21.25T
for VN AF° = 49,000 - 24,58T
for CbN A F° = 35,000 - 17.08T

for TaN AF® 55500 = 2,240
for 1/4 81zl (Siz/N) AF° = -10,500 + 0.75T

Only three of these eight systems form nitrides sufficiently stable to

merit consideration for possible use as refractories in contact with

liquid iron. These three in order of their stability are TiN, ZrN,

and AIN. All the other nitrides listed in (1) above would allow

serious .contamination of a.liquid iron melt if used as a refractory in

contact with it under conditions approaching thermodynamic equilibrium,
The compositions of the nitrides precipitated from liquid iron so-
lution approximate those given under (1). For the nitrides TiN, ZrN,

CbN, and VN there is evidence that the composition may vary slightly

.~ toward the metal rich side. However in no case does the metal/nitrogen

atom ratio appear to be larger than 1.5.
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The nitrogen-metal interaction parameter in liquid iron was determined
for boron and zirconium, two elements not previously studied. These

results may be expressed by the following equations at 1600°C:

log f = -0.63(%zZr)
log fN = 0.11(%B)

Zirconium increases the solubility of nitrogen in liquid iron while
boron decreases it.

The nitrogen-metal interaction parameters for any one system showed a
linear relation with reciprocal temperature as predicted from basic
fhermodynamic relations,

The Wagner method of interaction parameters gives a satisfactory rep-
resentation of the activities of metal and nitrogen in solution in
iron at concentrations up to the nitride solubility limit for all of
the metal-nitride systems listed in (1) with the exception of the

Si;Nh system.



VIII. APPENDICES

APPENDIX A

CHARGE MATERIAL ANALYSES

Nine different metals, iron plus the eight alloying elements
aluminum, boron, columbium, silicon, tantalum, titanium, vanadium, and
zirconium were used in this study. These materials were of the highest

purity obtainable. The suppliers of these metals and the suppliers'

analyses are summarized in the following tables.

TABLE A-I

SUPPLIER'S ANALYSIS OF IRON MELTING STOCK
Trade name Ferrovac E, supplied by Crucible Steel
Company of America of Syracuse, New York in bar form.

Element Weight Percent
Lot No. 1 Lot No. 2 Lot No. 3

C 0.00k4 0.004 0.008
Mn 0.001 0.001 0.001

P 0.002 0.005 0.004

S 0.009 0.007 0.007
Si 0.006 0.006 <0.006
Ni 0.033 0.035 0.015
Cr 0.01 0.01 <0.002

s 0.004 0.00k <0.004
Mo 0.01 0.01 0.001
Cu 0.01 0.005 <0.001
Co 0.01 0.007 0.005

N 0.0018 0.0001 0.0002
0 0.0075 0.0065 0.0022
H 0.00007 0.00003 0.00002
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TABLE A-II

SUPPLIER'S ANALYSIS OF ALUMINUM MELTING STOCK
Supplied by Aluminum Company of America
Research Laboratories in ingot form.

Element Weight Percent
Al . 99.99+
Cu 0.001
Mn, 0.002
Si 0.003
Fe 0.001
TABLE A-IIT

SUPPLIER'S ANALYSIS OF BORON MELTING STOCK
Supplied by Cooper Metallurgical Associates of
Cleveland, Ohio in the form of -325 mesh powder.

Element Weight Percent
C 0.10
Fe 0.15
0 0.02
'TABLE A-IV

SUPPLIER'S ANALYSIS OF COLUMBIUM MELTING STOCK
Supplied by Fansteel Metallurgical Corporation of
Chicago, Illinois in the form of 0,157" diameter rod.

Element Weight Percent
0 0.018
C 0.015
N 0.015
Ta, 0.09
Zr 0.020
Fe 0.015
Ti 0.010
Si <0.01
W <0.01

Ni <0.007
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TABLE A-V

SUPPLIER'S ANALYSIS OF SILICON MELTING STOCK
Supplied by Union Carbide Metals Company of Niagara Falls,
New York in the form of 60 to 150 mesh powder.

