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ABSTRACT

The thermodynamics of Fe-Nb-C, Fe-Ti-C, Fe=Nb=N austenites and
that of binary carbides and n;trides of Ti an¢ Nb essential in’the
understanding of the precipitation behaviour in microalloyed steels has
been investigated in this study. A dynamic gas equilibration technique’
has been used in-the experimental investigatibn of the thermodynamics-of
ternary austeniﬁes and binary carbides of Ti and Nb. The results
obtained in this study have been analyzed using the modified Wagner
formalism for dilute ternary austenites and the sublattice -Psubreguyar
model syggested by Hillert and Staffansson for the inte-stitial carbides
and nitrides. The solubiliﬁies‘of NbC. Tié and NbN in austenite have
been det;rmined from the_isoq?tivity meg;urements done in this s;udy.
Thé. solubility minimum and thf, variation of solubility 1limits of
carbideﬁ of Ti and Nb and the increase in .carbon ‘conjent at constant
carbon activity have been quantitatively related to the ternary
interaction parameter. The C-Nb, C-Ti and N-Nb inferaction parameters
have been deéermined. The dissolution free energies of ﬁb and Ti in fcc
Fe have been obtained from the‘analysis of thelsoluiflities ﬁf NbC, NDN
and TiC in their respective austenites. '

Expressions describing thé variation of the partial molar f;ee
energies of the components in .the binary carbides and nitrides of

/
transition metals -have been obtained via statistical mechanical
-
considerations, The pair interaction free energies involved in the
statistical mechanical description of interstitial solutions have been

related to the interaction parameters in the sublattice model. The
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cérbon activity measurements in the NbCy and Ticy phases and the
nitroggﬂ_ activity measurements in the NbNy phase obtained in this study
together with the data available in thé liierature have been aﬁalyzed to
obtain the . interaétién .pgrameters in the sublattice model. Thg
limitations in.applyiﬁg éh; classical Wagner-échottky model to highly
nonstoichioﬁztric compouﬁds have been discussed. The necessary

modifications to this clasgigéisfggprfﬁgve been made by referring to the’

expressions obtained via the statistical mechanical approach.

The microa2lloyed ternary austenite - nonsﬁorchiometric carbide
equilibr}gm has heen evaluated for the Fe-Nb-C and .Fe-Ti-C systems. The -
effects due to s;lute inter actions aﬁd the nonsto%chiometry' of the
precipitate have been clarified. ' The solubility of TiN in Fe-Ti=N
austenite has been calculated using the dissolution free energy of Ti
evaluated En this "study. Ratioqal correlations between the ternary
interaction parameters and the free enerzies o{ formation of carbides
and nitrides have been established. Using this correlation an
approximate value of the nitrogen-titénium interaction parameygr “has

been evaluated.

. . (iv)
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CHAPTER I

INTRODUCTION

The developmént of high strength low alloy steels for line pipe,
\
- . Y .
and other sheet metal applications has been one of the important

endeavours in the design of.stéels. One of the main reasons ‘fo? the
success 1in the désign of . these steels‘is the effective utilization of
the microalloying addigions éuch as nioR}um, titanium, and véﬁadium.
These transition mgtais form fine carbidé, nitride and carbonitride
.precipitates during hot deformation of austenite, thereby. influencing
its recrystallization and growth kinetics. The thermodynahics ‘of
microalloyed austenite and the precipitate pga§gs is one of the mény
important factors that are involved 1in the complex interplay of
deformation-énd precipitation in these steels.
The solubility of carbides; nit~ides, and carbonitrides of T,
Nb, v ete. ‘:in alloyed austenite has Seen the focus of mahy
. N
investigations tn the past fuo decades. The mutual stability is.
gene*aily understood in terms of 'solubility limits of the gina*y
stoichi;meifip compounds of these eiements in austenite devoid of solute
interactions. The carbides and nitrides of Ti and Nb aré
nonstoichianetric and hence their composition can vary when precipitated
in steels. As the Group IV and V transition mepals are very strong
carbide gnd nitride formers, thei~ interaction with carbon and nitrogen

in austenite is very pronounced. The effects of nonstoichiometry and

the solute interactions on the solubility of these precipitates have not
r‘—\



; . s

b&an addresséd in the past investigations. All of these investigations/

were performed at low carbon levels (below 0.2 Wt%) and hence are not

- - .

capable of predicting the sclubility at higher levels wheré the effects
of solute interactions become significant. The present work was

undertaken to gain insight into the nature and the magnitude of these

~

interactions in microalloyed austenite.

- v

In this study, the thermodynamics of the Fe-Ti-C and Fe-Nb-C

austenites and the solubility of the carbides in these austenites in the

temperature range 1273K-1473K and at carbon levels greater than 0.1 Wt%

_havé been experimentally investigatdd using gas -equilibration methods.
The expé*imental results are then analyzed in terms of _solution models
to obtain the parameters defining the interaction”between the solutes in

- - 7

‘the austenites as well as in the carbides. The thermodynamics of

Fe-Nb-N austenite and the solubility of NbN have alsoc been investigated

uEing nitrogen atmospheres and the Nb-N “interaction is determined to a

reasonable degree of accuragy. The effé;ts of solute interactions and
the nonstoichiometry on ihe solubility of the precipitates have been
clarified. Rational co;;glatibns between the dissolution free energies
of transition metal solutes in fcc iron and the atomic number of the
solute and the size factor are s;oun to exist. Correlational
relationships between the ternary interaction paFameters and the free
energy of formation of carbides and nitrides from austenite have also
been established. These relétionships are utilised in the assessment as
well as systemetization of thermodynamic data.‘

The prédominant; ifteractions in steels arise from the

.substitutional-interstitial solute combinations. The results on solute



3

»

interactions obtained in this study pave the way for completing the much

‘needed information on the thermochemistry ‘and the phase diagram of the °

commercially important i;on rich Fe-Ti-Nb-C-N pentenary austenites and

the quaternary (Ti,NB)(C,N) carbonitride precipitates.

L
L]



_CHAPTER. II ’ ‘

.

LITERATURE REVIEW

2.1 Introduction .

In this "chapter we briefly review the experimental . and
theoretical investigations; on thermochemiéiry and phase diagrams-
pertaining t;'(a) iron austenite 2lloyed with titanium and niobium;. (b)
carbides, nitrideqﬂ‘of titanjum and niobium; and (e) solubility of‘the

aforementioned compounds in iron austentite,

—

%

2.2 The Constitution of Fe-Ti and Fe-Nb Alloys

The NBS Alloy Phase Diagram Data Programme has compiled all the

information reéarding the crystallographic, constitutional and some

thermodynamic aspects of many binary systems - in 5y recent vears,
Kubaschewski(1} has compileﬁ the equlibrium diagrams of iron binary
syétems. Hence attention is drawn mainly to the investigations re;atiné
to the afpha—gamma phase relationhips in Fe-Ti and Febe systems.

Transition metals like Ti, Nb, and V are ferrite stabilizers and;so the
constitution diagrams of Fe-Ti and Fe-Nb show a closed gamma loop. The
constitution diagrams of ghese systéms recently proposed by Murray(2)
and Paul and Suartzendruber(B) are shown in Figures 2.1-2.3. In both

the systems the gamma phase (fee) does not extend beyond 1.5 atom

percent.



2.2.1 Fe~Ti System

The equilibrium phases in Fe-Ti include (a) the liquid, (b) the
close packed hexagonal (@Ti), (c¢) the body centered cubic solutions
BTi), {Fe), (d) face centered cubic solution (YFe), (e) the equiatomic

compound FeTi with CsCl structure, and (f) C14 phase which is the

. stoichiomet ric compound 'I‘iFez with Man2 Laves phase structure, Fhe

(@Fe) and (YFe) phase boundaries form a ¢losed loop. The intermetallic

phases exist over considerable solution ranges.

Fischer ét al.(ﬂ)- investigated the gamma 1loop by employing

thermo-magnetic measurements and micrascopy and they reported the

Ly
maximum solubility of \Ti in fcec Fe to be 0.8 at%,. Previous

-

* investigations(5-7) on solubility of Ti in fee Fe agree well with that

of Fischer. Murray(2) recentiy reviewed the' available constitutional
;nd thermodynamic information in orde~ to revise the phasé diagram as
préposed by Shunk(S} and Hultgreﬁ et al.(9). Kaufma;(TOJ and Murray(2)
analysed the most accurate of éhe available data to evaluate paramete-s
defining the free energy of the YFe pﬁase using the subfégulaf solutien

nodel. Thei~ results have been absorbed into this study for further

analysis,

2.2.2 Fe-Nb System

The Fe-Nb system consists of (a) ¢the lrquid, () two

.

intermetallic phases with considerable homogeneity range, namely, FerNb‘

and the Laves phase Fe,Nb, (e¢) beec solid solutions (aNb), low
temperature (@Fe) and high tempergture (OFe) and (d) face centered cubic
”~ -

(YFe) phase. There is somé uncertainty regarding the reporting of three

mo~e intermetallic phases in Nb-~ich alloys. An 1 carbide type phase
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assoclated with Fesz3 compound, an equiatomic compound Felb (zota
phase, stable between 600 C and 1500 C), and a high temperature phase

(stable between 1200 C and 1600 C) based on a possible Nb-rich compound

near 90 atZ Nb have been suggested but have not been confirmed. 'I'tw:"'-:a
recently proposed phase diagram(3) under the NBS Data Programme does not

—include these three phases.

The Fe-rich portion of the ‘diagram was also investigated by
Eggers  and PeteP(TT); Petor(12).. Vogel and Ergang(13{, Genders and
Harrison(14), Gibson and Hume-Rothery(15,16), Ferrier et al.(17), and
Fischer et al.(4). Fischer et al. were the principal investigators of
the (@+Y) equilibrium. They report a maximum solubility of 1.0 at? Nb
in fec Fe. Paul and Swartzendruber(3) have recently reviewed all the
available information on Fe-Nb sytem for the NBS alloy daoa- programme.,

Kaufman and Nesori1p) calculated the Fe-Nb phase diagram using the

subregula~ solution model for analytical descriptions of various phases.

2.3 Sclution Behaviour of Ti and Kb in Iron Austenite

The solution behaviour of Ti and Nb in iron austenite has not

-

been well investigated. Moso of the available information in the
literature {ios boen determined by computer calculations using
exporimental phase diagrams and thermodynamic data on liquid and bee
.phases. Recent calulations by Murray(2) and Kaufman(10) necessitated a
sub-regular description for the 7YFe phase in order to reproduce the
experimental (Q+Y} phase boundaries in the above systems. Hence at

least two parameters are required for satisfactory description of the

iron austenite phase. The present investigation on the solubility of



carbides of Ti and Hb 1in iron austenite also indicates the nonideal
solution beéaviour of the transition metal solutes, The QPGEEied Wagner
formalism (18-21) for dilute solutions has been used to describe the
the~modynamics of the fcc phase in the above three systems in the
pfesggti siudy.‘*The Henry's law coefficignt (infinitely dilute standard
state) and  self interéqtion parameter ’(6: yM=Ti,Nb,V) have been
extracted from £he expressions for partial molar excess free energies in
the subregula~ model given by the aforenentioned. investigators.. The
methodology involved in the calculation is dealt with in the subsequent
chapters. ‘ ’ : .

2.4 Solution Behaviour of Carbon and Nitrogen in Iron Austenite
s -

The thermodynamics and phase diagram of the Fe-C system have

been extensively studied. Darken and Ghrry(22) and Benz and Elliott(23).
were some of the first investigators to analyze the experimental data in
thermodyinamic te~ms and to combine the phase equilibrium information
with thermocnemical data. More recently Harvig{24) made a detailed
evaluation ol the solid equilibria, while a comprgﬁensive fhermodynamic
analysis of all the equiliﬁria in the Fe-C system was considered by
Chipman(25). Agren{26) presented an analysis of the Fe-C sytem based on
. the description of the magnetic contribution to the Gibbs energy -of i
bee=-iron due to ﬁillert aﬁﬁ Jarl(27) and on the experimental width of
the_EIJY) two-phase reéionc’ The most—recent and compnehenéive analysi%
of the Fe-C  system has been provided by Gq;tafson(28). The

thermodynamic analyses of Harvig, Agren, and Gustafson were based on the

sublattice model suggested by Hillert and Staffanssonf29). Chipman used
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essentially the Wagner fogmalism(18)‘for dilute soclutions to desecribe
the thermodynamics of the various. phases iﬁ the Fe-C sysﬁem. The
austenite phase has been inves?igated thoroughly in the-lasb—two decades
more thah a dozen expressions (22-28,30-39) have been proposed for the
activity of carben as'a-function of composition and tehperatutf.

There are a very large number of reports on the solut}on
behaviour of nitrogen in-austenite. Hillert and Jarl(40) have_gresenéed
an excellent review of all available information and have rationalized
them after a rigorous thermodynamic analysis. Agren(26) revised the
perameters given by Hillert and Jarl in the light of magnetic

contributions to the Gibbs energy.
9

2:5 Ternary Interactions iﬂ-Fe-Hﬁx Austenites (M=Ti,Nb and X=C,N)

The ternary inte*actions';eﬁueen substitugional so;utes like Mn,
3, Cr, Mo, and Ni and interstitial solutes like C and N have been
experimentally studied in the last two decades. However, interactions
between solutes Ti and Nb with é and N have not been determined. One of
the main objectives éf this study %as been to experimentally detefmine‘
the thermodynamic interaction of -st-ong carbide and nitride formgr;qlike
Ti and Nb with.carbon and nitrogen in auétenite. Because of this
cbmpound forﬁing. tendency, tﬁese solutes can be expected to interact
st?ongly with carbon and nitrogen. The experimental investigation
undertaken in JEhis study coﬁf&rms such an interaction. hishizawa et
al.(&1,482) inveStigateq‘the solubilty of TiC, NbC and VC and reported in
CALPHAD XIQ(1985) increased solubility at high carbon concentrations.

‘ [ 4
Based on theoretical work and preliminary experiments on Fe=Nb-C system
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:rrom this study, increased solubilities of the carbides were a?so
reported in the same meeting by this author. Houeyer. further’
e*périmenia%ion and theoretical analysis undertaken infthis study gave
larger values for the interaction between Ti aﬁd Nb with carbon compared
to those of Nishizawa, Detailed aﬁﬁysis and comparison between the two
sets of data will be presented in the subsequent chapters.

.

2.6 Interstitial Compounds

The transitidn, actinide, and rare_egrﬁh elements form a number
of cempounds thch have high hardness, high melting point;. and metallice
properties which make them attractive for. use at high temperatures.
These compounds are sometimes called:"refr;ctOry hard metals"™ because of

thei~ metallic properties, "inter5£itial compeunds™ because the small
non-metal atom occupies the interst;tial voids between metal atoms, and
"defect. compounds™ becauge boeth metal and non-metzl lattices can
tolerate atom vacancies in rather large aoncentrations. The compounds
which comprise this group include carbides, nitrides, phosphides,
boridé%. sulphides, and siliciées; Of these, mainly carbides and
nitrides of transition metalé existing in the NaCl(B1) structure will be
considered in‘this study.

-

2.6.1 Constitution Diagrams of Ti-C, Nb-C, Ti-N and Nb-N \Systems

N

The transition metal-carbon diagrams.are primarily characterized

—

byf the features (a)’ solid solubility of carbqgfin metal, (b) Solid

solubility (almost nil) of metal in carbon, and (¢) non-stoichiometric

compounds MZC and MC with solid solution ranges. Group IV nitrogen
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L3

. T .
sytems also follow a similar trend but other groupé_—exhibit many

nitrides apart from M,N and the MN type of compounds.
} > ‘

’

2.6.1.1 Ti=C and Nb-C systems

The phése diagrams of Ti-C and Nb-C systems+as given by Ru&((&3lﬂ_}?
are presequd i:;Figufes 2.4 and 2.5. ;RE composition range of interest
in this study ;s 35-50 atem % in Nb-C aﬁd—§0-50 atom.: in Ti~-C, whiech is
the range of nonsto;chiometry of the carbide phase Mcy. The structpral
type of these carbides 1is cubie B1 (NaCl). There have been many
investigations(Ud-U4g) of the\relationship between lattice parameter and
nOQStoichiome;ry and this has been widely wused for identifying these
dsﬁpéund;. A hexagonal sgmi-carbide Nb,C exists in the Nb-C system
whereas the Ti-CSystem does not exhibit this phase.

e \

2.6.1.2 Ti-N and Nb-N system

The Ti-N phase diagram as given by Hultgren et al.(9) 1is shown
in Figure 2.6. This diagram was taken from the study by MeClaine and
Coppel (48) with the insertiggxbf the N;;ich phase boundary for TiNy at
X"=0.503. Some studies based on the X-rayvanalygis of alloys prepared
by sintering mixtures of magnesium reduced Ti and TiN showed the

existence of an fecc TiNy_ phase up to Xu=0.512. Using thermodynamic

analysis and MecClaine and Coppel's vapour pressure measurements over

. TiN;, the N-rich phase boundary has been fixed at x'=0.503 by Hultgren

et al,

*

The Nb-N constitutional diagram proposed by Guard et al.(49) is

shown 1in Figure 2.7. Due to lack of experimental data on the many

i
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nitrides ﬁh&t occur in this system, thermodynamic analysis is not
possible. The wide variety of crystal structures exhibited in the

composition range'uo-so atoem % nitrogen suggests a possible complexity

of phases when precipitated in steels, Héwever. only cubic nicbiunm

nitrides have been observed in the precipitation studies of HSLA steels.

Hence only cublc nicbium nitride phase {NbN will be investigated

ﬂ'l-l-ﬂ)

in this study:

wh

2.7 Thermodynamics of Zipyl_NbC » TiN , NbNyPhases

"Phase diagrams are the pripary - source of thermodynamic.
information on these ‘;y%ems. Experimental information on the
thermodynamics of.individual phases is lacking in most of these systems.
Some information on the partial molar properties of cubie phases (ngg
is available from a limited number of vapour pres$ure. emf, and gas
equilibration studies. Most éf the experimental information is limite&

to calorimetric studies of integral properties and héat capacities of

esientially stoichiometric carbides and nitrides.

2.7.1 Calorimetric Studies
P4

- One of the thernodynamic quantities’ needed to deseribe the

stability of a substance is the entropy. The standard eatropy of solids
) N
at 298.15 K may be obatined from low temperature heat capacity

measurements using the following relation.

298

° =- 9% r dT (2.1)
S298x = S0k * | -1
)




~ ) .
N
A

wrere Og étands for standard entropy jﬁ}energy/mole degx units. OS“ is
. !

zero for pure crystals. - (e

-
.

Very low temperature (1.5-18K) heat capacities of five
compositions in the NQFY phase {field haverbeen measured by Toth et
al.(50,51). Other measurements by Geballe et al,(52), Pessall et
al.(53), and Caudron et 3l.(54) are #¥tso available. Three more sets of
heat ‘capacity ﬁeasurement§ are available for the Nbcy phase and they are
very uJseful in extending the very low temperature data to the vécinity
‘of room temperature., Pankratz et al.(55) determined the heat capacigy
of NBC .. fr&m S1K to 298K, Storms and Sandenaw(S6) investigat%d
three compositions in the NbCy phase field in the temperature range ' 7.5
to 320 K. A thi~d investigation by Rempel et al,.{(57) measured the heat

. ’
capacities of six compounds in the solutigqn ~ange of NbC

y and iq the

J -
temperature range 80-300 K.

The~e aré many invessigations(SB-Gﬂ) on the high temperature
heat content of stoichiometric NBC -and scome hypostoi;hiometric
compositions. Huber et al.(60), Mah and Boyle(62), and Kornilov et
al.(64) investigated the standard8heat of formation of niobium carbide
as a function of composition using combustion calorimetric methods.
Sto~ms{47) rév}eued all the available information till 1967. Recen;ly
Smith, Carlson and de Avillez(65,66) made a comprehensive review of the
available qinformation on crystallographic, thermodynamic and
¢constitutional aspécts of Nb-C system. Table 2.1 taken frgm that study
1ists the standard heat of formation of niobium carbides,

In contrast to the wealth of calorimetric studies cn NbCy'phase.

TiCy has hardly been investigated, Kelly et al.(67) were the only
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»
investigators of low temperature heat capacities of TiCy phase, Their

investigation was restricted to the stoichiometé?é carbide. Naylor(68)
measﬁrgd the heaﬁ content of TiC over the temperature range 360-1735 K.
lleat content measurements were also made by Pears et al.(69) between.590
K and 2894 K. %heir results scatter widely, probably duer to tﬁe
nitrogen impurity levels in their samples.

Calorimet~ic studies on nitrides aré few in number, Pessel et
al.(70) determined the heat capacity of Tiﬁ in the range 3-25 K while
Shomate(71) made ﬁeasur;MEnts from 52K to 297K. Only estimated low
temperature heat capaci£1g§ are available for NbN; Naylo—(ésj. McDoﬁald
et al.(?2).-Neél et al.(73) were the principal\ investigators "of high
temper-ature heat content and heat capacity of stoichiometric TiN, The

. .
oxygen bomb calerimetric measurements of Humphrey(74) and Neumann et

P
al.(75) have been considered for tabulation of standard heat of

formation wvalues of TiN\ by Hultgren™’'et al.(9). '--~Morozova and
Khernberg(76) were the 6n1y investigators to étudy the heat of formation
of the 'I'iNy phase as a function of composition.

Most of the calorimetri; data on stoichiometric titanium and
niobium carbides and titanium nitride have been reviewed by Hultgren et

al.(9). Their data for these compounds have been summarized in Table

2.2.