Element Weight Percent
si : . 99.85
Fe 0.018
TABLE A-VI

SUPPLIER'S ANALYSIS OF TANTALUM MELTING STOCK
Supplied by Fansteel Metallurgical Corporation of Chicago,
Illinois in the form of-0.157" diameter rod.

Element ‘ Weight Percent
0 0.007
C 0.005
N o 0.002
Cb ' 0.055
W 0.010
Fe 0.010
Mo 0.005
Si <0.01
TABLE A-VII

SUPPLIER'S ANALYSIS OF TITANIUM MELTING STOCK
Supplied by E. I. duPont
in sponge form.

Element : Weight Percent
N 0.020
C 0.025
Mg 0.080
Cl 0.120
H 0.005
H20 0.020
Mn 0.050
Fe 0.060

Si 0.040
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TABLE A-VIII

SUPPLIER'S ANALYSIS OF VANADIUM MELTING STOCK
Supplied by Union Carbide Metals Company of Niagara Falls,
New York in the form of -1/4" diameter shot.

Element Weight Percent
C 0.024
0 0.055
H 0.0018
N 0.0%9
TABLE A-IX

SUPPLIER'S ANALYSIS OF ZIRCONIUM MELTING STOCK
Supplied by Mallory Sharon
Metals Company in sponge form.

Element WEight‘Percent
Fe 0.0309
C 0.0247
Si 0.006
Mn <0.002

0 0.1162



APPENDIX B

TEMPERATURE CALIBRATION -

The method used to determine the relation between the true melt
temperature and the observed optical pyrometer readings for both the
Sieverts apparatus and the quenching apparatus was the one proposed by
Dastur and Gokcen(2u) applied to the Sieve;ts apparatus by Pehlke and
Elliott(l) and Humbert and Elliott(g). The relation between true and ob-

served temperatures is given by the Wien-Planck Equation:

C
1n(EQ) = -2 (1/Ty - 1/Tq) (B-1)
u
where:
E = melt emissivity

1}

melt transmissivity

Planck constant; 14,350 micron-degrees

Q
It

wave length of light used; 0.65 microns

=
1}

Ty = true temperature in °K

=
]

observed temperature in °K
Assumining that E and o change negligibly over the ranges of melt

temperature and composition in this study Equation (B-1) may be rewritten:

(B-2)

|

]
'—:II}-—‘

1

=~

Ty, a
The value of the constant K in Equation (B-2) may then be evaluated
by measuring T, for pure liquid iron in the apparatus and taking T, as
1536°C. This value of K is then used to calculate the desired T, for

any other experimental T;. The temperature scale set up by this method
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for the Sievérts apparatus is shown in Table B-I and the temperature
scale set up for the quenching apparatus is shown in Table B-II.
TABLE B-I

COMPARISON BETWEEN TRUE AND OBSERVED TEMPERATURE
SCALES FOR THE SIEVERTS APPARATUS

Tt °C Ta °C

1450 , 1267

1500 1307 L
1536 1335 K = - 0.69 107
1550 1347

1600 S 1387

1650 k27

1700 1467

1750 1507

TABIE B-II

COMPARISON BETWEEN TRUE AND OBSERVED TEMFERATURE
SCALES FOR THE QUENCHING APPARATUS

T, °C Tg °C
1536 1350 K = -'0.65 10'h
1600 1405
1650 1445
1700 1486

(24)

Assuming Dastur and Gokcen's value of 0.43 for the emis-
sivity of pure liquid iron at 153%6°C, Equation (B-1) gives a value of
0.51 for the transmissivity of the Sieverts apparatus and a value of 0.58

for the transmissivity of the quenching apparatus.



APPENDIX C

FLOWMETER CALIBRATION

The flowmeters used to measure the flow rates of argon and ni-
trogen gases into the quenching apparatus in order to control the partial
pressure of nitrogen in the atmosphere were Fischer and Porter Flowrators
with a maximum rated capacity of O.25ft?/min., of air measured at 14,7
p.s.i. and 70°F. Darken and Gurry(ho) found that for CO0-CO, mixtures
the error in the gas composition due to thermal diffusion could be held
to less than 0.25% by maintaining a linear flow rate in the furnace
tube of at least 0.6 cm/sec. For a 2 1/4'i.d. furnace tube this is a
minimum volume flow rate of 1.96 £t /hr..

The flowmeters were calibrated by inserting a 50 ml buret into
the line between the flowmeter and the gas inlet to the furnace. A small
amount of soap solution was then injected into the gas stream forming
bubbles in the buret and the time necessary for a bubble to travel the
length of the 50 ml scale on the buret was measured. Thus a direct
measurement of the volume flow rate of the gas could be obtained for any
given reading of the flowmeter. A series of 10 time measurements was
made at each calibration point and these were averaged to determine the
volume flow rate. The meters were calibrated for readings of 10%, 15%,
20%, and 25%. It was impossible to obtain accurate calibration readings
at higher flow rates since the rate of travel of the bubbles in the buret
was too fast to allow accurate time measurements. However these four
calibration points permitted a variation of nitrogen partial pressure from

about 1/5 atmosphere to one atmosphere which was quite sufficient for this
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study. In order‘to determine if this method of calibraﬁion would give a
sufficiently precise control over the nitrogen partial pressure the cali-
bration of the nitrogen flowmeter was repeated on a second occasion., The
correspondence of the two sets of calibration data is excellent as shown

by Table C-I below.

»

TABLE C-I

FLOWMETER CALIBRATION DATA FOR THE QUENCHING APPARATUS
No Flowmeter  Time for 50cc Travel (sec.) Vol. Flow Rate (ft.5/hr.)

Setting 1st Cal. | 2nd. Cal. lst., Cal., 2nd Cal,
10% 3.4k 3.43 1.84 1.85
15% 2.30 2.28 2.76 2.78
20% 1.69 1.69 3. 74 3.74
25% 1.32 1.35 4.81 4.80

A Flowmeter Time for 50 cc Travel (sec.) Vol, Flow Rate (ft3/hr)
Setting

10% L 80 1.32
15% 3.06 2.08
20% 2.23 2.8k
25% 1.76 3.60

Table C-II shows the ratio of nitrogen pressure to total pres-
sure for all possible combinations of flowmeter settings as calculated
from the calibration datae in Table C-I. To determine the nitrogen partial
pressure corrected to one atmosphere total pressure for an equilibration
in the quenching apparatus, the PNQ/Ptotal value corresponding to the
flowmeter settings used was multiplied by P/76.0 where P was the
atmospheric pressure existing at the time of the equilibration as measured
by a barometer., In all equilibrations a combination of flowmeter settings

“was chosen such that the volume flow rate of gas was at least 3,7h £t3/hr.
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TABLE C-II

CALCULATED NITROGEN FRESSURE FOR VARIOUS
COMBINATIONS OF FLOWMETER SETTINGS

Flowmeter Settings VN2/ Vtotal = Py_/Ptotal
2

N, A

10 25 0.339
10 20 0.393
10 15 0.471
10 10 0.582
15 10 0.676
20 10 0.737
25 10 0.783

20 - 1.000



APPENDIX D

'METHODS OF CHEMICAL ANALYSIS

The wet chemical analyses of the extracted residue and the
analyses of the quenched ingots for the experiments involving titanium,
aluminum, and boron were performed by Cochrane Laboratories, Inc. of
Milwaukeé, Wisconsin, The following short outlines of procedures were
supplied by Cochrane Laboratories.

The titanium contents of the quenched ingots were determined
colorimetrically after a cupferon separation to eliminate possible inter-
ferring elements., The aluminum contents were determined gravimetricaliy
as the phosphate after a bicarbonate separation. The results were re-
checked and verified by a hydroxyquinoline separation. The boron contents
were determined by distillation as methyl borate and titration as
standard alkali., These analyses are presented in Table XII on page 90.