2.7.2 VapourﬂPressure. EMF, and Gas Equilibration Studies

There have been a limited number of investigations on the
variation of partial molar free energy of components as a function of

composition and temperature in the cubic ®#carbides and _nitrides of

1 ”



.temperatufé in TiCy, NbCy and NbN

: ' . L2

titanium and niobium. Since these compounds are stable up to very high

temperatures (above 3000 K), measurement of vapour pressures has been

-

successfully used to determine thé‘ partial molar Quantities of the

evaporating species of interest.. Transition metal ;arbides and nitrides
preferentially _evaporate metal atoms at high temperatu;es (abobe'2000
K), and hence measurement- of vapour pressures allows the -direct
determination of the metal activity in the nonstoichiometric compound..
P'incipal techniques that are employed for vapour pressure measurements
are Knudsen effusioﬁ. free evaporation {Langmuir), torsion erfusion_anﬁ

mass spectrometry.

’
'

As the vapour pr%ﬂ§hre of metal atoms above the compound is very

r

low at 1low temperatures (below 200Q0-K) and for compositions high in
carboncontent, the abovementioned techniques are not very dseful. Gas
equilibration (nitrogen gas in the case of nitride§ and HZ-CH‘ mixtures
in the c¢ase of carbides) -“and EMF techniques lend themselves -as
alternatives. Gas equilibration has been used in this study to measure
the carbqn and nitrogen activitigs as a .funeTion of 'composition and
y'phases. As the partial pressure of
nitrogen over TiNy is very low even for compositions c¢lose to
stoichiometry, that system could not be studied expe;imentally. However
available information in the litérature has been reviewed in order to
complete khe data set. Table 2:3_putlines a summary of experimental

investigations of partial molar {ree energieslpertaining to the systems

that are of interest in this stydy. °
-

i

>
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2.8 Thermodynamic Models

“Thermbdynamic' modelling of the aforementioned interstitial
‘ A
compqunds 1s necessary in order (i) to assess the experimental data
o - . . . By
obtained by different techniques, (ii) to obtain analytical expressions
) . .!d.- ) ) .

.describing-gthe variation of partial molar free energies, (i}i) to

facilitate extrapclation iInto dninvestigated and metastable regimes,

. (iv) 'to construct self consistent phase diagrams, and (v) to predict.

gernary and- higher order systems. Energy interaction parameters derived

-

frfom sound solution models also give insight into the nature of bondiné

»

between the consitutent atoms. Many investigators have analyzed the

thermodynamics of these compounds using essentially four main approaches

‘which shall be briefly reviewed in'the following sections.

- ]

2.8.1 Regular Solut'ion Madels

The quick and simplest way to ahalyze any phase‘ is to use ia
. L4 :

regular solution “model. The interadtgon'parameter which describes the

4

* excess free energy, if necessary, can be expanded as a power series in

) ) - ' . .

composition (subreguylar<formalism) for satisfactory fitting of the data.
* - ) A" :

There are a vari§f§‘of expressions available for the expansiqn“but the

..

preferred ones should be symmetric with respect to both components.
Recently Téyssendier etal,,(77) used the Redlich-Kister polynomial with

the -following expansion for the excess free energy to describe the

thermodynamics of the TiC, phase.

y

H

EG6, = X,X..L ' (2.2

m. -

3 3
U = Lo & L~ + La(X, =X )2 # LaX, =X (2.3)

-



2.8.2 Schottky-Wagner Model N

The second approach as followed by.KéufménCTB) and Chang(79) has
beén to treat these binary transition metal carbides -and nitrides as
defect compounds aﬁd to use the Schottky-Wagner (80} model ‘to d;scribe
the variétion of partial molar free energies. However these compounds

are highly nonstoichiometric_(eg. TiCy 0.6<y<1.0) and hence viplate the

-
assumption of small deviaticns from stoichiometry required in the above .

-

nodel. At large deviations from stoichimetry, as in the present case,
the free energy to create structural vacancies in the latttice is not
constant. Indeed one can obtain the composition dependegce of the free

energy change' due to formation of interst{}ial vac ancies by gomparing
~

the expressions from Schottky-Wagner with those from other models that
take into account such_variations: This comparison has been undertaken

in this study and an additional term for Schottky-Wagner expressions has

been obtained for treating - cases with large variations from

-

stoichiometry.

2.8.3 Sublattice-Subregular (Hillert-Staffanssen) Model

Cne of the main features of the transition metal-carbon and
metal-nitrogen systems, is that the variation of the partial molar free
énergies of both compénents with composition is quite strong, while “the
integral f{ree eﬁgrg} of mixing does not vary significantly. Moreover
tﬁe variation of activity of components near the carbon rich phase
boundary is quite pronounced. This kind of variation near the
stoichiometric composition requi;es.a high power series for satisfactory

description, 3if one adopts a substitutional regular solution model as

b
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outlined in the first approach. This then ;ould result in too many
parameters to ‘be. déterminea from limited experimental data. In
addition, these carbides and nitrides exist in the 31 .(NaCI) crystal
structure, with metal atoms forming the fec lattice and. the nbnmetal
atoés occupying éctahedral sites. Sin;e the component atoms ocecupy
‘different sublattices and hence do not mix, the substitutional solution
model is'strictly not applicable.

The sublattice-subregular solution‘model sugge;ted by Hillgrt
and Staffansson(29) ‘iE'_Eéll suited for these phases as it adequately
takes care of the‘above-mentioned characteristics., There are many other
advantages inherent in this model. For one thing, this model generally
fequires fewer par;meters to adequately describe the data. The partial
nolar excess free ehergy expressions come out as Legendre polynomisls

and hence are ideally suited for curve fitting. The model uses the free

energy of formation of the stoichiometric phase as a reference for the

nonmetal which is readily available for the transition metal carbides

and  nitrides from calorimetric studies. A variety of crystal structure

characteristics can be incorporeted into the model by appropriate

definition of suplattices and hence can be used to treat defect
complexes with ease. This particular feature has been of immense use in
treating nonstoichiometric oxides 1like Fe, 40, CeO,_y» - ete., that
exhibit complicated and interestiné defect clusters(81). | Finally this
model is gaiy to exten&' to -multicomponent systems. It has been

+

-successfully épplied by rEanman and Agren(82), and Uhrenius(83) to

describe the thermodynamics of the "l‘iCy phase.

&



2.8.4 Statistical Mechanical Approaches

There have been a .few other atﬁempts to describe the
thermodynamies of these interstitial compounds by tréating‘them as a
united ensemble of metal and nonmetal atoms. .DePoorter(84) and Hogh(éS)
obtained equations relating activities wit; composition and temperature
by considering nearest neighbour interactions in terms of bond energies.
Their models do not take into account the non—ideal. entropy
_contfibutions and the variation of paivﬂ interaction energies uitﬁ
composition. It is interésting to note that the expressions obtained
via statistical mechanical considerations are similar to those obtained
in Hillert .anq Staffansson’'s mbdel. Hence the two approaches can be
integrated to gain- insi§ht into the nature of bopding in these
compounds, In.this investigation, equations describing the variation of
partial molar free energies h;ve been obtained based on the statistical

mechanical treatment of interstitial soclutions including the vibrational

component of entropy and the variation of pair interaction energies
(bond ene~gies) with composition. These pair’ interaction energies can
be related to the interaction parameters in the Hillert-Staffansson

i
model.

2.9 Solubility of Carbides and Nitrides in Iron Austenite

Mutual  stability of  austenite and tragsition metal

carbides/nitrides has been the subject of many investigations on
microalloyedfpféils. The important features that emerged {rom these
studies are (a) very low solute contents (especially the transition

elements Ti, V, and Nb), (b) Jthe precipitates are very fine (50 nm) and
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thelir extfaqtion is éiffiéulz and inefficien£, and (c) the precipitate
phase is generally nonstéoichiometric. These features are to ‘be
contrasted with the carbide precipitates in other systems like Fe-Cr-C,
Fe-Mn-C, Fe-Mo-C etc., which are characterised by relatively high
solu#ilities of stoichiometric carbides.

There have bééﬁ many'experimeﬁtal determinations(95-117) of the
solubility produects ‘ch = [2M1[%C], Kaw = [ZMI[ZN] etc where [%M],[%C1],
apd {%N] refer to concentrations of-ﬂiransition .metal M,J carbon, and
nitrogen in austenite, One of the earliest determinations and
thermodynamic‘analyses én solubility of carbides and nitrides is that of.
Narita(QS). Narita analyzed his results on solubility in austenite
éssuming the carbide or nitride to be stoichiometric and “the Eustenite
to be deveid of any solute interactions. Many other invéstigato*s ha;e
also analyzed the solubility on similar lines. The methodology has
always been io consider the austenite - prebipitéte equilibrium in terms
of the mass action law viz: -

M o+ X = MX (2.4)

RTIn([ay ay] (2.5

1
[=]
(]
e 4
>

-

Assuming ideal/henrian behaviour for the solutes in austenite, the

following solubility products have been obtained. +
0
RTIn[XMI[ZX] = A Gyy (2.6)
log[xM][%X] = A+ B/T (2.7
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where [%M] and ([%X] are the wé&ght percénts of solute; M and X

’ -
respectively, AG:i is the free energy of formation of stoichiometric

~carbide from 1 wt% standard austenite solution, B and A are approximate

constants corresponding te the enthalpy and the enﬁropy of formation of
the carbide. A summary of vérious investigations on thé solubilities of
niobium .and titanium carbides and nitrides is given in terms of the A
and B values in Tables 2.4 and '2.5.. Some investigators(102,104,105)

have showed an improved prediction of solubility of carbides if the

carbide is assumed to bhe NbCp gy -«

There are two main drawbacks in this methodology, namely (a)
titanium and niobium are very strong carbide and nitride formers and
they interact very strongly in austenite. This resuits in ‘increased
solubility at highe; carbon levels, as observed by this author and
Ohtani and Nishizawa(41,42); (b) the nonstoichiometry of the carbide

together with strong solute interactions ~ules out the above mass action

\

law analysis.

The overall aim of this study is to gain a2 complete
understanding . of the thermodynamies contrelling precipitation of
carbides, nitrides, and carbopitrides of titanium and niobium in
microalloyed  steels. Effects lfdue to ,solute interactions and
nonstoichiometry of the precipitating compounds on (a) solubility of the
compound, (b} equilibrium austenite composition and {¢) mole fraction of
the precipitate have been the primary foﬁhﬁ’"bi thiéﬁ/;nvestigation.
Detailed equilibration experiments have been used to determine
titanium-carbon, niobium-carbon and niob;ym-—nitrogen interactions in

austenite as well as the activity-composition relationships in binary
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y? Ngqy and NbNy phases, This data together with others in the

literature has been analysed using— the sublattice-subregular model
suggested by Hillert and Staffansson., The experimental procedure and
the theoretical analygis undertaken in this study will be outlined in

the subsequent chaptersk
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TABLE 2.1.

.

Heat of Formation of Niobium Carbides®*

y in Nog,  -AH)
+ L Y
0.489  90.2 = 3.6
0.500  97.5 + 2.5
0.500  98.0 -
0.686  115.5 « 1.7
0.699  116.5 £ 1.7
0.700.  112.8
0.739  123.6 = 2.1
0.783  12H.5 s 2.9
0.786 125.9 + 5.9
0.800  126.7
0.838  125.5 = 2.1

®¥% Compilation by Smith, Carlson and de

y %n NbCy

0.867 134.5
0.889  133.3
0.900  133.1
0.900 136.8

- 0.913 133.3

0.935 143.7
0.945 132.8
0.979 41,2
0.980 42,0

0.984 138.7.

“1.0 141.9

4+ 14 14

4 14 1+ 14

1+

¥ 211 values in KJ/Mole of Metal

—
ailiez(6s)

TABLE 2.2
Free Energy of Formation of Stoichiometric Carbides and Nitrides of
: > .
Titanium and Niobium .
T e T o
'S
‘ bee
o] o o]
Compound AG = G =G -G
4 M X
{(KJ/Mole of Metal)
N%C - 137.65 «+ 1.7T8E-03 T
. 1ic - 188.33 + 14.38E-03 T
NbN - 228.03 + B0.63E-03 T
TiN - 337.67 + 93.3GE-03 T
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TABLE 2.3
Experimental Investigations on Partial Molar Free Energies of’
Binary Monocarbides and Nitrides of Titanium and Niobium
>
N
Phase Propert;- ‘Composition -—-Temperature Expt. Ref.
Measured Range Range Technigue .
B (1) P. 0.30<X, <0.50 1900 K Vap. Pr Storms -?;7)
(2) 8 = 0.41<X <0.47.  1173-1373 K Gas Eqn.  Alekseev (8—'5{
TiC (3) g 0.40<X, <0.50 1273,1473 K Gas Egn. Grieveson(87)
(8) a,  0.47<X, <0.60 1045-1135 K EMF Malkin  (88)
s {5) ay 0.42¢X, <0.50 853 K EMF Koyama ‘(89)
b - _— . - . .
NbC (1) Pxy 0.40<X <0.50 2300-2500 X Vap. Pr Storms (90}
(2) 2, 0.42¢X <0.495 1100-1300 K EMF Hong (91
(1) puz,ph 0. 45<X, <0:u95 © W473-1953 K Gas Eqn. Mcélaine (48)
TiN () p“2 0.3O<XN<0.50 1273,1673 K Gas CTyn. Grieveson(87)
(3) p . X' =0.45 2120 K Vap. Pr. _ Linevsky (92)
(4) %2 x“.: 0.4y 2000-2275 K vap. Pr Hoch {93)
NbN (I)'p"2 0.82<¢X <0.50 1523-1853 K Gas eqn. Shchurik (94)

]
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TABLE 2.4

Solubility of Ti/Nb Carbides’in Iron Austenite

3

. 1}
Compound T Range Solubility Product Ref
. | A + B/T = logl%M][%C]
Bl
— . - - —
A B

1173 « W73 K 2.90 -7500 de Kazinezy (96)

T q213 - 1573 K 3.18 7700 Mori (97)
1323 - 1573 X 3.42- -7900 Narita (98)

’1173 - 1573 K T 3.04 -7290 Meyer (99)

1273 -~ 1573 K 3.70 -9100 Smith . (100)
NbC 1223 - 1323 K ™ 4,37 -9290 Johansen  (101)
1173 - 4473 K 3.1 *®._7520 * ‘ Nordberg  (102)
1323 = 1423 K $ 3.3 =7970 Koyama (103)

1273 - 1523 K 3.40 -7920 * Lakshmanan (104)

1173 - 1473 K 2.81 . 7020 * Sharma (105)

_— P —_—

1173 - 1473 K 5.33 -10475 Narita (106)
TiC 1173 - 1473 K 2.75 .—7000 Irvine (127
1273 - 1523 K 5,03 -8720 Sharaiwa  (108)

4

D D e T U —

* The precipitate was assumed to be NbC .,

in the analysis.
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TABLE 2.5
Solubility of Ti/Nb Nitrides in Iron Austenite '
Compound T Range Solubility Product Ref
* YA BT = 1ogrzMJEij
/ N :
1473 - 1623 K 4,04 -10230 Smith L (109)
1523 - 1623 K 2.80 -8500 Narita (95)
NbN 1273 - 1573 K ° 3.79 -10150 Mori (110:
1273 - 1873 K 2.86 ~7929 * Sharma (105)
~ 1473 - 1573 K 3.93 -15180 Narita (111)
1373 - 1843 K 5,72 -16190 Sawamura (112 ]
- 1473 = 1573 K 3.82 -15020 Chino (113)
TiN #MU23 - 1423 K 0.32 -8000 Matsuda (114)
1173 - 1623 K 5.00 ~18400 Roberts {115)
1373 - 1623 K 5.19 -15490 Kunze (116)
1473 = 1673 K 4.5y -148400 Wada (M7

* The precipitate was assumed to be

NbNGﬂ in the analysis.



CHAPTER III -

EXPERIMENTAL PROCEDURE

3.1 Introduction

In this chapter, details concerning the gas equilibration
experimentation carried out in this study will be outlined. In the
following sections, (i) the experimental technique:-‘(ii) design- and
construction of the apparatus, (i1ii) materials and sample prepé;ation,

(iv) experimental.cohditions, and (v) a summary of experiments conducted

will be discussed.

3.2 Experimental Technique

One of the principal methods of investigation of thermodynamics
of any phase 1is to obtain a total or a partial equilibration with
another phase, thermodynamic properties of which are known and hence are
controllable. Since the chemical potentials of carbon and nitrogen can
be‘:asily fixed using QRas mixtures, steels have traditionally been
investigated via gas equilibration methods. Tﬁflgas equilibration,

technique has been chosen in this study for the investigation of the

thermodynamiés of austenite alloyed with niobium and titanium. This

'teqhniqhe in both static and dynamic. forms has been used by many

ihvestigators in the past to study the activity-composition
relationships in binary Fe-C and Fe=N austenites as well as ternary
austenites. Since the binary Fe-C system is well established, carbon
analysis of both binary and ternary-sémples equilibrated under identical

conditions with HZ-CH‘ or CO-CO2 mixtures provide thermodynamic

33
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information on the.carbon activity as a funetion of cémposition and
temperature 1in the ternary system. The technique is equally applicable
for the  investigation of the tﬁérmodynamic properties’ of
nonstoichiometric  transition metal carbides like TiC, and NbC,.
Nitrogen and nitrogen—{nert gas mixtures have beén wiqely usea to study
the thermod;namic properties of binary nitrogen systems like Fe-N, Nb-N
et¢c and also ternary nitrégen autenites, HZ-NH3 mixtures 5rg‘useful at
low lemperatures (below 550 C) for providing a constant nitrogen
potential, However at higher temperaﬁures ammon{i“gissociates and

therefore pure nitrogen or nitrogen diluted.in inert gases have to be

used for equilibration. - :

3.2.1 Static Equilibration Methods

The static equlibration techniqdir involves equilibration of
binary Fe-l samples together with ternary Fe-M-C (M= Mn, Cr-, Si, Mo
etc.) in quartz capsules sealed with small amounts of hydrogen (usually

100mm  Hg). Cb-CO2 mixtures are also aitainable in capsules either by

-
-

inténtional addition of CO or CO, or by taking advantage of residual
OxYgen. present in evacuated capsules. Since Ti and Np are strong oxide
formers C0-CO, atmospheres are Aot useful in investigating Fe-Ti-C and
Fe-Nb-C austenites, Leakage of h}drogen through quartz, reduction of
. Sioz to Si due to prolonged expasure in hydrogen, thermal segregation of
hydrogen and methane, and lack of control ower carbon potentiai are some
of the drawbacks :in static equlibration technfques using Hz—CH‘

mixtures, Moreover, <carbides .of titanium and niobium could not he

studied easily using the capsule technique as equilibration times are

- .
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incomplete. equilibration.
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very long and loss of hydrogen becomes significant. This r®sults in

3.2.2. Dynamic Equilibration Methods ‘ .

In dynamiec equilibration methgés, the gases .comprising the
mixtures are metered and hence the carbon or nitrogen poteniial in the
Kas can be céntrolled.r By proper é;;ice of flow rates thermal
segregation of component gases in the mixtures can be avoided. Since
the gas is continuously replenished, problems due to leakage of small
quantities of hydrogen. through the ceramic workiné tube is‘hinimised.

On the other hand an elaborate leakproof high temperature apparatus

together with gas metering and blending equipment and gas cleansing

chambers are requi-ed. =

3.2.3 Chemical Analysis

-

Accurats chemical analysis following equlibration is essential
for obtaining the necessary thermodynamic quantities, Carbon contents.
in the equilibrated samples are usually‘ﬁetermined via mierocombustion
méthods, while the Kjeldahl method, spectroscopic methods, and
coribustion methods are used in nitrogen determination. ., An alternative

technique 1is to use.a microbalance to obtain the carbon or nitrogen

content from weight gain measurements., This technique, better known as

-thermogravimetric analysis (TCA), is extensively used in oxidation and

sulphidation studies. Dunwald and Wagner(118) used the microbalance in
their classic study on the thermodynamics of ferrite in the Fe-C system.

A sensitive micergbalance is ideally suited for continuously monitoring
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-,

small weight changes and hence the attainment of equilibrium can be

firmly established once the weight change with time becomés neglible. 4

*

modern CAHN 1000 microbalance with capabilities of lifting large sample

weights (lifting capacity 100 gms) and very high sensitivity (1

microgram weight change) together with a dynamic gas equilibration

system has been used in this study. Details regarding the design and

construction of the experimental apparatus will be described in ‘the

succeeding section..

b .
3.3 Experimental Apparatus . -

The experimental apparatus consists of five parts, namely, gas
metering and blending system, gas cleaning furnaces and chambérs, high
témperature furnace assembly for equilibration, the electrobalance for

weighing, and finally a vacuum system for evacvation. A schematic of

the apparatus is given in F;gure 3.1

3.3.1 Gas Metering and Blending System_

Tge £as metering and blending system-comprises four mass flow
cont;ollers which are elctronically operated using transducers that
contFol tﬁe opening of the solenoié valves, These c¢ontrollers perform
better than rotometers as the feedback mechanism maintains the flow at a
preset value even gn the event of pressure or temperature fluctua;ions.
Eaéh of the flow‘coAt;ollers ua§ calibrated fof a particular gas Ar gas

mixture and the performance of the cbntrollers was checked with another

identical system which had been independently calibrated. The Matheson

~Dyna Blender was used for fixing ratios in gas mixtures. This blending

s
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system efficiently mixes two or more gases (up to a maximum ofs four per
blending unit) at. preset ratid by econtrolling the flow rates of
individual gases.' " The ratio(s) of the component gases in the mixture

that is delivered i§ held constant.at'all total flow rates and pressures

and hence the carbon/niﬁrogen potential in the gas is held constant for

days at a time. The blending system also allows one to obtain a°® wide

-

_}angé of ratips'of two gases.
Investigation in ﬁhe austenitic témperatﬁre range requires
methane/hydrogen ratios ranging f{rom 1.0E-05 to 1.0E-02. -Since méthane
'\levels-coéfesponding t9 these ratics are very 1ow,‘ pure- methaqf and
| hydrogen cannot Ee mixed go obtain these rétiﬁs and hence pr§mixed
methane-hydrogen mixtures are required. High purity (Matheson primary
standardi gases/gas mixtures, namely h&drogeﬁ, helium.—45me;haﬁe in
_ . ‘ .
hydrogen, and 50ppt methane in hydrogen were used as primary ‘gases for
obtaining the required methane-hydrogen ratios for equilibration.
Nitropen and 1% q}trogeh in helium and helium were used as primary gases
for_ obtaining ﬁartial pressures of nitrogen ranging from 1.0E=03 to 1.0
atm. Helium was used as the inert gas diluent, for very high purity
graées are readily available and the. basiec impurity in heliumlis
hydrogen which is already in the system as a major_ gomponent in the
carburizing mixture. _ Argon, on the other hand, contains higher levels
~ - .

of moisture and oxygen as impurities compared to helium, The gases were
delivered just apove one atmosphere (1.05 atm.) in order to sustain the

' flow through the packed beds containing various gas cleaning reagents

and these §hall be dicussed in the next section.