In the analysis of the extracted AlN powder samples the alu-
minum was determined by quinolate precipitation after fusing the sample
with carbonate to render all of it acid soluble. This procedure may have
caused a slightly high Al/N ratio since it would also cause to be in-
cluded in the analyzed aluminum content any aluminum present as A1205.
X-ray analysis of the extracted AlN powder showed traces of AlEO5
present as an impurity. The nitrogen content was determined by a modi-
fication of the Allen method. The accuracy of the analyses was hampered

by the fact that only about 0.15 grams of nitride could be extracted,

providing a rather small sample for these analytical procedures, The
accuracy of the nitrogen analyses is estimated as +0.5 weight percent
and the accuracy of the aluminum analyses as 1 weight percent. These

analytical results are presented in Table XIII on page 99.
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The anélyses.of the quenched ingots for dissolved nitrogen were

performed by the author using the Kjeldahl method(ul’ug)° This method was
chosen in preference to the vacuum fusion method for two reasons. First,
the vacuum fusion method is inherently less accurate for nitrogen analysis

because nitrogen is determined by the difference between the total volume

»

of gas drawn out of the fused sample and the measured volumes of hydrogen
and oxygen in it. Second, the vacuum fusion method tends to give low re-
sults if stable nitrides are present since it is difficult to decompose
them.

The following is an outline of the Kjeldahl procedure used. The
analytical sample was in the form of chips. This was found necessary to |
insure complete digestion. The digestion was accomplished in a solution
of H5P04 and HESOA' NaOH solution was then added and the dissolved
nitrogen distilled off as NH3' The NH3 was collected in a solution of
,H5BO5 and then titrated against a standard solution of O.1N HCl wusing.
a mixture of methyl red and methyline blue indicators. The HC1 solution
had previously been standardized against NaECO5 psing methyl orange
indicatorgl@)° Double distilled water was used in all reagent solutions

to minimize errors due to residual nitrogen. The analytical results are

presented in Table XII on page



APPENDIX E

METHODS OF FABRICATION OF NITRIDE CRUCIBLES

1. Preparation of AIN Crucibles

The method used by the Carborundum Company to prepare the ALN
crucibles which were used in this study is outlined by Taylor and
Lenie(go). Fine aluminum powder obtained from Alcoa was mixed with 1%
by weight of sodium fluoride and heated in purified nitrogen. The cruci-
ble material used to contain the powder is not specified. The sodium
fluoride is added because it catalyzes the nitriding at low temperatures.
The temperature of the powder was raised rapidly to 650°C and then in-
creased slowly over a period of 40 hours to a maximum of 1800°C. The
product obtained was a porous sintered agglomerate. This was ball milled
dry in a stainless steel ball mill with stainless steel balls. The pro-
duct waé a light gray powder with an average particle size of about five
microns. Chemical analysis of the powder showed 96.0% ALN, 2.1% AlgOB,
and 1.9% other elements including 0.2% C, 0.4% 5i, and 0.1% Fe.
The crucibles which were of about 1/2" inside diameter, 1/4" wall thick-
ness, and 1 3/4" deep were formed by hot pressing the milled AIN powder
in graphite dies. A pressing temperature of 2000°C and a pressing
pressure of about 5000 p.s.i. were used. Compacts with a bulk density
of 3.20 grams/cc or about 98% of the theoretical density for ALN were
produced., The crucibles proved completely impervious to liquid iron after

equilibration times of 30 minutes.

2. Preparation of TiN Crucibles
The method used to prepare the TiN crucibles which were used

in this study was developed by Sponseller(25). The starting nmaterial was
~-122-
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-100 mesh TiN powder to which was added 24% by weight of TiH powder.
Both materials were supplied by Metal Hydrides Inc, of Beverly, Mass,
The powders were blended by ball milling for one hour using stainless
steel balls and a glass jar as a container. A weight of paraffin equal
to 2 1/2% of the dry powder weight was dissolved in xylene and added to
the powder. A sufficient excess of xylene was added to make the powder
about the consistancy of thick cream. The slurry was then dried to 105%
of the dry powder weight. It was found necessary to maintain close con-
trol over the weight of xylene and paraffin in the powder in order to
produce sound crucibles of sufficient green strength. The powder must
be stored in an air tight container and loaded into the pressing die as
rapidly as possible in order to prevent excessive evaporation of xylene,
The pressing of the powder was done at room temperature in a
hardened tool steel die (Rc 50-55). The inner surfaces of the crucible
were formed by a steel mandrel. A removable sleeve permitted this mandrel
and the ram which formed the crucible walls to be loaded independently in
two separate steps in the pressing operation. The die, rams, and mandrel
were lubricated with a solution of stearic acid dissolved in methyl ether
before the powder was loaded into the die, Pressures of 11,000 p.s.i. on
the mandrel and l6,000 p.s.i. on the sleeve were used. The green compact
was removed from the die by pressing it out the top of the die cavity;
The green crucibles were dewaxed by heating in air to 350°F for

1 hour, L425°F for 2 hours, and 500°F for 2 hours. They were then sintered

in vacuum using an induction furnace with a molybedenum susceptor. The
temperature was raised slowly to about 1500°F and held until the TiH had

* been completely decomposed. When a hard vacuum could be held on the
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system indicating that all the hydrogen had been removed, the temperature
was raised to 2950°F and held for one hour, then raised to 3350°F and
held for one hour. After cooling the sintered crucibles were reheated in
a gas fired kiln to 2300°F and held under purified nitrogen gas for 48
hours, This step was necessary to tie up as TiN the excess titanium which
had been formed in the compacts by the decompdsition of the TiH.

The sintered crucibles were about 5/8" inside diameter, 3/16"
wall thickness, and 1 1/2" deep. They proved satisfactory although
slightly porous to liquid iron. During a 30 minute equilibration at
1700°C about one half of a 40 gram melt of liquid iron would be lost by

seepage through the crucible walls,



APPENDIX F

NITROGEN ABSORPTION CURVES

Figures F-1 through F-42 summarize the nitrogen absorption
curves obtained by the Sieverts method. Each figure represents a single

run in the Sieverts apparatus.
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Figure F-9. Nitrogen Absorption Curves for
the Zirconium System,
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Figuré F-10. Nitrogen Absorption Curves for
the Zirconium System
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Figure F~19. Nitrogen Absorption Curves for
the Afuitintm System
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Figure F-23. Nitrogen Absorption Curves for
the Aluminum System,
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Figure F-25. Nitrogen Absorption Curves for
the Boron System.,
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Figure F-27. Nitrogen Absorption Curves for
the Boron System.
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Figure F-28, Nitrogen Absorption Curves for
the Boron System.
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Figure F-29, Nitrogen Absorption Curves for
' the Boron System.
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APPENDIX G

CALCULATION OF NITRIDE COMPOSITIONS BY PHASE RULE ANALYSIS

A graphical phase rule analysis of the 0.228% Ti, 0.318% Ti,
1.34% A1, and 1.57% Al nitrogen absorption curves is shown in Figures G-1,
G-2, G-3, and G-4. The calculation of the nitride phase composition for

each curve is summarized in Table G-I below.
TABLE G-I

NITRIDE COMPOSITIONS CALCULATED FROM THE PHASE RULE ANALYSIS

Temp. °C Wt. %J wt. W Calculated
B Nitride Composition

1650 0.228% Ti 0.0277 Tip \N
1700 0.318% T4 0.0k425 Tiy SN
1600 1.34% Al 0.153 Aly 5N
1600 1.57% AL 0.212 Az oN

As previously noted the compositions given in Table G-I are
considered incorrect, being too rich in metal. This error is due to the
difficulty in reaching the equilibrium nitrogen pressure at pressures
well above the break point in the absorption curve. In view of this
difficulty, the validity of any method of calculating the nitride compo-
sition which employs the region of the absorption curve above the break

point is considered extremely doubtful.