- -
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3.3.2 Gas Cleaning System .
' Titagium and niobium are strong oxide formers and hence . the
presence o small- amounts of impurities like moisture, oxygen, ahd

. . -
carbon dioxide in the equilibration gas can cause oxidation of the

sample. Partial pressures of these impurities rbelow 1.0E=20 are

required,for satisfactory carburization and nitridation of' the sample,
These impufities hags been removed from tﬁe gas st?eam in threg stages.
The moisture in thé gés is initiaily reduced ﬁy passing it over a‘pacgéd
dessica t bed containing silica gel, anhydrous calcium chloride and

n

anhydrous phosphorous‘pentoxide. In the second stage copper turnings

held at 400 C in a two zone furnace were used to remove oxygen down to

1.0E-10 o~ so. Furﬁher reduction of oxygen partial pressure has been
achieved by passing the gas-’over very fine ﬁ;ﬁper pariicles in a

commercial getter called Ridox held at 180 C in the Second zone of the

furnéce: Since hydrogen 1is present in large quantities most of the
oxygen is converted to water vapour in éhe presence of the T%Qély
div;ded copper catalyst, This moisture is _again absorbed from the
stream us£n5 granulated phosphorous pentoxide. In the final stages the
gas 1s made -to pass over hot iron sponge held at 450-500 C near the
bottenm eﬁd of the equilibration furnace. Since the carbon potential of
hydroéen-methSne mixture§: decrease exponentially with temperature, the
carbon loss from the gas to the iron Sponge/g:anegligible; However, any
residual oxygen or water-vébour present'in the system should be removed
to fairly low levels. - The oiygen partial pressure at the ;orking

temperature of 1273 K was measured using solid electrolyte sensors -and

it was found to be less than 1.0E-20.
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" In ordef to minimize the number of joint§ and fittings which are

potential leak spéts, and to allow encugh residence %ime fo; the gas
stream in th; two zone gettering furnace, the whole gas cléaning system
was madé from oﬁé long quartz tube of about 130 ems in lergth and 3.0 om
-in dianetér. Thetféirly lérge diameter reduces the linear' velocity of
‘the gas and the long length allows enough‘tiée for the gas to heat up
and cool down to ﬁhe required tempé&ratures. Alumina balls were used as
separators beg;een _various zo;es and dessicants. The desiccants were
.kept.in appropriate cooler regions in the tube., Titanium or zirconium
could .not be used as getters as they remove ﬁnacceptablé amounts of
carbon from the gas and henée alter the input 'gas ratio. Palladiua-
cells could not be wused to clean hydrogen gas mixtures as methane is
efficiently removed by the cells. .

3.3.3 Equilibration Furnace Assembly . ' \ -

The equilibration experiment was carried out in a ver%ical high
temperature f{urnace heated by wmolybdenum disilicide elements., Since
dynanic weiéhb change measurements are made, magneﬁic fields that c¢ould
- be produced by g;emghts carrying high currents must be avoided. This
has been achieved by wusing U-shaped elements and by mouqting them
vertigally, .No net magnetic field is produced by the elemengs inlthis
confisuratioh and no weight difference was found for trial samples
'ueighed in the presence and absence of current in' the heating elements.

A pair of concentric recrystallized alumina tubes was\ used to

provide the working chambers., An alumina tube of about 36 inches long

and 2.75 inches in internal diametef served as the outer tube, while
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another alumina tube of 42 inches in length and-2.25 inches in interna

diameter served as the working chamber for equilibration. Argon was

. ctirculated in between the two tubes for minimising any permeation of

,ox&gen from the atmosphere through the tubes at high temperatures. The

. -
inne~ tube was connected on one end to the quartz tubes delivering the

11

gas mixture from the gettering furnace_ and on the other end to the pyrex

‘flow-through tube attached to the electrobalance assembly using water
. . x .
cooled O-ring fittings. The temperature inside the furnace was

controlled within 1 K by regulating the power supply using an automatic
feed back control system. The actual temperature inside the working

-

chamber was measured many times using standardized platinum-platinum

rhodium (type B and R) thermocouples under actual flow conditions and

the_ furnace setting temperatures were cglibrated - for obtaining the
required equilibration temperature in the hot zone. A 10 cm. long hot
zone (temperature variation within 1 K) could be obtained and this
length was more than sufficient for equilibrating: samples, the
dimensions of which never exceeded U4,0cm.x3.0emxC.C2ecm. A array of
staggered alumina baffles was pI;:ed on a pédestal (a short alumina
tubp? at the boftom of the ;orking tube for efficiently preheating as

well as mixing the gas before it enters the hot zone area. These

' £ 1] . ’ ] - «
« baffles also served as radiathp shields. A circular alumina disc with

a half inch hole in the center was used as a radiation shield for the
upper ., end of the working tube. The hole was needed for allowing the
platinum wire suspending the sample in the hot zoae to pass through.

4

€y
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3.3.4 Elect~obalance Assembly

The Cahn Electrobalance used in this study was mounted on a
sturdy #teel frame three feet above the.equilibration furnéce tube. The
pyrex flow-through tﬁbe from the balance assembly, as méntioned‘ in the
prévious section :;s connected to the alumina tube éf Ehe equilibration
furnace using water codledlo-ring joints. In order to ‘protect. the
balance from ‘hot gases emaqgting from the furnace tube, helium was
admitted into the weighing chahber through a port at the bottom of the
chémber. The helium gés from the chamber and the equilibration gas

mixture from the furnace tube were made to exit through a port in the

pyrex flow through tube located mnidway between the furnace and the

L]

balance.

Vibrations are a serious problem when small weight change
measurements are required. The Cahn 1000 bélagﬂf was equipped with an
electronic filter that couid suppress the random baékground noise teo a
great. extent, ?However, care was taken.to avoid excessive build up of
vibrations,.. The sturdy steel frame supporting the balance was placed on
a vibration isolation sytem. This vibration isolation system is made up
of blocks of different materials so that both the frequency and the
amplitude of the vibrations in the laboratory environment could be
attenuatéd. Concrete, styrofoam, and wood were placed one above the
other to form a basement; Inflated paddings are well known for
absorbing vibrations and an array of twenty fourstennis balls arranged
(glued) on the basement was found to be adequate for that'burpose. A

178 inch steel sheet placed on these tennis balls acted as a flat bottom

for the steel frame, ,

The performance of the balance was checked uhder three different

-
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conditions .(air.' vacuum, and flow conditions at room temperature énd
high temperature) before actual experimépts were conducted. Special
calibration .weights certified by NBS.'Washington were used for checking
the consistency and reliability of the readings obtained from ﬁhe
balance control unit. The weight of dummy samples_(approximately 1
gram) in air could be measured up to an accuracy of 5 micrograms. Under '
conditions of vacuum, a higherraccuracy of about 2.5 micrograms could be
obtained. In the presence of gas flow the accuracy was again 65.0-

mi#ﬂogram, but the sample weight decreased due to buoyancy effects. The
decrease was less than one milligram .in a one gram sample. Since only
weight change and not the total weight has to be accuratéiy measured in
éhis study, the buoyancy effect is negligible. For example if a  Fe-Ti
sample weighing one gram before equilibration, gains a weight of two
milligrams after a carburizing run, the carbon content would then be
- €2x100)/(1000+2+x) where x is the correction for buoyancy effects.
-Since the buoyancy effects result in a welght decrease of less than one
milligram (x<1 mg), the error in carbon content due to neglecting the
same would be in the fourth decimal place., i.e., in the above example,

the carbon content would be 0.1995+0.0001 wt%. .

3.3.5 Vacuum System

A diffusion pump backed by a mechanical pump has been used for

evacuating the sytem beforé the experimental run. The system had to bhe

evacuated for rémoving occluded gases and other gases adsorbed on
&

dessicants, etc. A special large diameter port at the bottom of the

balance chamber was connected to the pump assembly. Bellow walves in
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the connecting tube isolated the .system from the pump during
experimentation. The vacuum 1eve;s achieved during‘ evacuation were
monitored using an ionization gauge mounted near the balance. Since the
system has a largg volume and also contains large quantities of
dessicants and other gas cleaning reaéents initial evacuation was done
for an extended period of time(nearly 2 aayé).

3.4 Materials and Sample Preparation

3.4.7 Materials

The Starting materials for making the Fe-Ti, Fe=Nb ayloys were
high purity iron slugs (99.9951) and high purity titanium (99.95%) and
niobium (99.95%) wires of about 0.25 mm in diameter. For making alloys
of very lowwsolute contents (less than 0.01wt%) special ultra high
purity iron (99.999%) was used. Pure (99.95%) titanium and niobium
foils(25 microns) were used for the investigation of TiCy and NbCy
phases. These material; were supplied by Alfa Products, Danvers, Mass.,

USA.

3.5.2 Fe-Ti ancd Fe-Nb Alloy Preparation

Te bggin with, Fe-Ti and Fe-Nb master alloys containing 1 wt% Ti
and 1 wt% Nb were prepared by melting the requisite amount of component
metals in an argon are furnace, The master alloys were melted and
soldified four .times in order to achieve homogeneity. They were then
rolled into dises of about an inch in diameter for chemical analysis
using emission spectroscopic techniques. Three to four spots were made

-

and there was no significant difference in the analysis. The impurities
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present in a typical alloy are li§ted in Table 3.1. Fifteen alloys
ranging fron 0:005 Qt% to 1.0 H§$ solute (Ti'ar Nb) were made from - pure
iron and the master alloy. These alloys (approximately 20 grams each)
were melted and solidified similur to the master aliofs. In addition,
these alloys were rolled, thep b~oken into pieces and melted many times

to ensure conplete homoreneicy. Emission spectroscopy gave the

composition as well as confirmed homogeneity of the sample.

3.4.3 Specimen Preparation

The specimens for equilibration were prepared from alloys rolled
down to ‘a thickness of approximately 0.10-0.15 mm (100-150microns).
fectangular specimens measuring approximately 4.0cmx3.0cmx0.0lem were
cut: from the reolled foil. A typical specimen close to these d;;ensions
weighs about a gram which iS 2 suitable weight for carburization.
However nitrogen levels are lower by an order of magnitude in 5te§15;
Hence eight to ten foils measuring the same dimensions and gréater
balance sensitfvity {100 microgram weilght change range) were used to
enhance the resoclution. A.véry small thickness was necessary to reduce
the equilibr;tion times. However, below 150 micron thick;esg, solid
state diffusion of carbon is no longer rate controlling in the case- of

[
carburization. The 1low partial pressure of methane in the gas mixture
results in surface adsorptafn of carbén being the rate controlliaé step.
MoreoverA further reduction in thickness reduces the sample uéight and
tﬁe weight change due to carbon.  This results in Iouering the accuracy

of carbon content detérmination. The same arguments apply in the case

of nitridation below 1.0E-02 atmospheres of nitrogen.
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The tén_best specimens frbﬁ.fifteen alloys in each systeﬁ were
selected. for eduilibration. It was made sure that the samples covered
Athe whole range 0.005 wt% to 1.0 wti. Tﬁe .selected sPecimens werg
cleaneé in Ecétone and methanel to remove grease and other contaminanés;
They were then cleaned in dilute hydrochloric apid to remove any trade_
of surface oxides. Prior to actual equlibration all the specimens were
annealeq in pure hydrogen‘at 1200 C for 10 hours to remaove any residual
carbon, 5itrogen. and oxygen impurities. They were then checked under
the SEM for any trace of surface oxides. & long 'platiﬂum wire of

approximately 0.04 em. in diameter was used for suspénding.the sample

in the hot zone from the balance hook. : : f

.

»

3.4.4 Titanium and Niobium' Specimen Preparation

In the case of carburization and nitridatiéq ‘of pure - titanium
aH;’ niobiuﬁ, high purity (99.§5) foils (10 microns thick) were obtained
from.the manufacturers. There were analyzed for metallic iﬁpurities and
none was foun% to be above 250 ppm. Rectangular specimens) measuring
‘3.0cmx3.0cm were cut from these foils. A typical titanium specimen of
these dimensions weighs about 40 milligrams while a niobium specimen
weighs about 80 milligrams. Carbon and nitrogen contents go up to 10
milligrams (close to stoichiometry). A single séecimen is sufficient to
access many carbon or- nitrogen ppt;ntials for a given ‘tempercture.
Sincé the cérbides and nitrides are ceramiec, the specimen'tendé to
diﬁintegrate afte~ about five equilibration runs. New samples were

introduced whenever the sample disintegrated. Compacted powder pellet

specimens of approximately 1 c¢m in diameter and 3mm in thickness were
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alsc tried, but the inner core of the specimen took a very long time (15

days) for one equiMNbration run. This was due to sintering of the outer
layprs~ which effectively sealed the pores and prevented the gas from
reaching the inner layers. Hence foil speclmens were used even though )

they lasted for only a few equilibration runs.

3.5 Experimental Conaitions

3.5.1 Temperatdre and Pressure

The equilibration was peﬁfbrmed under isothermal and isobaric
+ !
conditions. Excellent temperature. control (-IK) was possible because qffr

a thyristor based automatic feed back control system that regulated the
power input J! the  furnace. The equxllgratlon experiments in the
Fe-Ti-C, Fe=Nb-C, Ti-C end Nb-C systems were conducted at 1273 K, 1373 )
K, and 71473 K and the Fe-Nb-N system was investigated at 1373K, 1473K
- and 1573 K. The NbNy phase was studied at 1573 K, {623K and 1673 K.
The total pressure in the system under flow conditions was just above 1
atmosphere. The actual pressure in the system was continuously measured
using a pressure transducer. The transducer operates between 1.0-1.3

-

atmosphere, and this pressure range is measured as millivelts on a

O—ioé:a. scale. This gives a resolution of 0.0015 atmosbhere per

millivolt and hence the total pressure of the system can be accurately

-

determined. All the equilibration experiments were conducted.at_g total
-~

pressure of 1.05 ( 0.0!') atmospheres, The gas blendiﬁg, system was
. [ :

preset to deliver at this pressure at all temperatures and ratios of gas

mixtures.



3.5.2 Flow Rate ‘ : o . : ‘. -

The total flow rate of all gas mixtures was fixed- at 500 ce¢ ber

e _ ™

minute. Two. factors were taken into consideration in arriving at this .
> ’ o

value, viz., thermal segregation and residence . time. Thermal

§egresation‘ (separation of heavier and 1lighter gas molecules in the
presence of a ﬁempetatUre gradiént) is a serious problem at low flow
rates (linear velocity less than 0.6: ém/s). Low flow rates also
ificrease the time for equilibration since the surface adsorption is the
.. B

.raterconFrolling step for very thin spécimens as used in this stu?;. At
high flow rates two problems arise, viz., (i) ;urbulencé—sets in. due to i
rapid expansion of large -quantities of gas near the hot zone which
results in reduced accuracy in weight change measurements and (ii) there -
is too short a'residence time for the gases in the gas clea;ing chémbers
and in the hot zcne. This short residénce'time results in thé gas not
being well pﬁrified and the gas not heating up to the equilibration
temperature. Hence an optimum flow rate of 500 c¢¢ per minute wWas

ar~ived at after many trial runs.

3.5.3 Preliminary Experimental Procedures

Prior to ea;h experimental ~un, evacuation of the 'yhole system
is carried out using a mechanical pump down to about 1.0E-02 tor=. The.
system is then flushed with a~gon and evacuated again and this procedure ~__
is reﬁéated three or four times. In order to remove the occluded gases
{n‘the furnace cﬁambers and other areas, the system is heated to about

200 C in the presence of flowing helium and subsequently evacuated to

less than 1.0E-06 torr using a diffusion pump. The system 1is checked
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for leaks by obse?ving-tpe.péessure increase with time over a 24 hour
periéd.. Since the experiments are conducted at a ;light positive
pressure (1.05 atm.), leakage into the system is neéligible. This has
been checked by }ilfing the system with heliuﬁ and observing the 'joints
and the ceramic tubé for leaks using a mass spectrometer. . The only
pfoblem is duriné the.replenishment of dessicants and bther gas cleaning
reagents which bring in some adsorbed oxygen and molisture due ﬁo their

large surface area. Therefore after every replenishment, the system is

. put  under vacuum at 1.0E-06 - 1.0E-04 torr for 2 dafs to remove most of

these trace impurities.

The actual -experimental ~un is begun with helium flowing
steadily at 500 ece¢ per minute ‘and the zero weight of the sample is
measured after allowing sufficient time for ‘the balancé control unit ‘to
attain a steady stzte. The gas cleaning furnaces are thén switched on.
The temperature of the equilibration furnace is slowly raised to the
required level. This initial heating takes roughly four £ours. Any
change iﬁ weight of ﬁhé sanple is dué to heating and also due to loss of
any trgce_impu?ities. ‘Pure hydrogen is passed into the Chambér and the
sample is allowed to attain a constant yeight. Tﬁis weight is taken as
the dynamic zero point. The equilibration experiment is then started by

introducing carburizing or nitriding mixtures. The change in weight is

continuously recorded on a chart recorder, ~

. . N
An appropriate range is chosen for recording the weight change

In the case of carburizing, a 1 gram sample picks up Img to 10mg;¥i

i
carbon when carburized to attaip 0.1 to 1wth levels, The balapce

: L
control unit set to the img range (measured as 100 divisions) gives a

.\)f



P

50

. . -~
resolution of 0.01 mg per division on the.chart recorder. If the weight
change goes above 1 mg' the automatic range expander facility in the
balance control unit resets the weight -to zero by

taring(counterweighing). Henqg a ‘Qeight change - of  10mg. could be
dete~mined to an accuracy of b.Oimg;' In the case of nitriding
experiments, the weight change for a one.gram sample is from 0;02mg to
0.2 ng corrgsponding to 20 ppm to 200 ppm nitrogen levels, To - ;mprove
the resslution, the'balance was set in éhe 100 microgran ranée and three
1 gram samples wWere used, The 100 microgram range‘is measured on the
chart recorder -on a scale of 100'divisions. This gives a theoretical
limit of 1 microgram but in practice a resolutipn- of- 5 miecrqgram was
achieved. The reduction in resolutién steﬁs from the background noise_;m
generated due to the gaS'flow, vibration; and electronics in the control
unit. |

™

3.6 Summary of Experiments

In order to test the performance of the system as a whole, a
pure Fe sample was carburized at 1273 K. The data generated in tb}s
study shows excellent agreement with the classic studies on this system
by Smith(120). The results on binary Fe-C austenite is given along with
the ternary systems in the next chapter. Ten Fe-Ti and Fe-Nb alloy;
with solute (COmposition ranging from 0.005 wt% to 1.0 wt% were
equlibrated with methane - hydrogen mixtures at 1273 K, 1373 K, and 1473
K. The gas ratio's were chosen so as to give carbon levels ranging from

0.1 wt? to 2.0 wti. Carbon levels below 0.1 wt% were not accessed as

the minimum in the solubility curve occurs around 0.4-0.5 wt%, and one

L

D’
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aim of this stuay wa; to obtain more data'point§‘near the minimum. B v’
The .Fe-Nb-N aQsten;te was iﬁ}estiéa;ed in the. temperature range
1373k - 1573 K.‘ This system, unlike the carbon ternaries does nét show
ény minimum in the solubility of the nitride. This 1s anticipated, as
the amount of -dissclved nitregen is an order of magnitude smaller
compéred to that of carbon. Hﬁwever using the sensitive ba gnce,"tﬁe
increase in the nitrogeq content due to the addition of Nb t; Fé
austenite has been measured and the ternary Nb;& inte action vin
austenite has been depermined to a reasonable degree of accuracy. The
Fe-Ti-N austenite was not investigated in this study as éhe solubility
of TikNy in austenite 1is very low even at 1473 K. The existing
solubility product determinations in the literature scatter widely as
shown 1in Téble 2.5. In 'fact a fairly accurate determiﬁation of the
solubility product was obtained from theoretical predictiogs as will be

shown in subsequent chapters.

"The binary TiCy and NbCy phases have been investigated using the
sane gas mixtures. However the iowest compesition that could be
attaineg was éround y= 0.85. This composition corresponds to the lowest
ca~bon potential experimentally achievable using gas mixtures. The NbN
phase has also been inve¥igated. This phase .has.'a narrow stability

range and the investigation was limited to three temperatures 1573K,

1623K and 1673K and 0.8<y<0.95. The experimental results obtained in

this study are given in the next charter.



TABLE 3;1\\ L

Impur ity Contents in Fe-Nb and Fe-Ti Alloys**

c < 0.5 ppm

N
0 < 0.5 ppm

L “
Cu < 107 ppm

Ni < not detected *

2 . ‘ Co- < 5 ppm
Nn. < 50 ppm 3%
Cr - not éetected *
- ‘éb .' net detected *®
Mo not detected *

W not detected *
Ti <5 ppm-
Sn < 10 ppm

Al,Pb,Zr,%,Ca,Mg,Ce,B,P,S Not detected *

* Not detected refers to levels. less than 1 ppm
**  Total impurity contents,nét more than 75 ppm

$$ Principal impurity

G

52



TABLE 3.2

-

.Composition of Fe-Nb Alloys

_—

-

Wt% Niobium **

(1) 0.005 = (Fo0loooT)

’ (2) 0.010 3 (*+0.0005)
' @  0.019% (0.0005)

(1) 0.037 = (T 0.0007)

(5} 0.054 5 (*0.001"

ak

+ . .
' (6) 0.070 ~ (Z 0.002) .

(7) 0.092 % (% 0.0005)
(8) 0.185 = (to0.002)
(9 " 0.230 % (X0.002)
(10)  0.368 2 (X0.002)
) (11 0.560 = (T0.005)
(12)  0.74 = (*0.02)
(13) 0.3 % (Xo.om

*% The numbers in the brackets refer to the spread of compositions
around the mean when measured using emission spectroscopy at
four different spots on the sample.



TABLE 3.3

Composition of Fe-Ti Alloys

We% Titanium ¥¥

'

-

(m 0.004 ¢ (+0.0013
- (2) 0.0095% ¢t 0.0015)
\ (3) 0.017 2 (*o0.0015) '
. A (4) 0.030 = (X0.002)
: (5) 0.081 2 (F0.001)
(6) 0.089 £  (£0.001)
(7 0.081 2 (%0.003) )
&) © 0.084 % . (F0.002)
(9) ' 0.102 2 (to.002)
(18) ~ 0.20 3 (Eo.on)
(11) 0.3% % (Xo.01)
(12) 0.53 (Xo.omn

Ko

(13) 0.84 <% Q.oo_a)

(14) 0.95 % (X0.05) ’
]
** The numbers in the brackets refer to the spread of corpositions
around the mean when measured using emission spectroscopy at
four different spots on the sample.



CHAPTER IV

4

EXPERIMENTAL RESULTS

~

4.1 Introduction

-

In this chapter the salient features involved in the gas
equilibration experiments in Fe-Nb-C, Fe-Ti-C and Fe=Nb=N systems will
be briefly described, The results obtained from these experiments

systems will be tabulated. The' errors associated with these results

will alif:Pe discussed.

4.2 Results for the Fe-Nb=C and Fe-Ti-C Systegs

As mentioned in the previous chapter ten alloys with
ccupesitions ranging from 0.005 wt% .Nb or fi have been equilibrated
under hydrogen - methane mixtures. .The equilibration experiments were
carried out in "two stages. Initiallx all the ten Siaoys along with &
pure Fe sample were sdmultaneously eﬁuilibratéd to various levels of
carbon ranging 'from 0.1 Wt% C to 2.0 Wt%. The carbon contents were‘
determiﬁed by we;ghing* the samples before énd after equilibration.
These ;simultaneous‘ equilibrations runs were performed to determine the
austenite - carbiée phase boundary (solubilitf limit}) as a discontinﬁity
in the variation éf the carbon content as a function of Nb o; Ti content
for a given carbon potential. Once the seolubililty limit is known, five
compositions! four 1lying in the single phase austenitic region and the
fifth lying in the two phase rgionz;ut close to khe solubility 1limit
;efe then‘ chosen for 'individual' equilibration. These equilibration

experimeﬁts were performed for accurately determining the increase in
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the'lcarbon content d:: to the additiop of Nb or Ti via dynamic weight
change measurements. 'The carbon potentials used in the 'simulténecus!
runs were repeated for these five compositions. The equilibration was
‘accessed f;om both higher.and lower potential sides..

The increase ip carbon content_is measured as the difference in
the total carbéé contents of the ternary and binary samples. The carbon
content in the binary Fe-C alloy is obtained from the equilibrated Fe
samplg as well as_an extrapclation of the carbon levels of the ternary
alloys. If there is a dﬁcrépancy between the two méasurements. the
experiments on the four alloys lying in the austenite region logether
with tge Fe sample were repeated until concurrence is obtained. This
concurrence is neceséary as it ui{l be shbwn in the-Chépter VI that the
bina~y carbon level and the. increase above this level due to ternary.
additions are the two most important quantities needed fof the
determination of the ternary interaction parameter. In the case of
carbon austenites, the ipcrease in carbon content over and above the
binary level is.significant (i.e., above 50ppm) at carbon levels greater
than 0.8% and at higher temperatures (1373K and 1473K). In order fg
obtain more data points for the determination of the ternary C-Nb _and
C-Ei interaction parameters from these cafbon content measureﬁ%nts,
equilibration was performed at four or five pq;entials above 0.8 Wt%.
The increase in carbon conten were substaﬁtial {as high as 0.01 = 0.1
Wt%) and they could.be determéizg to a high degree of accuracy ({errors
less than 3-5% of the value).The carbon contents of equilibrated Fe-Nb-C
and Fe-Ti-~C alloys at various carbon potentials are listed in Tables 4.1

» :
- 4.5 as well as illustrated in Figures 4.1 - 4.6.

v
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- Three important features are clearly borne 6ut in Figures 4,1 =
4.6, viz., (i) the solubility limit obtained as the discontinuity in the

iscactivity curves show a minimum bhetween 0.4-0.50 Qt:C in the Fe=}b-C

system and between 0.35-0.45 Wt%C. in the Fe-Ti=C system in the

temperature range 1273K-1473K; (ii) the increase in carbon content over
and above the binary level is very significant at higher carbon levels
and higher tembernﬁures as mentioned in the previous paragraph; and

(1ii) there is a substantial increase in the solubility limit at high
1

carbon levels. These three features are ﬁanifestations of strony solute

interactions in austenite and their analyses will be taken up in detail

in Chapter VI.

The solubility limits and the solubilit} products legK' and lgk
are listed in Tables 4.7 and 4.8 for the Fe-Nb-C and Fe-Tivc Sysgéms,
respectively. At high carbon levels "the change of slope ,An the
isoactivity curves is significant and hence the e~ro- K&n the
determination of the composition (especially that of Ti or HB) is\ﬁ_malIT
ﬁouever, near the minimum the erro~ in the determination of the metai
content is relatively higher due to a less prenounced change in ;ldpe.
The effect of these é}rors' on the solubility product will now be
examined. Let AWZC and AWEM be the absolute errors in the measurement
of the carbon and the metal content ét the solubility limit. The

absolute erro= in the solubility product is given by the Taylo-

expansion of the solubility product in terns of compastions.

1 [ A VEEC A Wt
810g{UERM.UERC] = ——moem | [ oo v S )
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Equation'(4;1) is written up to the second order terms. rfn the preseﬁt
case, the errors are not large enough to warrant these terms and hence
the first oéaer approximation shall be used. Secondly, the relative
er;or in the de;ermination of WtiC is very small, and therefore can be
neglected. Thus the absolute error'in the solubility product §exp?essed

in the logarithmic form) is approximately equal to the relative error in

the Ti or Nb content as shown below.

o/ e
Alog[\it_iﬁ.”t%(?] Ty xn P, :

If the compositions are expressed in mole fractions, the magnitudé of
the solubility product (in absolute terms) increases by an order of
magnitude; see Tables 4.7 and u.g) but the absolute error does not
change much as it is equal to the relative errorlin composition i.e.,

8ln{XcXpl = Lefm e 2 (4.3)
xﬂ WtaM - )

Y

"

Therefore it is better to use the mole fraction units for curve fitting
purposes, The errors associated with the soldbility products are given
in Tables 4.7 and 4.8 along with the other results. Figures 4.7 and 4.8

illustrate the linear variation of the solubility product of NbC and TiC

stenite with carbon. content at 1273K, 1373K, and 1473K. The slope
and the intercept dill be related to the interaction parameter and the

dissolution free energy of Ti or Nb in Chapter VI.

4.3 ResSults for the Fe-Nb-N System
\_—“'

In this section the results obtained from nitrogen equilibration

experiments will be presented. . Unlike. the aforementioned carbon
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systems, the Fe-Nb=N system does not exibjit a solubility mimimum or the

increased solubility of the nitride. Even though the N=Nb interaction

is strong, due to very low of solubility of ﬁitrogen. the pronounced

effects seen in the carbon systems a in the austenite = niobium

nitride equilib*ium. Therefore the ternary interaction parameter had to
be determined from: the modeét increases.ih nitrogen contents due to
niobium additions.

The nitridation experiments wére carried out on lines similar to
the carburization of Fe-Ti-C and Fe-Nb=C alloys. Ten Fe-Nb alloys along
with a pure Fe sample were 'simultaneouly' equilibrated at variou
nitrogen potentials ranging from (760mm - 50 mmHg) in the temperature.
range 1373K-1573K. The solubililty limit 13 obtained from these
equilibration runs. It is to be noted that the solubili{y limit is
sharply defined in this sysE;m unlike the carbon counterpé't. Once this
limig is known, three compositions lying in the single phase region were
re-equiliqrated individually for the accurate determination of the
increase in the nitrogen content due to ternary additipns. In, chapter
VI it will be shown that the maximum increase in nitrogen content at any
given temperature is limited by the solubility product. These increases
were. almost negligible at i373K and hence these individual
equilibrations were doﬁe only at 1473K and 1573K. In order to amplify
the difference in the nitrogen content between. the binary and the
ternary samples, large sample weights (10grams) were used along with the
balance setrto operate at the highest sentivity (100 microgéam - weight
chanxe range). If a 10 gram.sample is used, a 5 ppm difference between

the binary'and the ternary alloy will be recorded as 650 micreograms

L
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within an error of 3-5.micrograms:. If the total nitrogen in the binary
is low, say 50 ppm, this Sppm is a significant 10% vchange. Tﬁus at
lower partia} pressures the relative increase in nitrogen is significant
as a large amount of Nb is dissolved to impart its effect. The
equilibration. experiments were repeated at least three timgs to ensure
reproducibility in results.

Tables 4.9 - 4,11 list the nitrogen contents obtained in Fe-=N
and Fe-Nb-N alloys at 1375?;%%“73K and 1573K res!::éively. It can bé
seen that the maximum increase is limited at 1-2 ppm at 1373K, 4-5 ppm
at 1473K and §-i0 ppm at 1573K. Since we are basically determining the
difference between two numbers very close to each other, the error
involved is high. At high nitrogen pressures where the nitrogen
contents are about 150-250 ppm, the errors in the determination of ther
relative increases are as high as 30 percent. On the otherhand at lower
partial pressures, the nitrogen levels are around 50-100 ppm . and the’
relative increases are as high as 10-13 percent. The error aﬁ these
levels are about 10-15 percent where the lower figure.corresponds to the
higher temperature 1573K. In Tables 4.9 - 4,11, the increases in
nitreogen contents instead of total n%E:Pgen éontents Wwere given for the
ternary alloys, to illustrate the maéﬁitude and the accuracies involvedt '
It might be possible te improve the accuracies further at higher
temperatures (>1573K). However, the Nb=N interaction parameter can be
.deternined to within 15% accuracy from these results which is sufficient
.for most cases. Since the concentration of Aitrogen &s usually very

small in many steels, further refinement in the deterninﬁt{gﬁ\ of the

interaction is not worthwhile. The nitrogen contents of equilibrated —
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Fe-Nb=N alloys are illustrated in Figures 4,9 - 4.11.-

The solubility limit of NbN in austenite is fairly constant at
any given temperature as shown in Table 4.12. As the change of slbpe in
ﬁhe iscactivity curves is very pronounced at the solubility 1limit, the
errors invo}véd in the .determination of both nitrogen and niobium
contents are very sm;il. The maximum error in log(Wt:N.thNb) is 0,052
which corresponds to about 12% error 'iﬁ the determination of the
compositions (.12/2.303=0.052, see equation N.é). The solubility <limit
of Nbh 'is austenite as will be shown in Chapter VI is useful for
“obtaining a reliable value for the dissolution free energy of niobium in

I
austenite,

~

4.4 Results for Egpyand I}E&phases

The va"iatioﬁ of carbon content in Nbcy and TiCy phases as a
function of the carbon potential has been determined using the hydrogen
- methane mixtures at 1273K and 1U73K. In érder to achieve very low
potentials, premixed gases containing very low levels of methane (see
section 3.3.1) have been used. The lowest achieveable composition
corresponds  to y=0.88 .in the case of Nbcyand y = 0.86 in the case of

¥

foils measuring 3cmx3em were used for carburization. A Nb sample of

TiC, As mentioned in Chapter III (section 3.4.4) very thin (10 microns)

these dimensions weighing nearly 90 mg picks wup ;12 mg of C at
stoichiometry while a Ti ;ample‘of similar dimensions weighs 40-50 mg
and picks ﬁp 12 mg of carbon. A weight change of 0.02mg translates to
0.0016 in the composition parameter y .

The variation of the carbon content in niobium and titanium
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carbides‘ as a fuéction of the gas ratio shown in Figures 4.12 and 4.13
is listed in Tables 4.13 and 4.14. The error in the gas ratio is about
5 percent for ratios above 1.0E-04 and 10% for ratiés below that value.
As the légarithmic scale has been used Yor the axis depicting the gés
ratic in Figures 4,12 and L4.13, the errors are compressed‘and hence are
not discernible. The .error in the determination .of composition;

.

{expressed in terms of atom ratio y ) is about 0.0015 - 0.002.

5.5 Hesulis for the Egyyphase

The results 6f nitrogen equilibratioﬁ experiments obtained for
the NbNyphase are illustrated in Figure &4.14 for 1573K, 1@23K and 1673K.
They are also listed Table 4.15. The -partial pressures of nitscgen
~ange from 760mm Hg to 25 mmilg and the nitrogen contents vary féom 0.960
to €.500 in this range at 1573K: For a given nitrogen potential, as the
temperature 1is 1increased the nitrogen content decreases significantly.
This implies that the partial mol;r entropy of nitrogen should be very
siénificant unlike that of carbon in the carbides. The nitride-nitrogen
phase boundary {(y at T560mmilg) decreases with increasing temperature in
line with the phase diagram in the literature (see Figure 2.7). The
error involved in the contrél and measurement of partial pressure of
nitrogen 1is negligible (léss than 2%) as the pressures are fairly high.
The error in the determination of nitrogen.content is about the same as
that of c¢arbon in carbides. However, the changes in the composition of
ﬁitride with both temperature and pressure are pronounced compared Lo

that in the carbides and hence the relative errors are smaller in the

case of niobium nitride.
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-~

The experimental results given in this chapter wili be analyzed
in the subsequent chapters to obtaié interaction parameters in the
ternary austeniies. the binary carbides of T4 and ‘Nb and the niobiuﬁ
nitride, The thermodynamic models to be used for this analysis will be

outlined in the next chapter.

#

.
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TABLE 4.7

Experimental Results
k] B

Solubility of NbC in Fe-NbC Austenite

-

~

8y

WesC WEAND log K! Error in ln X
K'= WLIC.WL2ND  log K' K = Xy + X,
1.3 . 0.033 - 1.37 0.015 - 11,42 )
1.1 0.029 - 1.50 0.015 = 11,70\
0.81 0.025 . - 1.7 0.015 - 12.16
_0.52 0.020 - 1.99 0.040 - 12.80 T = 127K
0:U5 0.019 - 2.07 0.050 - 12.98
0.42 0.020° 2.08 = 0.055 - 13,00
0.30 0.023 -2.17 0.030 . = 13.20
0.20  0.027 .~ 2.28 0.025 - 13.44
1.84 0.162 v 0.53 0.015 - 9:52
1.486 0.101 - 083 0.015 - 10.20
1.26 0.081 - 0.99 0.020 .= 10.56
0.89 0.061 - 1.27 0.025 - 11.16 .
0.56 0.055 - 1.51 0.040 - 11.69 -~ T=.1373K
0.49 0.053 - 1.60 0.045 - 11.91 }\
0.37 0.053 - 1.7 0.050 - 12.14
0.31 0.059 e - 1.74 0.050 -12.21
0.12 0.110 - 1.89 0.030 - 12.53
2.06 . 0.404 '~ 0.08 0.020 . - B.50
1.77 0.29% -'0.28 0.025- - 8.96
1.65 0.2u7 - 0.39 0.030 - 9.20
"1.35 0.194 ‘- 0.58 0.040 - 9.62
0.88 0. 142 - 0.91 0.050 - 10.33 T = 73K
0:62 -0.123 = 1.12 0.055 -~ 10780 :
0.52 0.12% - 1.20 0.060 - 10.98
0.45 0.12% - 1.26 0.060 - 11.11
0.3%6 0.137 - 1.31 0.040 - 11.21
0.170 - 1.39- 0.030 % 11,40

0.24




1

TABLE 4.8

[

Experimental Results |

~Ti-C Austenite

Solubility of-TiC ir Fe

- N

-

-

ALY

1.64

1.33
0.8

1.60

1.08
0.79
0.65
0.57
0.47
.41
0.21

1.79
1.54
1.35
0.93
0.69
" 0.58
0.41
0.23
0.16

1.43 -
1.16 .

0.53
0.10.

1.31

0.078

WtsTi . log K! " Error in In K° .
‘ K'= WLEC.WEETL  log K' K = Xy X
i - - E
0.035 = - 1.25™  0.030 -&kgo -
0.027 - 1.42 0.035 - 10,90
0.023 - 1.52 0.040 - 11.11
0.019 - 1.65 0.040 - 11.41 T = 127X
0.0063 - 2.12 0.065 -.12.46
0.0075 - 2.40 0.065 - 13.10
0.013 - 2.90 0.055 - 14,21
0.095 - 0.82 0.015 - 9.52 ‘
0.058 __ -"1.15 0.020 - 10.25
;?Juér”‘\T - 1.34 1 0.030 - 10.68
029 - 1.65 . 0.035 - 11.37 T = 1373K
{0.025 -1.79 " " 0.0%0 - 11.70 '
0.026 - 1.83 0.055 - 11.78
0.022 - 1.99 0.060 - 12.15
0.019 - 2.10 0.050 - 12.38 -
0.025 - 2.27 0.030 - 12.77
0.31 - 0.25 0.020 - 8.23
0.21 - 0.48 0.030 - B.T4T ;
" 0.4 - 0.73 0.030 - 9.29
0.087 - 1.09 0.040 - 10.10 -
0.068 - 1.33 . 0.050 - 10.62. T = WT3K
0.063 - 1,48 0.060 - 10.87
0.065 - 1.57 0.060 - 11.17
0.068 - 1.81 0.040 - 11.69
- 1.90 0.030 - 11.91

i
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TABLE 4.12 .

Experimental Results

B

Solubility of NbN in Fe-Nb-N Austenite

-

N (ppm) Wt% Kb log K'
K'= WCIN.WLIND
240 0.0168 - 3.39
205 - 0.0187 - 3.82
169 0.0220 - 3 Wy .
145 0.0263 ~ - 3,42 T = 1373K
102 0.0349 - 3.45
95 0.0390 - 3.43
80 0.0467 - 3.42
62 0.0618 - 3.41
. ] Y
ave - 3.42
230 0.054 - 2.90
194 0.072 - 2.85
147 0.081 - 2.92
126 0.096 - 2.92 T = 1473K
103 0.110 - 2.95 =
84 0. 144 ‘e 2.91
69 0.2 - 2.95
63 0.188 - 2.93
54 0.219 - 2.93
ave - 2.92
223 0.146 - 2.49
187 0.172 - 2.47
171 0.184 - 2.50
149 0.204 - 2.52 T = 1573K
119 0.262 - 2.51
91 0.350 - - 2.49
- 80 . 0.395 O - 2.4%
. ave - 2.50 !
b
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.pﬂ==?f4r - TABLE 4.13

Experimental Results

Variation of Composition with Carbon Potentiai

7 .
ir Niobium Carbide

Gas Ratio C/Nb Atom Ratio
pu‘ . y :
S o \? .
( 5) ~ o
7.68E-03 . 0.986
. 3.35E-03 © 0.978 D
. 1.70E-03 0.970
1.07E~03 0.964 , :
6.98E-0% 0.958
4.10E-04 0.950 T = 12'&3&
1.95E-04 0.938
- 1.02E-04 0.927 -
5.02E-05 0.914
2.00E-05 0.896
A 1.00E-05 _ . 0.882
1.75E-03 0.983
1.04E~03 0.977
6.15E=04 . 0.970
4,10E-04 0.964
2.83E-04 ~-0.958
2.24E-04 0.954 T = 1473K
1.43E-04 0.946
8.10£-05 0.935
4, 12E-05 0.921 >
2.00E=05_ 0.905
1.00E-05 0.900
=



TABLE 4.14 |

Experimental Results

Variation of. Composition with Carbon Potential

in Titanium Carbide

. p—— _ — g < -—
Cas Ratie C/Ti Atom Ratio
pCH‘ y
o] 2
( “2) .
. 8.27E-03 0.965
5.30E-03 0.960
.Y - 3LH0E-03 _ _ 0.954
= ) 2.05E-03 0.949
1.00E-03 0.940 T = 1273K
4.90E-04 0.528 :
1.95E-04 0.913
7.80E=-C5 0.893
2.00E-05 0.87T1
1.10E-05 a. 861
1.32E-03 0.956
9.95E-0k 0.950
6.50E-04 0.942
4.60E-04 0.938
2.55E-04 0.930C
1.35E=04 0.919 T = 1473K
9.40E-05 . 0.912
4 _10E-05 0.889
2.00E-05 . 0.873
1.00E=05 0.864 .
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TAELE 4.15

Experimental Results

’
Variation of Composition with Nitrogen Potential

" in Niobium Nitride

- —

Nitrogen . N/Nb Atom Ratioc

Potential
y
D:j:(nmuzl)/z l
27.545 0.960
24.56 0.958 .
21.33 0.952
18.06 0.946
14.52 o 0.942 T = 1573K
12.90 T 0.936
s 10.01 0.925
©7.13 0.916
5.08 0.900
27.545 0.942
25.10 0.938
22.31 - 0.935
17.35 0.929
15,42 0.921 T = 1623K
g. 46 0.899
7.67 0.893
6.26 C.888
5.03 0.879
4,43 " 0.865
27.545 0.823
- 21.80 0.915
17.90 ° 0.906 -
14,45 *0.895 T = 1673K
12.02 . 0.889 .
5.84 0.887
8.10 0.872
s 7.13 0.867

5.55 | 0.854




CHAPTER V

- : THERMODYNAMIC MODELS

\' -
5.1 Introduction

In this cha?:er thermodynamic models relevant to the description
of dilute ternary austenites and interstitial compounds like TiCy, NbCy
etc. will be outlined. Modified Wagner formalism for dilute solutioms

will be applied to Fe-Ti-C, Fe-Nb-C, Fe-Ti-N and Fe—Nb-N austenites. The

‘correspondence between the modified Wagner formalism and the subregular

solution expressions will be discussed in the light of determining ‘the

dissolution free energy (Henry's law coefficient) of Ti and Nb in fecc

iron. Periodic correlations between Eﬁe dissolution free energy on’ the
one hand and the size factor and the acomip number of the transition
metal solutes on the other are illustrated. The sublattiqe - subregular
solution mo&e; ﬁroposed by Hillert and Staffansson is considered for the

description of the thermodynamics of the binary carbides and nitrides of

Ti and Nb. The parameters in the sublattice model will be related to the

pair interactionm energies in these compounds using statistical mecha-

nical considerations. Finally, the limitations in applying the classical
Schottky-Wagner Model for defect compounds to highly nonstoichiometrie
phases will be discussed.