- -156-
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Figure G-1. Phase Rule Analysis of the 0.228% Titanium

Nitrogen Absorption Curve.
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APPENDIX H

X-RAY DATA

The following tables give the results of Debye=-Scherrer powder
patterns run on samples chipped from solidif;ed ingots removed from the
Sieverts apparatus for which the nitrogen absorption curves indicated
that & nitride had precipitated. The notation "extracted" indicates
that the iron matrix was dissolved by the method of Beeghly(26) prior to

running the powder pattern.
TABLE H-I

X-RAY DATA FOR TITANIUM NITRIDE SAMPLES FROM
THE SIEVERTS APPARATUS

0.318% Ti, extracted 0.195% Ti, extracted
Fe radiation, Mn filter Fe radiation, Mn filter
d observed substance d observed substance

2.563 Al03 : 2,442 TiN

2.439 TiN 2.128 TiN

2.372 A1203 1,505 TiN

2.120 TiN

2,083 A1205

1.599 A1203

1.499 TiN

1.405 Alg03

1.376 AL 05

1,278 Ti

1,239 TiN

1.215 A1203

1,190 A1203

1.147 A1203

1,061 TiN

1,035 A1205

1.001 A1205

-161-
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TABIE H-II

X-RAY DATA FOR ALUMINUM NITRIDE SAMPLES FROM
THE SIEVERTS APPARATUS

3.85% Al, extracted 1.07% Al, extracted
Fe radiation, Mn filter Fe radiation, Mn filter
d observed substance d observed substance
3,44 Al05 2,70k AN
2,679 AIN 2,476 AIN
2,532 AL 05 2,347 ALN
2,468 AN 2.082 A1203
2.353 AN 1.819 AIN
2,109 Al03 1.594 Al203
1.822 AIN- 1.547 AIN
1.729 Al,04 1.408 AIN
1.h2 ALN 1.369 Alp03
L.ko01 Al203 1,04k AIN
1.371 Al05 1.018 AN
1.344 AN 0.996 AIN
1.317 AIN
1.298 AN 1.17% Al, unextracted
1.2k45 Al703 Co radiation, Ni filter
1,182 AIN
1,078 AlEO5 d observed substance
1.0L46 AN - _—
1.0k4k4 A1203 2.680 AN
1.019 AIN 2.445 Alx05
1.016 AIN 2.026 Fe
0.999 AIN 1.872 A1;05
0.996 AN 1.567 A1N
1.434 Fe
1.321 AIN
1.173 AIN
1.112 Al707
1.082 A10%
1.048 AIN
1.015 Fe
0.907 Fe
TABLE H-III

X-RAY DATA FOR BORON NITRIDE SAMPLES FROM THE SIEVERTS APPARATUS

7.06% B, extracted 3.82% B, unextracted

Fe radiation, Mn filter Fe radiation, Mn filter

d observed - substance d observed substance
3.66 ? 3.32 BN
3.33% BN 2,16 BN
2.68 ? 2.112 B3
“2.49 ? 2.021 Fe
2.19 BN 1.812 BN

2.112 B03 1.662 BN
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TABLE H-IIT
(CONT 'D)
7.06% B, extracted 3.82% B, unextracted
Fe radiation, Mn filter Fe radiation, Mn filter
d observed substance d observed substance
2.112 3203 1.662 BN
1.999 ? 1.428 Fe
1.678 BN 1.252 BN
1.228 BN 1.171 BN

1.146 BN

The unidentified lines in the pattern of the 7.06% B sample in
Table H-III were of an intensity approximately equal to the intensities
of the BN lines. This sample apparently contains some impurity which can-

not be identified.
TABLE H-IV

X-RAY DATA FOR COLUMBIUM NITRIDE SAMPLES FROM
THE SIEVERTS APPARATUS

17.71% Cb, extracted 14,17% Cb, extracted
Cu radiation, Ni filter Fe radiation, Mn filter
d observed substance d observed substance
2.52% CbNg, 75 2.785 CbN (hexa-
gonal)
2.19% CbNg , 75 .531 CbN (cubic)
2.152 CbNg, 75 2.500 CbNg 75
1.542 CbNy 75 2.313 CbN {cubic)
1.321 CbNg, 75 2.201 CbN (cubic)
1.302 CbNg, 75 2.17h CoNy 75
1.256 CbNo ., 75 1.538 CbNg ' 75
1.094 ColNy., 75 © o 1.321 CbN (cibic)
0.997 CblNg , 75 1.314 CbNo , 75
0.979 CbNO.75 1.261 CbN (hexa-
gonal)
0.894 CbNg , 75 1.006 CbN (cubic)
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TABLE H-IV
(CONT 'D)

11.41% Cb, extracted
Co radiation, Fe filter

d observed substance
2,513 CbN
2,177 CbN8:$§
1.546 CbNo,"(S
1.322 CbNO_75
1.308 CoNo . 75
1.259 CbNO.75
1.007 CbNO.75
0.999 CoN 75
0.981 CbNO:75
0.971 CbNb.75

Some of the observed 4 values for the three samples given in
Table H-IV differ slightly from the d values given by Brauer and
Jander(uu) for the composition CbNO.75. This 1s an indication that all
three samples do not have the exact composition CbNo.75. However be-
cause of the excellent correspondence of the pattern of the d values in

all three samples their compositions must be very close to CbNg,7s5.
TABLE H-V

X-RAY DATA FOR VANADIUM NITRIDE SAMPLES FROM
THE SIEVERTS APPARATUS

15.04% V, extracted 9.9%% V, extracted

Cu radiation, Ni filter Cu radiation, Ni filter

d observed substance d observed substance
2.345 VN . 2,354 VN
2.302 VNg:g 2,032 vngg
1.437 Wy o 1.437 V.7
1,223 VNO:7 1.232 Vg 7
1.173 Wo.7 0.93%6 Vo7
1.015 Ny o 0.911 Wo.7
0.933 Vo 7 0.831 VNo,7
0.908 N, 7
0.831 VNO:7
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The d vaiues in Table H-V show a considerable shift from the
d values recorded by Becker and Ebert(u5) for which they give the com-
position VN, although the patterns both indexed to give a face centered
cubic structure. The small 6 lines were used to calculate lattice para-
meter values. The 15.04% V sample gave a value of aj = 4.062 R while the
9.9%% V sample gave a value of ag =-4.068.&. The work of Hahn(l7) indi-
cates that these lattice parameters correspond to a compositioﬁ of about
VN0.71 This is the composition limit on the low nitrogen side of the
nitride VN which has the NaCl structure.

Table H-VI summarizes the results of powder patterns run on
the materials from which the nitride crucibles used in the quenching runs
were fabricated. The AIN from the hot pressed crucibles supplied by
Carborundum Company and the BN bar stock obtained from the same source
show excellent agreement with the A.S.T.M. standard patterns for AIN
and BN. However the pattern of the TiN powder used to fabricate TiN

crucibles shows several extra lines of weak intensity indicating the

possible presence of some unidentifiable impurity.

TABLE H-VI

X-RAY DATA ON RAW MATERTALS USED TO FABRICATE
NITRIDE CRUCIBLES FOR THE QUENCHING METHOD

TiN powder AIN hot pressed crucible
Fe radiation, Mn filter Fe radiation, Mn filter
d observed substance d observed substance
2.698 ? 2.70 AIN
2,449 TiN 2.49% AN
2.343 ? 2.369 AIN
2,123 TiN 1.831 AIN
1.652 ? 1.559 AIN
1.499 TiN 1.h17 AIN
1.279 TiN 1.322 AN
1,224 TiN 1.046 AN

1,061 TiN 0.999 AIN
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TABLE H-VI
(CONT 'T)

BN bar stock
Cr radiation

d observed  substance
5.541 BN
217 BN
2.058 BN
1.661 BN
1.322 BN
1.252 BN

1.173 BN



APPRENDIX I

CALCULATION OF ACTIVITY COEFFICIENTS IN LIQUID IRON

As an additional check on the consistency of the nitrogen ab-
sorption curves values of 71, the slope of a, vs Xj’ were cal-

d d

culated for the systems titanium, zirconium, aluminum, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>