5.2 Modified Wagner Formalism for Dilute Fe~M-X Austenites

According to the modified Wagner formalism (l¥-21) the variation
of_chepicél poetentials of solutes in a ternary Fe-M-X austenite (M=Ti,Nb
and X=C,N) can be writtea as

Gy = RTlnay = RTinXy + RT{1n®v, + €l X, + €} X,|

m L] M

2 -

- RT/2[e]l X3 + €X XI + 2] X.X,] (5.1)

93 -
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Gy = RTlnay = RTlnXy + RT[1n%y, + €@ X+ €l X,

i
- RT/2[€] X3 + €} XD + 26T XX (5.2)
and .

RTlnv,, = - RT/2[e] X5 + € X3 + 27 XX ] (5:3)
. (-] . .

where X{ and Y{ refer to the concentration (mdle fraction) and Henry's

law coefficient of solute i in austenite respectively. The e&'s and ei's

are the gelf- and the cross—-interaction parametfers of the solutes. Pure

metals (bec Ti, "Nb), graphite, and nitrogen gas at one atmosphere are

taken as standard states.

Equations (5.1) and (5.2) contain, the extra term RTlnYp, which
is a ﬁodification to the classical Wagner expressions. This term is
necessary for overcoming two problems inherent in the classical expre-
ssions. {19), namely, (i) inconsistency, i.e., the reciprocity relation

EJ -ei arising from the mathematical imperative
1 J

3 (aG) 3 (BG) . ‘
_ (- = —_ (— (5.4)
ani anj ) anj ani :

is satisfied only at infinite dilution and hence in general the classi-
cal expréssions for the partial molar free gnergies are not consistent
with equation (5.4).; (ii) the Gibbs-Duhem relation, Cthe other impera-
tive is also not satisfied by the classical expressions at finite
conceatration of solutes. Darken(19) proposed a 'quadrgtic' formalism
which reduced to Wagner's expressions at infinite dilution but which is
thermodynamically consistent at finite concentrations. Pelton and
Bale(20) following the lines of Darken proposed the addition of an extra
term (lnype) to the partial molar free energies of solutes fo overcome

the inconsistency.- These authors also extended this 'modified' Wagner

formalism to encompass higher order interactions while preserving the

- —
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interaction parameter notation due to Wagner. A major advantage of this

modification 1is that the existing compilations of the interaction

parameters can be used directly in the modified formalism. Hillert(2l)

-,

showed rhe correspondence -between the modified formalism and the regular
X

solution expressions. This correspondence will be used in the later
sections to obtain the Henry's law coefficient and the self interaction

parameters in the modified Wagner formalism from the regular (or sub-

regular) solution expressions.

The Henry's-law coefficient (infinitely dilute standard state)

. of
and the self interaction parameters are known rto a high degree accuracy
for the interstitial solutes, carbon and nitrogen. The values as given

by Chipman_ (25) and Hillert and Jarl (40) for Carbon and Nitrogen are

RTIn%y, = 44184 - 17.7TJoules (5.5)

RTIn®v, = =-55520 - 69.87TLogT + 317.44T Joules - (5.:6)

RTe; = 73925 Joules ' (5.7)
and

RTe! = 52300 Joules (5.8)

N

Similar values are not readily available for Ti and Nb in
austenite. However, due to the success of techniques such as computer

coupling of phase diagrams and themschemistry of many binary systems,

thesé parameters can be established to a fair degree’ of accuracy.
Kaufman (119) and the research group at the Royal Iastitute of Techno-

logy, Stockholm, Sweden have evaluated parameters describing the thermo-

'

chemistry of phases for a number of iron based binary systems. The

unknown parameters in the Wagner expression.for the binary transition

'y
metal systems can be extracted from the excess free energy functions

-
-

given by Kaufman and the Swedish group. The procedure is outlined below.
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. 5.3_Intéraccion Parameters in Fe-M Systems

Within the Wagner approximation the excess free energy and the

partial molar excess free energles of M and Fe in Fe-M austenite is

written as <
E6, = RT[ Xylny, + (1-X,)nvee | . (5.9)
) ) . o
EG; = RTlnv,* RTIny, + RTe} X, - RT/2{el X3 (5.10)
and - ‘
EG,, = RTlny,, = - RT/2[e} X;| (5.11)

1
where Xy refers to the mole fraction of the metal. The excess free

energies according to the subregular model adopted by Kaufman is given
X by : > !
86, = X,(1-x)[s1-xp +nx] © s

where g and h are the temperature dependent interaction parameters. The

expression adopted by the Stockholm group is given by

EG, = X,(1-X,)[a + B(X, - X, )] (5.13)
where A and B are the interaction parameters.. A and B can be related to

g€ and h and vice-versa as follows

- ‘ &
and

{g+h)/2 ‘(5.14)

B = Lh-g)/2 (5.159
The partial molar expressions as obtained from equation (5.13) are

EGy, = (1-X,)2[(A-B) +-4B X,] . (5.16)

and
- > . :
EG,e = X; [(A-3B) + 4B X,] (5.17)
Equating the expressions as given in equations (5.9) and (5.10) with

those. given above in (5.16) and (5.l17) one obtains the unknown para-

meters in the Wagner formalism as
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L _ . r 2 - . .
RT1n"y,= %::qFTlnvﬂ = jimgi (=X, [(a-B) + 4 Xu]1 - (5.18)
= (A-B .19
and .(A B) (5.19)
© E6,e = -RT/2[e% X2] = xZ [(a-3B) + 4B Xx] (5.20)

Neglecting the higher order terms in equation (5.20) one obtains

RTe" = -2(aA-3B) . (5.21)
In general if the excess free energy function is given by a polynomiai

of the following form

] 2’ :
6y = X,(l—X")[ko + KX, + kaXy + oeeen | (5.22)

The partial molar free energy of the solute M becomes

£6, - = (IR, [ko + 2k)X, + 3kaXi+ .oen.. ] (5.23)

and correspondingly one obtains

RTIn %y, = - Ko | (5.24)
and ‘ : -

RTe ], -2(kg~ k) (502

L

It is alsco necessary to add the free energy difference between the fcc
and bcc forms of pure M as the bcec form of the solvent has been taken as
standard state in the modified Wagner formalism. The (OGSE - och )
values have been taken from thé compilatibn of Kaufman (lU,20). Table
5.1 liscs the iac:ic; stability values and the interaction parameters
given by Murray (2) for the Fe-Ti system and by Kaufman for the Fe-Ti
and Fe-Nb systems. i

The values given by Murray hﬁve been adopted as they_reproduée
the.gamma loop in the Fe-Ti system better than those of Kaufman.
aﬁ}obium, according to Kaufman's data, behaves ideally {(with respect to
‘fcc Nb) whereas a limited investigation by Hawkins (121) predicts
negative deviations. The high solubility of niobium carbide at high

: o
carbon levels also points towards the dissolution free energy (RTla YNb)

of fcc Nb in fecc Fe being negative. The carbon niobium interaction,

N\



. i - 98

which even though it is quite pronounced at high carbon le@glg. has been

found to be insufficient to account for such high solubility of the

~

carbide. Since vanadium and - tantalum, belonging to the same group a§
niobium, also show substantial negative deviation from the idea&éfy,

niobium can be expected to behave in a similar fashion.

’

A reasonable value for the Henry's law coefficient, or a para- "
me:ér describing the excess frée‘enérgy-of mixing of £cc Fe-Nb phése._
has been ob:aiﬁed via suitable Periodic-Table cor;elafﬁons. Hume-Rothery
(122) foﬁnd_ rational correlations beéueen the size, the eleccronéga;
tivity difference and the pqs{tion of éhe solute in the periodi; table
on the one hand with the constitution of Fe-M systems on thg otlier. The
extent of the gamma phase, the tendency to form intermetgllic phases,
and the relative effects of soldte in stabilf%ing alpha ar gamma phase
correlated well with the size factof and the poéition of the solute in,

the periodic table. A similar correlation can be shown Lo exist between

‘the free energy of dissolution of the transition metal solute in fcc Fe

LY

and the aforementioned factors. The Henry's law coefficient. determined

from the excess energy expressions, given mostly by Kaufman and the

-

Stockholm group vi% equations (5.18 - 5.25), are presentea in Table 5.2.
The .correlation of these cﬁefficients with the size factor and the
position of khe sol;te in the periodic table are shown in Figures 5.1
and 5.2. The correlation with the latter is very striking, and hence as
a first approximation ‘'available' d shell electrons can be considered to
se the prééominant factor coatrolling the thermodynamics of dissolution
pf various solutes. Niobium belongs to the same éroup as vanadium (
Group V B) and its size factor (i.e. atomic &iameter calculated for .
coordination number 12) is closer to that of.:icanium. Hence an average

A

N - -
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of the values for titanium and vanadium should be a reasonable estimate.
N . . .
for the dissolution free energy of niobium. x

5.4 Thermodynamics'of Nonstolchiometric Monocarbides and Nitrides

-

5.4.]1 Introduction - ~

In this séction expressions for the partial molar free-energies
of :rangition metal and nonmetal are obtained from statistical mechani-
cal considerations applied to interscitial sol&%ion;. The pair intera-
ctiog energies are then related to the _parameters in the sublattice-

subregular model introduced by Hillert and Staffansson.

. -

5.4.2 Assumptions . .

In the following, it is asbSumed that non.stoichiometry is due to
structural vacancies in the interstitial sublactlce, the metal lattice
i .
ls completely filled and interstitial atoms and vacancies mix randomly.

5.4.3. Theory , ' .

With Guggenheim (132) the system of nj, metal atems with ng non-
metal atoms existing in the NaCl lattice can be regar;ji as a united
'ensemble' with ché‘follouing properties :

{a) Any configurétibﬁJof such an ensemble can be described by specifying
the number of geometrical locartions of occupiable sites and the ngmber
of sites actually occupied. Y

(b) The interaction between atoms that are not near.neighbors,may be
neglected and the Helmholtz free energy of the system can be expressed

as.:the sum of the free energies of interaction of the nearest atoms. The

grand partition function of such an ensemble is

! -F -
v qQ = SRR, PR} exp[k—_r (ny.nz.V.T)] (5.26)

nzl(nl— nz)!

where a), as are the activities of the components and F(nl,ngty,r) is a
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1
modified Helmholtz freée energy for the system. Pure metal and epure non-

-
-

metal are taken as the standard states. The free "energy F which appears

in equation (1) is composed of the Eotai-in:ernal energy and the vibra-

tional component of the eﬁtropy only. F(nj,n;,V,T) can be expressed as

the sum of interaction free energies in the. following way :

2

M n2 -
F(ny.n2,V,T) = (n F+ naFa) +[ = Fi1 + E;T Fsz + ny Fi2 ! (5.27)

where F) and.Fz are free energies required to transfer the metal and'the
nonmecal from the pure substance sta‘e to the NaCl ﬁﬁructure. Fj1 is the
chaégé in the M-M interaétion free energy due to addition of.-the non-
mgtél. Fi2 and Fp7 are the fre; energies of interaction betuee; M-X and
X-X atomsﬁ resgpc:ive}y. It should be azted that che f;nctions and
. formulas derived depég;\Bﬁ\the choice of variables used in constructing
the partition function. The Helmﬁoltz freeleneggy function th;: is used,
to define. the states in our partition function accounts for all® the
vibr;tional quantum states that are accessible to the system. Now, by
following the methodology of Guggeaheim (132), the chemical potentials
can be obtained as .

np =na oF

kaBal = kTln + — {5.28)
"o n; anl
and - ‘
N2gw aF )
kTlnaz; = kTin I (5.29
L—— n-n2 .onz2
—— .

From equations (5.27 - 5.29), identifying n; and ny as mole rather than

atom numbers, we obtain s ~ -
- - Fip - Fas n: 2 nip—nz
F = + — t - (—) + RTln (5.30)
! t Fl 2 - 2 N ny
and -
- ° . b1} . n
Fa = (Fa + Fi2) + Faz (=2) ¢ RTln —2 (5.31)
' Ny n;=na
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It is interesting to note that as'n2->0 in equation (5.30) the
chemical potential for the metal becomes (F; + F)1/2). F] is defined

as the free energy t¢ transfer a mole of metal from pure substance (bece

o, fec - o bee
).

state) to NaCl structure (fce) i.e.( Gy - "Gy - +Since the term.

F||/2 represents the change in the interactiomn free';;ergy between metal

atoms in %he compound phase, it should reduce to z%ro when all the
. A

nonmetal atoms are removed(n->0). When equarion(5.30) is applied to the

experimental results in the'Nb-C sygtem a large value of 80-100KJ/Mol Nb
»

is obtained for the (F}+F)1/2) term. The value fo; this term from

lattice stabilify compilations(10) is a much lower 8-15KJ/Mol Nb. Such a

large obse?ved value will corre5pond‘/;o an ;expanded' fee reference
state which does not reflect the realistic sifuation.

A better understanding of the interactions of metal and nonmetal
atoms in the NaCl lattice can be obtained by considering investigations
(133—135) on the nature of bonding in these carbides and nitrides. These
studies reveal a partly ionized state of atoms in the structure. The
+ ionization -arises due to non-metal solutes contributing "electrons” to

the transition metals like Ti and Nb in order to facilitafe bonding. It
Ah§s also been report;d {136~-138) that the degree of ionicity (electron

transfer from nonmetal to .metal atoms) increases as the non-metal
content of the compound increases. This would mean that the pair inter-
action energies should vary with cowmposition. Thus a physica} -medel
incorporating the above characteristics should reflect a more realistic
plcture. ’
| As a first approximation, pair interaction energies with linear

dependence on non-metal to metal atom ratio can be considered. Thus one

can write



'1on;é.

- F--:oF

na. 1
ij ; * (“—)

ij m Fij ‘o - —t5.32),
" where OFij and‘quj are constants. As F)) should vanish as n»->0, OFI[

N ‘
iii zero. Substituting equation (5.32) into equation.QS.ZT)'End going

through the same procedure oné can obtain expressions more general than
4 .

those in equations (5.30) and 5.31) viz.

. -7 2 3 - ,\/—\
FL o= Ao + Az(=2)"+ a3(22y7+ pT2n 222 (5.33)
. n) Ny

&

~

n -~
and 4
u— na n2 2 ns '
F2 = By + B1j(—) + Ba(—) + RTln . (5.34)
N ny . ni ni—n2
¥ k3
where -
Op e -
. s
A= {Fr+ ==} A2 = - = Faz 2R Ay = -lFar (5035
- IF
Bo = {Fa + %Fy2 + =1} Bya= 241 = (OFap + 2'F 10
3 3,
By = = — A3 = — "Fan (5.30)
2 2 ¢ .
—— ro— ’ -

Ao let x be rhe mole fraction of non-metal in the compound and by

definition
na n; n X
= X ; = ]l - x and vz = (5.37)
n1+n2 n;+ np n; l-x
*.
Next let x .
=y . (5.38)
1 - x .

Substituting relations (5.37) and (5.38) into equations (S§B3) and
(5.34) we finally obtain,

KTlna; = Ag + Aéyz + A3y3 + RTln(l-y)- (5.39)
and

RTlna->

= Y
Bg + By + Bzv" + R‘fln(l—-:) (5.40)

.
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Equacions £5.39-5.h6} describe the variation of chemical potential as a
funcrtion of composition ahd-cemﬁeratﬁre.-The parameters Ad, Az, eﬁc; are
related to the various free energy interactions and hence are composed
of energetic and entropic(vibfgtional) components.

In equation (5.39) as y—)O.‘the chemical potential of the métal
is given by Ay -‘Fl + °F11/2. Since cfll is zero, the chemical potential

P

corresponds‘to that of the pure substance staﬁdard_state (Flf i.e., fcec.

Referring bacg :olfhe physical model outlined in the previous paragraph
we can establish the sign of the various interaction energies. Since the
atoms are partly ionized in the binary transition metal carbides and
nitrides, the metal—-metal interaction and che nonmetal-nonmetal inter—
écﬁions wduld be repulsive and hence positive values can be anticipated
for the F); and the Fps terms. The metal-nonmetal interaction (F)3) is
attr?ctive in character. Since the degree of ionicity increases with the
nonm;tal content, boch‘oFlz and 1F12 in Flé -oFlz + (y Fy») should take.

negative values.

S.4.4 Hillerr - Staffansson Model

In this section, the sublattice—subregu%ir model suggested by
Hiyler: and Staffansson (2Y) will be outlined and the parameters in the
model related to the pair interaction energies described in the
previocus section.

In this sublattice model the metal atoms occupy one lattice and
the non*me:;l atoms and vacancies occupy- the interstitial subL@ccice.

The free energy of such a system can be written as -
-

0

G y G,, + (l—y)OGH?a+_R?[ylnv + (1=y)in(1l-v)]

m

T+ yQey) Lo + Lily - (1-n)1] (5.41)

-

‘where y refers to the fraction of nonmetal in the interstitial subla-
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. o .
‘:tice (which is same as y in the fgmula Mxy), GMx is the free energy

. . r
of the' stoichiometric {compound and Ly and L) are the interaction

parameters describing the excess free energy of the system. OGMVa

(Va=mvacancy) refers to the free energy of system when the interstitial
Y-

lattice is completely- vacant i.e., the free enefgy of the metal in the

pufe fce sfate. The partial quantities are obtfained as

— . Yy - )
6, = (%,,~ %fc) + RTIn(s—) + EG, . C(5.42)
¢ -y )
and » )
G, = %f°C + RTIn(1-y) + EG, . (5.43)

-

- -« /
where EGa and EGH‘ refer to partial molar excess free energies which are

given below. /,

- -

. EG, = = Lo(2y-1) - L (6y°+6y-1) L (5.44)
' EG, = ¥y [(Lo - L) + 2L,(2y-D)] (5.45)

It is to be noted that the functions multiplying the interaction parame-
ters in equation' (5.44) are the first and second order Legen-dre poly-
nomials in ¥y andmare orthogonal in the range zero to ome ( U Ly < 1)
and hence are ideally suited For curve firtting. In equation(5.45) the so
called ¢ function EEH/(yZ) is also expressed in terms of Legendre
polynomials..The constant term (Lg - L)) becomes the coefficient of the
zeroth order polynomial, pgp = 1, while 2L] is the coefficient of the
first order polynomial p; = (2y-l). Orthogonal polynomials remove 'the
ill-conditioning assoc:ll.ated with curve—fit.ting procedures and the
coefficients determined are also uncorrelated (l45). .Horeover,the-
-;ﬂredominant contributions come from the leading terms unlike the case
wherein the excess free energies are jexpressed as an ordinary power

~

series. Hence it 1is advantageous to rearrange the chemical potential
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expressions obtained in the earlier‘section in terms of orthogonal

pelynomials. In fact such a rearrangement gives a di/rect correspondence

—— - \

between t\he pair interaction energies and the interaction parameters in
:He Hillert-Staffansson mo.del. Even though there are six parameters Ag,
Az, A3, Bp, B and By describing the vz_ariations of chemical po‘ten:iais
in equations (5.39) and (5.402. they can be reduced to only two. para-
meters. By virtue of ‘the Gibbs-Duhem relation B] = -247 and By =-—
(3/2)A3 as shown in equation (5.36). Ay refers to the refer.ence state
for the metal which is the same a-s OG;ZC in the Hillert-Staffénsson
model. If the bce state is taken as reference then the difference OG;,I“—

ol

bee | : cc . . .
OGM“ is to be used instead of Gy . By, which refers to the infini-

tely dilute standard state for the nonmetal, is to be solved as a
constant in the Gibbs-Duhem integration. Ian order. to achieve compa-
tibilicy with the Hillert-Staffansson model, the free energy of forma-
tion of the stoichiomerric compound (y=1) has to be used for that
purpose, il.e.,
. ,
4G,, = Ao + Bo + (A2 + B)) + (A3 + B2) (5.46)
Since By = -2 Aj and 32 = (=3/2)a3,
' o Aj
BQ= AGHX- A0+ A:+T (5.47)
where Adﬁx refers to the free eneréy of formation of the stoichiometric
compound from the cémponent elements. Thus for a carbide, if the becc

state for the metal and graphite are taken as component elements, then

AGM_X refers to the free energy change df the following reaction :

M+ C=HC (5.48)
0 - 0 - 8] bce _ 0 -
AGnc = Gy G, Ggr ) (§'49)
. (=] . : o lee . bee
This AGyc has to be used in conjunction with A = "Gy - Gy in

equation (5.47). Thus only two parameters A; and A3 (or Bj and Bp) have
l
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to be determined. These two parameters can be related to the interaction

parameters in the Hillert-Staffansson model and vice-versa by--equating
‘the_céefficients of like powers of y in equations (5.39) and (5.40), and

f (5.42) and (5.43). Thus one obtains

) . . - o . )

- Ag = "6ESC  or gfec - Ogbec (5.50)
. ~ '
Ax = -B,/2 = Lo - 3L, - (5.51)
A3 = ~(2/3)B; = 4L, | ©(5.52)
and o

Bo = 860, = Ag + Az + (1/2)A; (5.47)
= (AGY =Ag) + (Lg = L)) \ (5.53)

5.5 Limitation of the Schottky-Wagner Model for Defect Compounds

In the last two sections, we considered the nonstoichiometric
compoﬁnd to be made up of (a) an ensemble of n; moles of metal atoms and
ny moles of nonmetal atoms, and (b) as a solid solution of n; moles of
s:oichioﬁetric compound and (n] - n3) moles of metral atoms (Hillert-
Staffansson model). ;t has alsc been shown that if the gtoichiomeéric
compﬁund is to taken as a reference state-for the néﬁﬁe:al uﬂgﬁ ;ﬁe

- -

former case, the two-apprGQChes are equivalént. As an alternative ro

these approaches, one can envision with Schottky and Wagner (80) an
equivalent solid solution of n) moles of stoichiometric compound and(n)-
n3) moles of interstitial vacancies. Now the Helmholtz (Gibbs) free

energy of such a solid solution can be written as

{

(nl-nz)!nz!

Fax, = 1 Fny + (n1-nz)8F,, + RTLn (5.54)

.

nl!
where

OFMX = free energy of a mole of pure stoichiometric compound

and

AFy, = free energy change due to formatrion of a mole of vacancies.
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-Equai'.ion {5.54) 1is closely related to the free energy expression given

- by Schottky-Wagner for defect compounds. The term AFy, in equation(5.53)

includes the internal energy and the vibrational entropy -of formation of
b

a mole of in:ersii:iai vacancigs. In order thar this formalism Pe
equivalent to the other two aéproacheé, it is clear chat AFy, caﬁhoc be
composition independgh: as assumed by Schottky and Wagner. The assump—
tion of constant AFy; is a fairly good one in cthe case of defect
compounds with very .little deviations from stoichiometry. However in
case of 'large deviations as in :he_pres;ﬁi-one, AFy,; should depend on
composition. Indeed one can obtain a good estimate of the functional
~dependence of AFy,; on composition by referring to the expressions

obtained via the statistical mechanical approach.

From equation (5.30) and (5.31) one can write®

F = anl + nz;z . ' (5.55)
- F11 F22 ,n2 24 h ns..
= Fio+ =2y — 222 (229%1 & npl(Fa + Fia) + Faa(=2)}
=y 1+ 3 > ¢ 21 (F2 12 ol
'{n;-na)!
+ RT1p 2172 (5.56)
I'u!
Rearranging the terms in equation (5.56) we obtain
: (Fy1+F22)- . n
F = ry{F +Fo+F o “T”} - (nl-nz){F2+F12+F23(-n—2)
X ! . .
- {ny—nz)q na!(n;-nz)!

+ Fzzn_-! + RT1ln T {5.57)
1 ) 1- A

Comparing equations (5.54) and (5.57)and being reminded that all Fy and

Fij are dependent of temperature and independent of composition, we note

hat .
tha Q - (F11+F22) }

an1.0= tfl + F2 + Fip + 2 (5.58)



\

and (n=n3)

AF,_ = -‘{F + Fyy + Fao(o2) & F 1 .
va = 2 12 22 ; + Fa2 o : (5.59)

2n1

Reflecting the consistency of the construction, equation (5.58) can be

N

obtained from equation (5.27) by substituting ny = n; (stoichiometry). \
The chemical potentials of the stoichiometric compound beo “and va-
cancies can now be obtainee from equation (5.57) by taking the parcial

derivatives of F with respect to nj) and (nj-nz). Thus

aF (nl—nz)z

— = F = {F‘+F +Fy ot ifli:fiil} - F22 + RTln(=2)
an,_ (nl-nz) HX1.0 ! 2 12 - 2 . 2ni 22 n,
. (5.60)
and .
aF - (ni-nz) . .
— | = F, = - (Fa+F12) + Faa(—2) + RTIn —1 "2~ (5.61)
3(n;-nz) n, ny ) n,

Combining equation (5.58) with equatiom (5.60) ui/obtain for the partial

\

molar quantities

- r (NI—nz)
Fuxioo = Faxpogm | —5—¢ (F22 + Rnn(—1> - (5.62)
and ' . . .
» -
- = 0 nz {nj=-ns) .
Fua = Fva - (;)Fzz + RTiln —m—— - (5.63)
where
%F,a= - (F2+Fi2) . o (5.64)

These necessarily satisfy the Gibbs-Duhem equation. From equation (5.63)
we conclude -cﬁa: the composition dependence of AFy, arises out of_
various interactions. Writing ;: _
N F=n, FH,1-°‘+ (“1'“2);ua \d/ii;ii}?
substituting the relevant expressions from equations (5.62) ahd~(5.63)

into equation (5.65) and rearranging the terms we obtain



0 0 - nz(nl-nz) + (nl—nzl)z -i
- n ~ 2ny :

nz!_(nl-nz)!

+ RTln (5.66)

»

ng!
where OFMan and ona are counstants as defined in equations (5.58)-and
{5.64) reSpectigely. '
The two terms multiplied by Fys in equations (5.66) which is our
correction'to the S;hoccky-wagner expression can be explicitly identi-
fied with the free energy éhange due toO nonpetal-vacancy'and vacancy-

vacancy interactions, respectively.

If in line with our mosc-generaf statistical mechanical calcu-
lation leading to relations (5.33) and (5.34), we release the -requi-
rement of constancy on the Fij- allowing them to become linear in n3/np,

we can arrive at even more general expressions corresponding to equa-

tions (5.58) and (5.59) viz.

! {

0 ' 1 L .
Fuiyo = [ F1 + For(PFia+'Fia) + — (CFii+'Frp) + - (°Faa+'F22) |
d (5.6

an e o 1. - 1 o 1 O Y
AF\.‘a = - [' [Fz-l- Fi2¢ F12 + T( Faz+"F22) + -—-2— Fiig
-1y na .- 1 na 2
+ —_— 1(0F22+1F22+21F12)(—2)} o r— 1F22(—-:) . {5.68)
2 - ny, 2 n,
- D2 r N2 2 A * .
= Pppt Pl%_—_* + Pzi } (5.69)
1 n -

-

where pjy, p; and py stand for the various interaction terms in the

brackets.

The chemical potentials of the stoichiometric compound and

., -
vacancy in the pseudo-binary solid solution can now be written as



112

2 .
= _0 (n-nx)*. 1 4 1 | _ n .
Fﬂ!l.o— anl.o - n1F t 2 (‘F22+ F22+2 Flg(n—f)] + RTlnn—f

- (5.70)

and ‘
- 0 , N2 ] 0 1 3 o - -
F\-'a = Fua - — {—-( Faa+2 Fi2) + — 1].‘22(_2)} + RTln (n;-nz)
- n 2 2 n, - _“_n2
(5.71)
where _
o - o 1 ,
Fioa® =~ (F2+ Fip+ F1/2) (5.72)

The overall free energy expression becomes

= Q

nxj.g = M Fﬂ!1-o + (np-n2) F,
na(ny-nz) 1 Ny -
- 22U 2 [ (PFaz 4+ 'Rz 4 2'F 1) + = TR |
ng 2 m
¢
2
(ny-nx)" - np!(n;=-ny)!
- ; l 0F22\+ 1F22 + ZlFlz ] + RTln 2—-—-—1—'—-——
21’11 n. .
(5.73)
where OFMxln and on3 are constants given by equations (5.67) and

(5.72), respectively. The third and the fourth ‘terms in the above

expression will still be interpreted as the free edergy changes due to

noumetal-vacancy and vacancy-vacancy interactions, respectively. Compar-

ing equacions (5.%3) and (5.66) it is seen that the energy parameters in

the latter are necessarily composition dependent.
-
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Excess Free Energies of fce Phases in Fe-Ti and Fe-Nb Systems

EG =X (1-X )[A +B(X - X ) Joules/Mole
T M M M F:e . ;
e —— — -— - i i
‘ o fee  bee o
System A B G -G Ref.
M M
FeeTi -31000 11506 - . =1004 "+ 3.76T Murray (2)
-21966 11506 Kaufman(10)
Fe=Nb 0 0. S000 + 3.56T y Kaufman(i10)
‘ }
- -

J
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TARLE 5.3

Calculated Atomic Dehmeters (Coordination MumbéF = 12)

*. Taken from

Metal Crystal. -.._.Lattice * Atomic d -d
Structure Parameter Diameter Fe M |
(KX Units) (KX Units) (KX Units)}
Cu fee 3.607h 2.5508 + 0.0226
Ni fec 3.5166 2.4866 + 0.0868
G’ fee ' 3.5370 2.5010 + 0.0724
' i 3.5540 2.5130 + 0.0604
Fe fee 3.6394 2.5734 0.0
‘ bce 2.8606 2.4473
bee (1394K) 2.9263 2.5342
.Mn fee (1368K) 3.8546 2.7256 - 0.1522
bee {1407K) 3.0744 2.7424 .
Cr bee 2.8788 2.5679 - 0.0955
v bec 3.0286 2.6956 - 0.1222
Ti bee (1173K) 3.3065 2.9435 - - 0.3701
hep 2.9504(aYy 3.0054 - 0.4320
4.6833(c) 3.0623 - (0.4889
Mo bece 3. 1405 2.8013 - 0.2279
Nb bece 3.2940 2.9382 - 0.3648
W o bee 3.1586 2.8174 - p.auuo

pi=

7 A Handbook of Lattice Spacings anthtructures of Metals and Alloys, Ed.
W.B. Pearson, Pergamon Press, (1958) page 21 and Table 7.
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- .. CUAPTER VI

ANALYSIS AND DISCUSSION

-

6.1 Introduction - _ K\J

In this chapter the thermddynamic results obtained for Fe-Ti-C,
“Fe-Nb-C, and Fe-Nb-N austénites and Ticy, NbCy. and NbNy compound phase§’
will be analyzed using the models outlined in the previous chapter.
Following the treatment of Smith and KirLaldy(139). the minimum observed
in the sdlubiiity of titanium and niopium carbide in Fe-Ti-C and Fe-Nb-C
austenites respectively, has been related to the ternary interaction
paraneter, viz, E: ard E:b . Starting with an approximate vbiue for
the interaction parameter obtained from the solubility minimum, a bette~
value has been evaluated by considering the inecr~ease in the carbon

+

content due to Nb or Ti additions. A correction term which depends on
the ternary iﬁteraction parameter is given to describe the increased
.solubility' of .the carbides at higher carbon levels. The solubility
relations and the interaction parameters obtained 1in this stgdy are
compared with those obtained by Ohtani et al.(41,42) in a parallel
investigation. Some peripdic téble trends in the wvariation of the
interaction parameters of the solutes in ternary austenites have alsoc

been established.

The thermodynamics of dilute ternary austenites as shown in the
previous chapter c¢an be satisfactorily desc~ibed using the modified
Wagner formalism. The unknowns in that description were the ternary

. . i b '
(cross) interaction parameters, 6: and ec . Moreover only an

approximate value of the Henry's law coefficient for Nb in fcec Fe is

- 116
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known. . In the following sections the experimental data obtained from
isoactivity measuréqehts in Fe-Ti-C and Fe-Nb-C systems will be analyzed
Lo obtain these parameters.

6.2 Analysis of Fe-Nb-C and Fe-Ti-C Austenites

The ispactivity equilibration measurements done in this study in

principle allow one to obtain (i) the solubility limit as the locus of
.

" composition coordinates at which the slope of carbon iscactivity curve

— —_

changes significantly and (ii) the ternary interaction parameter from
the increase iﬁ carbon content due to Nb or T} additions, Regarding the
solubility 1limit, one finds the change of siépe to be significant at
high carbon le;els {greater than 0.6 wtiC) but 1less pronounced for
isoactivity curves near the minimum (around 0.5 wt%C). The error in the
determination of the solybility limit as mentioned in Chapter IV is
significant only near the minimum (see Figures 4.1-4.6). This is due tg

the e:ror involved in the determination of HNb or Ti content being
higher,

Regarding ternary interactions, the effect of Ti and Nb on
carbon activity 1is significant enocugh to be m;asured accurately as the
increase in carbon content only when the solubility limits a;e higher, a
case obtained at higher carbon levels (greater than 0.5 wt%) and/or at
higher tem;eratgres (1373=-1573K) as shown in Figures 4_,3=8.6 and Tables
b.1-4.6. The solubility minimum which occurs around 0.4-0.5 wtibland
the iné:;ased sclubility of the carbide at high carbon levels are also

manifestations - of strong solute interactions and these effects can be

quantitatively related to the ternary interaction parameter as will be
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shownt 1n the subsequent sections. Thus the paramgfgr defining the

carbon=-transition metal solute-interactions is in principle determinable

from three sources, namely, (i) the solubility minimum (ii) the .increase
in the amount of dissolved carbon ip . austenite at constapﬁ carbon
activity due to the 'addition of Nb or Ti, and (iii) the variation of
solubility prgdﬁct with Earbbn content at higher-éérboa concentrations,
The soiubility - minimum, though not accurately determiqéble from

. experiments, nevertheless provides a quick estimate yﬁic; can be
improved by considering tﬁe other options.

w >
6.2.1 Solubility Minima and Ternary Interactions

In the following section the solubility miqimum observed in
aﬁstenite— carbide equilibrium is related to thglterna;y interaction
parameter following tﬁe methodplogy of Smith and Ki;;aldy. Let phase I
be the ternary austenite phase to which the modified Wagner formalism
for dilute solutions can be applied and let phase }I be the carbide
phase which 15'1? thermodynamic equilibrium Qith phase I; Aé constant

temperature and pressure the Gibbs-Duhem equatibns for phases I and II

in equilibrium are

X! du, + X} du, + Xidug, =0 (6.1)
VoxHdu o+ XEldu, + Xigdug, =0 (6.2

where X's are the mole fractions and u's are the chemical potentials,
Recalling that zxi=1 and subtracting equation (6.2) from (6.1) one

obtains

(XEie XD (e dupg) + (K- KD (gu,m dugp) =0 (o3
P P
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According to the modified Wagner approximation:

PN .t .
. T dX T
B L B b6 X, + €] dX, + dlnve, (6.4)
RT Jgﬁ' - . -

x - : * . Al -
e €q dX. + ] dX.+ dlny,, . (6.5)
RT il .

du - ) . .
—E%E -.dX, - dX, + dlny, R (6.6)

-
-

Substituting these three equations into equation (6.3) results after

simplification, in the differential equation g

[a/xc - bX. - X, + d]dxc + [e/X" - X, - cX, + ch!){.l - 0

= (6.7)
where n
a=x e = X} C L (.8
b= (L +el) s f=(1+eD) S (6.85)
c=(l+e) =(l+ep)y. s T e (6.8¢)
Tod= (4 X (14 exie - - (6.8d)
' . - ’
and S |
, g = (1+ehHxit 4 {1+ ehixlt«l \ (6.8e) .

where xi=xi as a shorthand notation. The optima in the soluﬁility of

the carbide if they exist are defined by: o )
Xt v Belo T 6.9
dxH dxc ’ )

‘ B — N

and are obtained directly from eqmation (6.7) as .

dX, 7 v (efX,- fX,- X, + £)

ax,  (a/X.- bX, —cX, + d)
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and X 4
. dX, .- (a/X,~ bX,— cX, + - 0 (6.11)
dX, (e/X, —-fX,- cX, + g)
- By definition in binary transition metal carbides
11 A
X1V xi =1 g %I_r =y (6.12)

L]

-

Dependihg on the approximations that can be ma&e with regard to
concentrations of the solutes- X, and X,» one can. make further
simplifications to expressions in eﬁuations (6.10) and -(6;11). Th;
‘first approximétion that can be made is that xc is- small in comparison

to X. (by three orders of magnitude) when dxtldx. is zero; _and the

reverse is true when dx./dxc is zero. Thus neglecting the term

~ containing X, in equation (6.10) and x. in equation (6.11) one obtains

quadnétic relatiqnsQ in x. and Xc respectively which can be solved for
(X.%a;, and (Xck" , respectivgly._ Thus (X.)n‘ and  (X,),,, can be
expresseqr as a function of the interaction parameters and the

composition of the carbide y as given below.

e ef .
- - - (6.13)
| Kplopt = = — [ - ] | 6
and
-~ i . a - ab ‘
(Xdopt = - —F L1 -—03 | (6.14)

Depending on the relative contribution of the second term in the
brackets, one should decide on the merits of neglecting of that term in
ﬂaﬁﬁomparison to 1.0. In Fe=Nb=C and Fe-Ti-C systemﬁ these terms, namely

ef/(g?) and ab/(d?), are generally small compared to 1.0 and hence can
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%
e 1
B y’&n + SH .
and . T , ' )
a b4 .
x e — = e ————————————— (6-16’
( c)opt d : eg + yeE . .

. wa; : .
» - N
and the optimum will exié?‘!f“;/g and/or a/d is negative,
The ternary interaction parameter G:' ¢an also be obtained from

equations  (6.10) and (6.11) in terms of- (x.thl and (X, gy

réspectively. by rearranging the terms as given below,

. 1 25
e = - 1o+ ef(X Dogp— £OL1+yI (X)) l {(6.17)
pt n'opt !
: Y(xn)oit "
and
£} = - f 1+ e8(¢x.) - —E— (1+y) (X2 0 ] kﬁ i8)
" X dopy  CFTOPE Ty ¢‘opt . e

If the contribution from the quadratic terms are not very significant
and if the carbide 1is assumed to be close to stoichiometry (an

approximation valid only when dX./ch = 0) one obtains simpler relations

corresponding to the above equétions as

»

1

e, = - = [ 1+ en(x, ] :
. Y(x")o$t + eglXydope | . (6.19)
and
= - ll‘ﬁ"flafeftx) ] o
(X dopt ¢ 7itopt (6.20)
In'Fé-Ti-C and Fe-=-Nb-C sfstems the optimum corresponding to
dx./dxt = 0 exists while the other optimum lies beyond the stability

»
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r?gion of austenite-carbide equilibria and hence is not experimentally
.attainable. Th? solubility minimum ((Xc)”g in these two systems could
be determined only to a limited?aECUracy and hence should be used only
for a first estimate of the ternary interaction parameter, The
solub@lity'minimhm occurs between 0.4Wt%C and 0.5Wt%C in Fe-Nb-C system

-

and between 0.35Wt% and 0.45Wt2C in the Fe-Ti-C system. From

-

equétion(G.EO) the t—Nb ternary interaction parameter can be determined
to b; around -50 and the C=Ti interaction parametex to be arcund -60.It
is difficul£ to estimate the température dependence of these parameters
as the minimum 1is not sharply defined. Further improvements in the

value of the interaction parameters can be made usiné’the other options

as will be shown in the subséquent sections.

\

6.2.2 Increase in Carbon Content and Ternary Interactions

: ]

The parameter E% can be determined to a fair degree of accuracy
from the increase in carbon contents due to nicbium or titanium
additions at constant carbon activity as .shown below. The carbon

activity in a ternary Fe-M-C alloy within the modified Wagner formalism

is written as

1

' roc 27 . )
In a; = 1nX, + Iy, + ef Xo = = [e0X0% + efx 0% + el X, (e.21)

Rearranging the terms in equation {6.21) we obtain
roo v ¥ 2 20 _ e
[lav, - 1n%v.] = [ef xg = 1/72{ ef(x.)%+ entx)” ] = el X, (6.22)

where 7V, refers to the activity coefficient of carbon in ternary

h ]
austenite, %Y, is known from the experimental iscactivity curves. Only
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k)

those Nb compositions that lie in the single phése ahstenitib.region are
to be considered for the deterﬁination of é: using equation (6.22)
which requires an a priori kﬁbwledge of the phase boundary. .Even‘though
equation (6.22) is directly applicable to tbe experimental results in
this study, there is an inherent prob}em in usiﬁg this eipression. A
-ciose scrutiny would reveal that the product (E: Xy ) is small(around
1.0E-02) by virtue of X. being small and this small value is obtained as

a second difference of positive terms, shown in square brackets in .

equa£ion (6.22). TherefoLe the error involved in the determination of
E: would be high. A better procedure would be to obtain expressions
for evaluating the ternary interaction parameter that can directly use
the ipcﬁease in carbon.contents measured in this study. Thé procedure
will be outlined in ﬁhe following par;graphs.

. At constant carbon activity, the ExpreSsions for the cérbon

activities in the binary Fe-C alloy and ternary single phase Fe-M-C

alloys can be equated to'obtain.

lna, InX? + anYc +eixt - cg(x§12 ‘\EL.ZB)

L
‘ 2
5 i )
InX{ + lny, + eix! - —%— [ el x4+ el(x, )%+ 26X(X 0+ €TX,

uhere x: and i:_re}er to the carbon contents in binar;’ and ternary
alloys and E: . G: “and 6: are the interzction parameters. Equation
(6.24) allows us to cancel the large contribution in 1;1@ from both
sides and on rearranging the Ferms and, denoting the increase in carbon

content as Axc we obtain
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= - €n(Xy)
2(1-Xg~aX,) 2 ol

X
In[1 + -fié-] + axeef[ 1 -
¢

Py e ™
(.1 - X; - qxc ) 7
(6.24)
~ Equation (6.2%) has been arranged in a form such that the left hand

side(LHS) contains only the compositions and the binary interaction

parameters and a graph of LHS vs x. should yield the ternary

-]
interaction parameter as its slope: This expression can be simplified

to various degrees depending on the "diluteness™ of the solutes and the -
relative magnitudes of the self interaction paFameters. If the
concentration of the alloying element M is small compared to that of
carbon as.in the present case (X, < 1.0E-02%X.) then one can neglect the
contribution due to the second order term ( €:.x: J.  As the atomie
" weights of Nb and Ti are large in comparison to that of carbon, the
contribution from this term is neglible even at concent-ations as high
as 1.0 wtINb (X=6E-03) and 0.5 WLfTi (X=5.0E-03). Typical values of the
various terms in the above equation applicable to Fe-Ti-C and Fe-Nb-C

-

sytems are given below.

XD .XE = 4-8 x 1072 X, = 1-5 x 1073
aAX, -2 : 8X, -3
‘ 10 : — s 5x 10
Xe = e (1-X.)

N\
. \
Since the relative increase in carbon content, i.e., axt/xc is of the '//EJ

. . _—’\-——‘—-_—H"‘w-__/’
order of 0.02-0.05, the logarithmic term can be expanded up to second

rder using a Taylor series, Similar expansion can be made for the term
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1701-X, -8X,) as X,+4X, is less than 1.0. Incorporating these

simplifications into equation (6.24) and ignoring the cubic terms in

caxc/xc) we get

ax ax, .2- . . -
-£? X, = __ii— [1.+ x2 + efx?] - {_Tfé—} [1 - x§ + eS(xD)%+ eE(xE)3J
b c
(6.25) -
AX - AX 2
Y - ¢ B €yt c
€c Xy = “Ef‘ [ 1+ x; + ec X, ] = {—‘E%—, (6.26)

- - -

Thus ;he ternary interaction parameter 1is directly related to the
relative increase in carbon content and the binary interaction .
parameters. Further simplification is possible, as in most cases the
contribution from the quadratic term \s less than 3-5% of the leading

term. Thus neglecting the quadratic term in equation (6.26) we get

, AXC g CoB
¢ on X° [1+x8+ efx? | (6.27)
.

|
o,
F
b
1

Simplifications in the leading can be made only if the carbon content
and the contribution from the Eixt term are small (less than 1.0E-02)
compared to 1.0. The carbon levels used for the determination of‘ the
ternary interaction parameter in this study afe high viz., 1.0<wt%C<2.0,
i.e., 0.0N<Xc:0.b8 and .since Ei is around 6.5, the contribut;on from Xt.
and 7_§£Xt are as high as 0.4 compared to 1.0 and hence further
simplification is not valid. in the case of the Fe-Nb-N syftem one can
simplify further as the nitrogen contents are two orders of magnitude
S;ZIler than the carbon levels in corresponding carbon austenites.

These simplifications will be discussed in section 6.3.1 which deals

with the determination of the Nb-N interaction parameter.
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6.2.3 The Niobium-Carbon Interaction Parameter

In this section' we determine the niobium-carbon interaction

parameter by.applylng equation (6.27) to the experimental data outlined.
. ‘

in chapter IV, Equation (6.27) is ideally suited for the determination

of 6: (rather -6: ) for the following reasons; (i) all the terms

inside the brackets are positive and hence - e:" is evaluated as a sum

of positive terms of-similar magnitude rather than dif‘fere_nce between
two large or two small terms ‘as mentioned in the earlier section, (ii)
these terms (X, and 62 ) are known to a high degree of accuracy and
(iii) the error in the value of E: is directly proportional toa the
ergor in the determination of AXC and therefore higher weights can be

given to the data corresponding to larger values Axc which are obtained

a'lt higher temperatures and higher carbon contents.

A graph depicting the variation of=-AX; /xc“:'xc"‘ €% X1 (the
right "hand side of equation (6.27)) with L i?:shown in Figures 6.1-6.3
for three Lemperatures investigated in this study. It can be seen that
thg slope which is negative and equal to 6:‘ i.s accurately determinable
at 1373K and 1473K. The sclubility is very low at 1273K and hence the
accuracy 1is reduced for that temperature. .Houever. one can extrapolate
the values obtéined at 1373K and 1473K to 1273K and cross-check it with
the " value obtained from isoactivity curves at high. carben levels
" (>1.,0wt%C) at 1273K. From the values obtained at these three
temperatures it c¢an be noted that the variatio; of the interaction
parameter (when expressed as RTE:' ) with temperatﬁre .is very small and

therefore the entropic part of the'interaction parameter should not he

very significant. The free energy of formation of these carbides which
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W is a good measure of the interaction betreen carbon and the transition
metals, as will be shown later, “~correlates well uith the ternary
interaction parameters (RTE: ;M=transition metal) in austenite. The
small changelin_interaction parameter with tempe?ature is in agreement
with the low entropy of formation observed fo} these carbides. The C=Nb

interaction parameter is determined as

"
Nb _ (65350 = 4000)

ecy = - = + 2.5 (6.28)

6.2.4 The Titanium~Carbon Interaction Parameter

The approximate termary titanium-carbon interaction obtained

. from the solubility minimum has been im&aoved by considering thé
increase in carbon contents of equilibrated Fe-Ti alloys at high carbon
and/or high températuzes similar to the Fe-Nb-C austenite ocutlined in
the earlier section. Figures 6.4-6.6 show the variation of the right
hand side of equation (6.27) with X for three %emperatures 1273K,
1373K, and 1473K. The variation 1is similar %n magnitude %o the
niobium-carbon interaction but the slope ( E:i) is more negative for the
titanium case. This is in line with the free energy of formation of TicC
being more negative compaéed to that of NbC. The temperaturé dependence

of RTEE -like RTE:L' is also very small, the reason being the same as

.

outlined in the eazrlier section. The C-Ti interaction parameter is

given by

T3 (85400 = 5000)

€c” = - T + 5.0 ~ (6.29)
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6.2.5 The Carbide Solubility and Teérnary Interactions

[

carbon levels will be described using an additional term to-the
classical solubility relatjopship. This-additional term is dependént §n
the ‘ternary interaction parameterhénd therefore serves as a means for
checking the consistency in ﬂhe experimental results. Tﬁe 'classical
part . of the solubility prqduct‘relation will be used to obtain the free
energy of dissolution of Nb or Ti .at infinite dilution (Henry's law
coefficient). It has-begn noted in the eaFlier chéptérs that the mass
action law approach is not féasible.for the analysis of the austenite -

nonstoichiometric carbide egquilibria. However, if the composition of

the carbide can be considered as being close to stoichiometry ( a

condition realised at high carbon levels), then one.can use the mass

action law to obtain simpler expressions for the solubility of the

carbide,

The mass action law for the austenite = stoichiometric c¢arbide
, .

equilib=ium can be written as

M +C =M

(5.30)

86%¢ = RTIn[a,a,] = RT{ln(x,X.) + InCy,v,)] - (6.31)

where AGorefers to the free energy of formation of the stoichiometric
carbide MC,. a, and 3 are. the act?&ities of Ti (or Nb) and carbon
reSpectivély. ﬁ; "% , X.. xc are_hhe'actiﬁity coefficient# and the mole
fractions of Ti ( or Nb) and carbon, '~ respectively. Assuming the
modified w§sner expansion for thg activities of the solutes we obtain

the solubility product from equation - (6.31) as

In this section the increased solubility of the carbide at - high

.
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. aGY, : . - . .
I3 = [ —2= ] = [ 1% ] - [eft1xp) + efi-x,)] x,
- fepa-xn + efa-xolx, (6.32)

-

The classical éolubility.product is given by thé first two terms on the

.right hand side of eqdation (6.32) and hence the correction terms due to

- solute interactions at high carbon and metal contents are given _ by the

-

‘metal soldte.is low in cowparison and hence the last term .in equation
(6.32) can be neglected. As G: is an order of magnitude 1ér§er than
eg some simplifications in the third terd are possible., The maximum

carbon content in austenite is about 2.0WtZ (X=0.08) and since €: is an

order of‘fmagnitude larger than Ez » neglecting X, in comparison to 1.0

will introduce neo égre-than 1.0% error in thé thi?ﬁ term. -The error due

to neglecting X, which is less 5.0E-03 in comparison to 1.0, will be

- -

even smaller. Incorporating these simplifications in the above equation
one obtains the modified solubility producst as

L)
-

In(XX.) = 1Ink = [ €l + €l | X, T (6.33)

where K refers.tb the classical seolubility product derived from the

first two te'rms in equation (6.32). Equation (6.33) can be written in

terms of wtiC agd WtiM by using the following conversion expressions.

xc. = i:Tt?g (1 - 0.04Utzc)\ = (::_zsc) _ (6.34a)
’ i A '
Xy = JHERND) L (uesTi)

166. 35 OO 85.77 : (6.34b)

L

It can be seen that the linear transformation from mole fraction to

succeeding terms. At high carbon levels the Zoncentration of. transition .

A T

o
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weight percgntl‘ana vie

"versa is valid only for the transigion metal
solutes and for carbon 7ontgnts'less thaﬁ' 0.5 wti. bérbon- contents
'higper than‘b.swiac carbon int?oduce an error iﬁ the sloﬁe of solubility
'vs Wt%C curves proportional to tﬁe conégnt?étion: In the range of 12
Htié the slope;is UAQereStimated hy‘S—BS if the linear dpproxiéation is
'useg‘fpr conveftihz #arbon concentFations. Hithin' this 'approximation
the variation of solu lvty product with_ﬂtzc cag be. related to the

ternary interaction par eters as given below.

r (ef + €

o i
log[ (WEZMI (WL = logk -
og[ Y(WEXC) ) °8 L (21.5)(2.309) |

(We%c) (6.35)
\ :

The solubility,limit obtained from the change in slope- of the

-isoacéivity- curves can be fitted to the equation (6.33) in order (i) to

cross—check the value of the ternary;ﬁnteraction parameter.and (i1) o
determine the }eading term defining the classical solubility-prod;ct.
" Thus a graph of in[X..Xt] ;s X, 1is a straight line with 1lnK as inteﬁcept
‘and the slope Is directly related to ihe interaction parameters as giVén

in equation (6.33).

It was noted in Chapter IV that the accuracy of determination of

the Ti or Nb content is less near the hinimum. but actual error entering

the left hand side of equation (5.33):13 very small. Tbis is due to the
concentrations being expressed in mole {raction un%fgf Moreove; the
ternary interaction parameter 6: is in consqnanée with the Wagner
expansion only in mole fractiqn units.. Therefore equation (6.33) is
better s;ited for the determination of the interaction parameter rather

than equation (6.35). Ohtani et al.(41,42) expressed their results in

the form of equatipn (6.35) to illustrate the. variation of the

-
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- solubility product observed in their study. Equation (6.35) has been

derived in - this section -to illustrate the approximations and the

attendant  errors involved.. Within 8-10% error margin equation (6:33)

-facilitates 9omparisda'of results from this study with those of Ohtani

et al.. The variation of the 1n[X, .X ] with X, and In[X, .X ].with

-

Xy, respectively were given in'Chap;er Iﬁ.in Figures 4.7 and 4.8,

6.2.6 Comparison with Results of Ohtani

.ll
Ohtani et al.(41,42) in a parallel study reported ' increased
soiubility of tRe carbide at high carbon concentrations in Fe-Ti-C and

Fe=Nb-C systems. /These authors considered the austenite and the carbide

to be isostrugtural (NaCl) and analyzed their solubility data in terms -

of fhe ublattice model. The two principal results of their

investigation. “namely, (i) the . solubility limit and (ii) the ternary
interaction paramete? can be coéﬁared with the results obtained inr this
study. Ohtani et al. expressed solubility limits in an expréssion
similar to equation'(6.35);_ Therefore the ternary interaction parameter

can be extracted from the correction term in equation (6.35). The

re§ults from this study and those of Ohtani are given in Table 6.1. The

_solubility limits obtained at 1373K and 1473K in this study for: Fe=Nb-C

and Fe-Ti-C systems have been compared with those of Ohtani et al in

Figures 6.7-6.10.

65.2.6.1 Comparisen of the Results in Fe-Nb-C System

It can be seen from Table 6.1, that the ternary interaction

parameter for niobium-carbon obtained from the results of Ohtani are

L3



138

Eey1=0) I1IN3LSNY

z._ JAN 40 LW ALINIANIGS 99 ‘94
WNIAOIN XM
"wo oL'o 2o trroe 20°0 +0°0 00°0
L q LA - L] |- L — Li — LI °° o
| 4
lowlo! ]
| . ~{os0
| J
AONIS SiHl #=-eue. ]
' {NYIHD = ’ .
- _ oot
. \ b 1]
\\
| . ]
- \\\\
£ — A — 41 Om.—

NOG¥YI XM

(IELCL=11 3LINIISNY o
N1 J9n 30 LW ALIBNI0S L'9 914
HWNIBOIN XM
1o 0L'o 30 o 90°0 10°0 000 -
v'l.q."--lu.'lﬁ' - L — Li — L - T °°°
- ¢ : ~{os'o
[}
1 . ! ]
[]
3 ' 1
’
] ‘ N 1 L
L ... ; »
- “AGALS SIHL » - -~ -+ ) 001 >
INYIHO » —— ! ] num
o
] z
-los
-
F
A- nv\\ 1 — " m i . _ n — i : OO.N




- 139

~

slightly more negative compared to the value obtained in this study but
the values are well within 10% of each other. It is also worth noting
that the entropie . component of the interaction parameters. are very

small in both inve3tigations. The solubility limits which are compared

. in Figures 6.7 and 6.8 Jshow fair agreement 3t lower temperatures (1373K
- S

and bélou) but the difference between the two data sets widen with
increasing temperature. The solubility as given by_Ohtani are smaller
than that obtained in this study. The reason for this is to be found in
the leading term in equation 6.33 which defines the classicél selubility
product expression that neglects the solute interactions. On comparing

: ]
the value for this term from the two studies (Table 6.1), it can be seen

i

tha Ohtani's result [(-HBBQ/f)¢1.18] is marked by smaller (absolute
value) enihalpic and entropic contributions compared to those obtained
in this study, viz., [(—8030/)T+3.89]. This.value is composed of three
components, namely, (i) the free. eﬁergy of formation of the
stoichiometric carbide and (ii) the free energy of dissolution of carbon
and (ii) and free energy of dissolution of niobium in austenite, The
contributions from the first Lwo 'components arc the same in both the
studie; and therefore the difference in the solubility product values
should result in different values for the free ene gy of dissolution of_
Nt in fec Fe. Tpe free energy of dissolution (RTl;anh) dgtermined in
the two studies are given in. Tabie -6.1 ‘along Lith the solupiliﬁy
products and the interaction parameters, It can bYe seen ‘thaﬁ the
RTISTh values ‘evaluated from Ohtani's results are more positive
compared to the values obtained in this study.‘ in line with the

solubility differences observed in the two studies, i.e., the lower the
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solubility the more positive is the free energy of dissolution. ‘Fj\ her

'analysis of this value-'is required for resolving this discrepancy an
shall be taken up in the section subsequent to the comparison o

results in Fe-Ti-C system.

)

6.2.6.2 Compé?ison of the Results in Fe-Ti-C System

The solubility limits and the interaction parametePg in . the
Fe-Ti-C system from this study and those of Ohtani et al. are given in
Table 6.1 aleng with the results fo; 'the Fe=Nb=C system. ‘ The
titanium=-carbon interaction ﬁarameter e*tracted from Ohtani's result
g;ven in the form of equation (6.35) is smaller c¢ompared to both the
value obtained in“ this study as*well as the niocbium-carbon parameter,
However the solubility limits (taken from Figures 3. 6c_iﬁ ref l2) given
by these autﬁors are in very close agreement with the limits obtained in
ﬁhis study as shown in Figqres 6.9 and 6.10. Therefore the expression
. : ¢ e
fof the solubility product given by OQhtani et al. f{rom which the
interaction parameter was exéracted could be in error. This expression
is also shown ianigures 6.9 and 6.10. This small.discrepaney between
the expression and the actual solubility 1limit could be due to
ill-conditioning effects that arise during curve fitting. The.
interaction parameter value obtained by refitting the solubility limits
glven by Ohtani is in excellent agreeﬁent with that determined in this
study. The classical solubllity product. values (leading term in

equation (6.35)) are also in good agreement.
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6.2.7 Free Energy of Dissclution of Nb and Ti In FCC Iron-

In this section the dicrepancy in the value of free energy of
dissolution of Nb noted in the earlier section will be examined furtﬁer.
"It was also noted that ﬁh; free energy of dissolution of Nb in fee 1iron
coulé be obtained from the_classical solubility proquct relationship
involving NbC and QLN in austenite. Thus this value can be extracted
from the solubility values given be various investigators listed in
Eaﬁles 2.4 and 2.5 in the literature review. The results obtained from
such an exercise together with the values obtained by Ohtani et al. and

those obtained in this study are gi#en_in Table 6.2.
\\\\\\;z_a//’% It can seen fromlTable 6.2 that values ranging from -12KJ/molg
. " o +1BKJ/mole are obtained. Ohtani's results range from =-5KJ/mole to
+8KJ/mole whilé' the present— study gilves ;JO(f1.5)KJ/mole in the
temperature range 1273K-1473K. itu other features ¢an be inferred from
the results illustrated in Table 6.2. Firstly, both the enthalpic and
+ entropic components exhibit a wide range of values and secondly the
values determined from the NbN solubility are more consistent than those
degermined from the HbC solubility. 1In fact the Fe-Nb-N system, as will
be.shown in a later section, satisfies all.the assumptions made in the
derivation of the classical “solubility relationship. Most of the
studies inc}uding the present one were done c¢lose to and at one
atmosphere nitrogen and hence the precipitate is close to stoichiometry,
while oniy studies done at very high carbon levels like the present one

-

satiiiy/’this requirement in the Fe=Nb-C system. The contributions

arising from solute interactions are minimal due :to very low

concentrations of N in austenite and hence the solubility limits in

L 7/~
&
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Fe-Nb=N austenite reflect~tﬁe dissolution charactefistiés bf N and Nb to
a greater degree than tﬁe corresponding carbon austenite. Moreover, the
'ﬂbN solubility can be aceurately determined as the change of gplope in
the variation of nitrogen content with niobium at const é nitrogen
potential is very pronounced. Therefore éhg values obtaiged from NbN
studies should more reliable. Thus the dissoluti;n free energy. of
.niobiug in iron should be.around —10‘£o =15 KJ/mole in the temperathre
range 1273K-1373K. | | - - | | '

In the previoq;_chapter we néted the ﬁeriodic table variation éf o
the dissolution freg energles of transition metal solutes in the first
long period. As nicbium belongs to the same group(VA) as vanadium and
since its size factor is closer t&Jthat of titanium, it was also n;;ed
that its free energy Of dissclution should li¢ between those of titanium
and ;anadium. . The wvalue obtainéd from such a correlation is around
-15K£/Hoie which 1s éloser to the values determinded from the  NbN
solubiliﬁy data. The values obtained in'this study from both éhe NbC
and NbN solublility lie around -8 to -12 KJ/Mole and hence there is
overall consistency in the experimental results. f?e following average
of the values obtained from the NbN solubility results of various
invesgigag}onsi including the present study is recommend?dhgs thé free

energy of dissolution of Nb(bee) in fee iron.

y RTIn%yy, = - 25500 + 10.9T Joules/Mol (6.36)
4 K

t
The dissolution free energy of titanium in fec iron has also

been analyzed on similar iines. Table 6.3 lists.the dissolu;idn free
energy values obtained from various investigations (Table 2.4) on the
F §
: \
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solubility' of TiC in austenite, It één be ;eeﬁ from Table 6.3 that theA
aé?eemeﬁt in thg values from 2ll the invéstigations is pgood, barring
some minor &iscfeﬁanciﬁs. The value determined from Narita's(106)
solubility data becomes more negative with increasing tempe;ature
'(positive entropj of dissoiution)r'uhilelall other data sets show the
opposite trend. The value taken from Irvine's(107) data shows a
stronger dependence on temperature compared to the other three data
sets, The folloﬁ?;EfEQeragé of the values obtained from tﬁe results of
the otffer threg investigations namely, Oﬁtaﬁi(&2). this stﬁdy and

Sharaiwa(108) is recommended as the free energy of dissolution of T1 in
5 _ .

fee iron. .

RTIn®yp; = - 60590 + 14.08T Joules/Mol © (6.3

In the previsus chapter we also détermined this. value from the
indepeﬁdent assessment of thermodynamics‘and phase diagram daﬁa-of the
Fe-Ti system by Murray(2) to be ~43.5+3.76E-03*T KJ/Mole, It is
encouraging to note that this valﬁe. though slightly lower, i3 still

fairly close(+2KJ/Mole) to the value given above in equation (6.37).

4

6.3 Analysis of Fe-Nb-N Austenite

_# In this section the results opbtained from the n{trogen
equilibration expe?iments will be analyzed lto obtain the te*naf?
niobium-nitrogen-;nteraction parameter and the solubilityilimit of_ NbN
in austenite., As mentioned in earlier chapters Fe-Nb«N system does not
show any minimum in the splubility limit nor d;es the soluSilitf of NbN

increase at high nitrogen contents. Therefore the ternary interaction
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parameter has be determined from the increase in nitrogen content due to.

addition of niobium. Iq the_féilowing_;ection the ternary interaction
parpeter in the Fe-Nb=N will be determined foliowing the procedure

outlined in section 6.2.2.

6.3.1 The Niobiﬁm‘: Nitrogen Interaction parameter

In }gction 6.2.2 we derived the relation between the ternary -
iéteract;on parmeter and the relative increase in the carbon conteﬁt at
constant carboy_activity.‘ Various approximations were given depénding
on the concentra£ion of the solutes.and the contributions due to the
binary interactionvparmeﬁer Ei . The nitrogen levels are two orders of
magnithdé smaller_ than carpon and therefore an expréssion simpler than
£he one applicable to the carbon ausﬁenites can be used for determining

the interaction parameter. Rewriting equation (6.26) for the Fe-=Nb-N

system.we get _ . .

AX - AX, -2
el Xy = —— [1exh e elxd ] - {3 (6.38)

N N

where X:

and AX, refer to the binary nitrogen content and “the increase
in the nitrogen content due to Nb additions, respectively. Typical
values of the relevant terms in this equation are

AX. = 1-4 x 1073

X} = 2-8 x 107%

XTV

" L]

-
™
xz
u
o

AX. - .
—xg"— (max) = 0.15

4]
The quadratic terms in equation (6.38) contribute a maximum of 5 percent

of the leading term and since the error associated with the
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4 ’

L] f | .
determination of. the relative increase in nitrogen content aX, 7%, is

around 5-8 percenﬁ. the quadratic term can be ignored. The largest
contributions due to‘X'-+_e:-X‘ in the leading terﬁ is 1.0E-02 ‘and
hence. can be neglected inm comparison to 1.0. Incoporating these

- simplifications in’equation (6.38) we obtain

AX
" _ n (6.39)
.d . . ) _c“ be = x: ) .

tThus the relative increase in nitrogen content is diFectly relatea to
the ternary interaction parameter, It immediately follows that tﬁe
error in the determination of the iﬁteraction parameter is directly
proportional to the error in thé relative increase in ﬁitrqgen.. In the
case of cérbqn austeniﬂes we were able to achieve high accuracies in the

determination of the relat}ve‘ increase in carbon at concentrations

greater than 1.0wt%C. In the case of Fe-Nb-N austenite at 1373K, the

. S
2 .
The amount of dissolved niobium is limited by the solubility product and

highest attainable nitrogen content corresponds to'2ﬂ0ppm at p = 1 atm. -

the increase in nitrogen content due to niobium at 1 atm. 1{s an

inSignificant 1-2ppﬁ which corresponds to 0.5 percent of the binary
.z ’

-

concentration. In order to increase the relative increase in
composition OQX./XI) as ﬁentioned in Chapter IV, equilibration at higher

temperatures and lower .partial were performed,

By rearranging equation (6.39) we nd that the rnary
interaction parameter is determined within {0 percent error ‘y the
following simple relationship with the solu i{ y product Kln'

ax
-C: = u =

T
X Nb KNbN

&

" 4

(6.40)
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A; anf given temperatﬁre the solubility product and E:' are cbnstant.
"and thus from the abofg equation.it fol;ous that there is an approximété
limit on the value.og‘Ax'. The solubility ;imitl’yaries exponentially
with Qemper?ture wherea; the inﬁeraction parmeter typically varies as
1/7T. Therefore‘axl should increase substantially with temperature. The
limit on gx, increases from 2 ppm at 1373K to 9 ppm at 1573K and
therefore measureﬁent; made at 1473K and 1573K a;e uséful’ in the
determination of phe interaction parameter. Aé we noted in the previous
paragraph the relativ; inc;ease is' more 'imporfant than the actual
in¢crease in nftrogen content. Since the upper.limit on Axn‘is more or
iéss fixed for any given temperature, it ne;essarily: follows thagl the
overall nitrogen content has to be'gmaller-for improviAg accuracy. Thus
equilibration at lower pértial pressures (25-50mm Hg) gives mo?e

¢

accurate results, At 1573K and 85mm Hg partial n;trogén'preSSUre an
increase of78-9 PPQ at ;0 ppm level {12 percent increase) -is obser;ed
and this has been measured faifiy accurately using large sample weights
(10grams). Thus a reasonable value of the Lnte?action paramete} can be
obtainéd by giving higher weights to the data obtained near the
solubility limit at lower nitrogen potentials. _The N=Nb iﬁteraction

parameter determined using equation (6.39) from the most reliable of the

data at 1473K and 15T3K are given below.

eNP (14130 = - 70 (6.41)

1+
<

I+
o

eNP (1573K) "= - 52 (6.42)

The ehtropy of formation of nitrides is very large (80-85 J/mole/K) and

hence a significant entropic component in RTEﬂr can be énticipated.

.
S e
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Since we_-have values at only two temperatuces, there could be'

significant error' in the tehpg;ature coefficient of RHE? . . The

expression for Eﬂr obtained from the.values at these two tehpeﬁatures

is'given below.
o ' (406240 = 20000) .
P = - T + 206 (6.43)°

6.3.2 Solubility of NbN- in Fe-Nb-N Austenite

The sclubility of NbN obtaine& in.this study at 1373K-1573K cah

be‘ adequately represe;ted by the c¢lassical Soluﬁility product
relationship. The correction term analogous to the one given for th
carbon austenites contributes lessﬁthan l.q percent to the solubility
_product and hence does not affect the classical solubility F?Iationshié‘
significantly. The dissolution free energy of niubiuﬁ that can be

extracted from this solubility product has been discussed in section

6.2.7. THe solubility limit of NbN in austenite is given below.

9940

log{WtINL.ULZN] = -~ 3.82 - (6.44) .

In the last féw sections we_ have extensively analyzed the
thermodynamics of the t;rnary Fe-Nb-C, Fe-Ti-C, and Fe-Nb-N au;tenites
using modified Wagner formalism in order to determine the ternary
interaction parameters, the sclubility 1im§ts of Nbc,fic. and NbN in
their respective austenites, and the &issolution free energlies of Nb and

‘ /
Ti in fee 1ron. It has all along been assumed that the precipitating

carbides and the nitride were close to stoichiomtry. This assumptiqn is

valid for the Fe-Nb=N system and at high ¢arbon levels in ;he carbon

-



49

ternaries. At" lower carbon contents (<0.1wt%) and at 'higher
temperatures the compos;tion ofl these .’ combounds ,deviaté from

stoichicmetry and it is'necessary to investigate the effect of this on

the solubility of these precipitates. This would require knowledge

about the thermodynamics of these compound phases. In the follquing.
. : ’ : ' ™

sections the sublattice-subregular model outlined in the previous
chapter‘will'be used to analyze these,compound phases. -

. Fa

6.4 Analzsis of EEF;EEEEE
As mentioned in the chapter on literature review, and'apart from
this study, lthere have been only two experimental investigations
pertaining‘to ﬁhe §ariation of partial molar free energies, namely, the
high ﬁemperature F2300K—2500K) vapour préssgre measurements by Storms et
al.(90) and t;; EMF study by Hong et al.(91) in the temperature range
f100x-1350K. Tée‘qarbon activity=-composition measurements made in this
study complement the niobium acpivities deﬁenmined in the” other two
studies. The results from all three data sets have been used in.
optimising.the parameters in the subiattice, mo&el as will be shown
below. : ' | ' L
%igures 6.11=6.13 show the variation of parti;l molaF- free
gnerg%e& of niobium at 1273K, 1600K and 2400K. The EMF‘results h%#e
been extrapolated to 2400K while the vapour pressure measurements were
extrapolated to 1273K. These widely differing temperatures have been
chosen to help understanding the behaviour of parﬁial.molar entropy of
niobium as well as to illustrate £he limitations in extrszpolating over

large temperature ranges. It can be seen that the EMF  measurements
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‘ S ' o | . . .
cannot. be extrapolated very much beyond 2400K as the partial molar free

' 0
energy of niobium goes above the reference value ( G'::c -OG:? ) . for

compositions 1less than y=0.86. This may be due to the partiql molar
entropy being in erro; for these compositions. " The partial meclar
en£ropy which shows a minimuﬁ in composition (see Table 6.4) is hegéﬁive
for all compositions investigated in the EMF study. On the otherhand,
excess
vapour pressure studies show the partial .moclar entropy of niobium to be
-ﬁegative for compositions above and positive below y=0.8. This kind of
behaviour- is also seen in the case of Ticy and hence the partial mola:
values obtained in the. EMF study for compositions below y=0.86 may be in
error. Since only compositions’ greater than 0.85 are accessed in the
present study using gas eduilibrationﬂmgthgds. ;he carbon activity below
'¥y=0.85 could not be obtained to reinforce the partial molar entropic
values o;gniobium. The results from the EMF study corresponding to
coﬁpositions below y=0.86 have not been used in optimising the
parameters. | N
The NbCy phase is in equilibrium with pure graphite at the carbon
rich - boundary. The carbon rich phase_ boundary is determined as
y=0.99+01005 gp 1273K in this study using the hydrogen-methane gas
mixture.:\aThe partial molar free energy of niobium at/that boundary
should be very close to the free enerngy Qf forméiion of the
stoi.chiometric compound which is knomﬁom independent ca_lor-imetr-ic
studies to be =137650 + 1.79T Joules/Mol Nb, The EH? sfudy gives a good
agreement with the calorimetric value for the composition y=0.98 while

the vapour pressure measurement over NbC + C by Storms gives a slightly

more negative value as shown in Table 6.4.
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this .iﬁpdy. These measuremédnts éould not be used independ?ntly to
determine the parameters as the temperature dependence of various
parameters Sould ﬂot be satisfactorily evaluated from this limited data.
. ¢
The NBC, phase is stable up to 8000 C and hence it {is necessary to
include the only available high temperature vapour pressure data in the
evaluation of the parameters. The parameters in .the sublattice model
(equaﬁions (5.39=40)) were evaluated at three temperatures, 1273K, 1600X
and 2400K usingéselected data from all the investigations. A linear
temperature 'dependence of . these parameters was then obtained from the
evalugtions at these three temperatures. For 1273K data from all the
investigations except those corresponding éo y=0.72, 0.76 from the EMF
study were u;ed,.the reason for their deletion being the uncertainty
‘over the partial molar entr;pies as mentioned in the preceeding
paragraphs. At 1600K, there is good agreement between the two niobium
data sets and hence all the data points were used. At 2U400K, only the
vapour pressure data was used as most of QHF measurements could not be
satisfactqrily extrapolated from 1200K to 2400K. The evaluated

L

parameters are listed in Table 6.6.

6.5 Analysis of TiCyPhase
There have been a few low temperature (1050-1473K) studies and
one high temperature (1900K) vapour pressufe measurement by Sto~ms{47)
| on the partial molar free energies of carbon and titanium as given in
Table 2.3 1in the literature review. The thermodynamic; of this phase

has been analyzed by Uhrenius(83), Teyssandier et al.(77), and Kaufman

ThHe carbon activity measurements were made at 1273K and 473K in.



155

and Agren{82). Teyssandier et al. used the substitutiohal regﬁlar_‘
solution model with RedlichrKiséer expanﬁion for the excess free .energy
uhile' Uhrenius aﬁd Agren used the sdblaéticg subregular'model_suggested
by Hillert and Staffansson for analyzing‘the TiCy phase. Of all the
available experimental results, vapour pressure measurements by Storms
and the low temperature EMF measurements by Koyama(B%9) have been found
to Se consistent with the phase' diagram in the assessments by the
above-mentioned authors. As there Vwas insuffic;ent data at high
temperatures, Kaufman and Agren used the high and lgr carbon phase
boundaries of the TiCy phase together with Storms datér at 1900K to
evaluate the parameters,

The carbon activity as a function of temperature and' composition
has Eeeq\measured using the gas equilibration technique by Alekseev(87)
and Grieveson(86). The activity valugs of Grieveson are very high
compared to’' those of Aleksee; "and both these Aata sets give higher
values compared to the results in this study. One of reasons for this
discrepency c¢ould be insufficient time for equilibration and possible
sintering of the powder compacts used as samples in those studies which
reduce the permeability  of thé gas mixture. It has been found that
nearly 30«50 hours are required for the carburization of a 100mg foil of
about 10 microns thick. Secondly, larée changes«in.chemical potential
of carbon are required to give significant changes in‘ composition. As
the carbon potential in the . gas decreases, the equilibration time
increases amd therefore the accuracy of gas equilibrétion technique is
limited at 1lower carbon levels. Long equilibration times (up to 120

hours) were allowed in this study and approach to equilibrium c¢ould be

.4
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'monitored continuously . by the dynam;c weight changes recorded by the

eléctrobalance. ‘The data obtained in this study is béen found to be

adequately described by Agren's parameters within the experimental
~, .

errors. The experimental results and the prediction by Kaufman and ~

Agren(B2) are shown in Figure 6.1%4 .

6.6 Analysis of NbNyPhase

In this section the variation of nitrogen content in the NbN,
. .

with partial pressure of nitrogen rneasured in this study at 1573K, 1623K

»

phase

and 1673K will be analyzed to obtain the paraméte’s in the sublattice
model. As mentioned in the litefature review, apart from this study,
there has been only cne investigation on the part gl molar properties of
the NbNy phase. Shchurik et al.(94) measured the dissociation pressure
of nitrogen in this phase in the temperature range 1523K - 1853Ks These
authqrs also analyzed their results in terms of é sublattice lattice -

regular'solutioh model and represented their results in the following

f . : _ ‘é
ore log PN {mmHg ) 172 . —6.39 + 8510 + 13.13 - 18950 ' v
2 —_— _ — |
v .
+ log] ?323:7 ) (6.45)

The first term in the above expression represents the heat of solution
of nftrogen in an infinitely dilute fec niobium alloy while the second
term represents the.change in this quantity with increasing nitrogen
content. Rewriting equation (6.45) for the partial molar free erergy of
nitrogen these two terms can be identified with 0&@3 + 1) and 2l in

“the Hillert-Staffansson model, i.e., !

162935 - 149.92T Joules {6.46)

AGO + Lg

2Lo

n

362820 - 251.39T Joules (b.4t)
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_uhere.ﬁﬁo represents the free energy of formatiqn .of stoichiomeﬁ;ic
niobium nitride from fee Nb and nitrogen gas at one atmospﬁere, and L,
is the regular solution parame;er.r The free energy of rormaéipﬁ of NON
from Dbec Nb and T atd. nitrggen from iﬁdependqnt calorimetric
measurements a; given by the compilations ofchhickﬁlul) is -236360 o+
83.7T .Jqules per mole of Nb. Considering gﬁé lattice “stability values
given by Kaufman(10) for fec Nb we obtain the free energy of formation
.of NbN f(om fec Nb as

o _ O.fcc 1 o
SnoN = CNBT T —— O,

— 2435395 + 77.14T Joules (calorimetry) (6.48)

~ 18475 - 24.23T Joules (Shchurik) (6.49)

Thus it 1s evident that tﬁeidGo value extriifeqr from the expression
given by Shchurik does not agree with the above mentioned value. TIt.is
therefore necessary to reanalyze the res#lts of Shchurik et al.The
experimental data given by Shchurik has been fitted to equation (5.45)
in order to obtain the regular solution parzmeter(L,) and the subregular
parameter (L), It was not Possible to describe these results using
Just one parameter as it gives an igconsistent'free energy of formation.
The experimental results of Shchurik together with the fit to the

sublattice model are shown in Figure 6.15. The paramters L, and L, are
given belog. . -

Lo (Shchurik) = = 191065 + 43.8T Joules {(6.50)

and
- L;.{(Shchurik) = - 87780 - 23.43T Joules {6.51)
—r— e

Figures 6.16a shows the results obtained in this study as -

variation of  excess free energy of nitrogen with the modified
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composition végiable (2y-1). The, slope of these curves gives the
interaction parimetér 2Ly wpile the inﬁercepﬁ rs_the frée energy of
formation of stoichiometric nitride from fcc Nb. The results were
expressed in this form to illustrate ﬁhe following two features, viz.,
the results can :ye adequately described using one para;eter, ana

secondly the intercept is far outside the investiéated composition

. . ' .
range. The solution range ofANbNy is wvery limited (0.80<y<0.95) and

therefore extrapolation over a-large experimentally ingccessiblg rénge }
is required to obtain thé intercept. A small change {n slope would give
a 1arge' change in the intercept and hence the error associated in the
detérﬁinaﬁion of the free energy of formation of NbN is large. In order
to overcome this problem the free enérgy of formaticn of the
stoichiometric nitride éiven in the literature can be suptracted from
the partiai_ molar excess free energy 6f nitrogen and the following
function can be plotted'againgg composition y (Figure 6.16b) to obtain
the parameter 'Ln as well as to check the consiancy,of tpis paramet:F:
The partial molar free energy on nitrogen in NbNy at 1573K andi16?3K as
predicted. by Shchurik's results and those obtained in this study is

illustrated in Figure 6.17

- (EG, - AGY) ]

|l =35~ = -to =-9070 + 57.3¢7 Joules  (6.52)

-

6.7 Effects Due to Nonstoichiomtry and Solute Interactions

In the last few sections we analyzed the variatiom of paFtial
molar free energies of components in NbCy, Ticy, and NbNy phases using

the sublattice - subregular model. It was demonstrated that these
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partial molar quantities vary very strqnély with composition. Therefore
the cd&position'of these interstitial phases can Dbe expected to vary

when precipitated in steels. The'effects due to nonstoichiometry of the

precpitaté and the solute interactions in austenite on the solubility
limit of the carbide will be invgstiéatgd in this section. In order to

delineate the effects due to the aforementioned factors, the following

three cases™in austenite - carbide equilibria will be considerzb. viz.,

: »
case (i) the precipitate is stoichicmetric and tgere are no solute

interactions in austenite, case (ii) the precipitate is stoichiometric

s
and there are solute interactions in austenite, and case (iii}) the

-

-

precipitate 1is nonstoichiometric and there are solute interactions in

-

austenite. N

In cases (i) and (ii{. since the precipitate is assumed to be
stoichiometric the mass acﬁion law can be applied to des;*ibe_the
austenite - carbide equili%riuﬁ. In the former, the behaviour of the
solutes will be henriaé while in the latter the solute interactions have
been taken into account using the modified Wagner expansion for the.
activity coefficients. The interaction parameters in the Fe-Nb-C,
Fe=Ti~C and Fe=-Nb=-N austenites have been summarized in Table 6.5. Mass

action law is not applicable for case (iii) and hence equality of

v

partial melar free energies ¢of the solutes (Ti or Nb) and C will be used

n ~

" to, solve for the solubility limit. The austenite - nonstoichiometric

¢arbide is represented by

Gy (Austenite) Gy (Carbide) (6.53)

G¢ (Austenite) = G. (Carbide) (6.54)

[
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The partial molar expressions for the solutes in austenite are gi
equations (S 1-5. 3) while those & t;he carbldes are giv’ey in, equagions
(5.39) and (5.40). In general, equations (6.53) and (6.54) can be{ used
te solve 'any two unknowns in compositions and interactions paramekers.
Since all t;:)interaction parameters are known, these two équations caﬁ
be 'solved for the composition of austenite (XE X S%le..solublllty
limit) in equilibrlum with /various compositions(y) of the carbide.
Figures (6ﬂ18) and (9,1 how the solubility limit of the cafbides in
Fe-Nb-C and Fe-Ti-C systems resjectévely at 1273K and 473K for the
. aforementioned three cases.

© The solubility éuryes can be analyzed by considering three
subregions, viz., ‘high carbon. and low metal contents (region A), low
¢carbon and low metal contents (regiqn B) and low carbon and hiph metal
- contents (region C).* These three sub regions correspond roughly to the
three areas mafked by the two minima in the carbide solubility curve.
In region A the carbon .rich austenite is in equilibrium with the carbon
rich carbide which is not far from stoigpiometry. Regarding solute
iQEfractions the effect of substitutional solute on the carbon is
s;gnificant enough to increase thelamount of dissolved carbon in ’‘single
phase aﬁstenité but the most pronounced effect is the reduction of the

Ti or Nb activity due to carbon. Therefore Ti or Nb content - has to-

increase to offset the redyction in its activity due to carbon and this

is manifested as e increased solubility of the c¢arbide. Thus the

curves corresponding to cases (ii) and (iii) which consider solute

[N

interactions should lie above case (i) as depicted in Figures 6.18 and

6.19. The 1isoactivity experiments done in this study fall in this
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region where the effects due to cross interactions of the solutes are

‘pronounced. It 1is also to be noted that the microalloyed cast irons

fall in this region. .As can be seen from Figures 6.18 and 6.19 the
content of microalloying | element in austenite in equilibrium with
carbon and the carbideras predictgd g};233es (ii) and (iii) differs from
that predicted by case (i) by an order of magnitude. Hence solut§
interacp}on effects result in increased amounts of Ti or Nb required to
precipitate the carbide in cast irons. The lower the temperature the
higher is this solute interaction effect,

In the low carbon and low metgl region (B) the carbide in
equilibrium with auétenite deviates from stoichiometry. Thé effects due
te solute interactions are negliné due to low concentration of, thé
solutes. The solubility product at these concentrations 1is to be
expressed as (X.XE ) and since xg is always greater than X, the carbon
aqd/or metal content 'has to }educe to satisfy the reduced solubility
product compared.to case(i) and (ii). Hence the predominant effect on

the solubility is the nonstoichiometry of the carbide which results in
lower scolute contents in‘austenite in equilibrium with carbiae.

In the low <carbon and high metal region (C) Dboth
nonstoichiometry and the solute interaction effects are very
significan@. As menticned above, since.the effective solubility product
express;on contains exponent vy 'to the carbon activity,‘the carbon and
for metal-has to reauce in comparison with lthe cases that ignored
nonstoichiometry (cases (i) and (ii)s. Regarding solute interaction
effects the high Nb or Ti content has a pronounced effect in reducing
the activity of carbon in austenite. This results in increased amounts

[

-
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of carbon in austenite (in other words increased solubility of the
carbide). Thus we have the optimum in the solubility curve, beyond
which the effect of Ti_o? Nb becoﬁes very significant. This region is
nét accessible for ;gperimﬂntation as the austenite phase is not stable
at these high Ti or Nb concentrations. The equilibrium (metastable) in
this reglon was calculated to 111ustrate the szmulta!"Fs effects of -
nonst01chiometry and the solute interactions. It is worth noting that
the the minima exhibited in the termwary liquid - metal oxide equilibrium
(140). in Fe-M-0 sysﬁems falls in this region. ,Hence in general it can
be concluded that. the consideration of nonstoichiometry results in a
reduction in solubility of the carbide, while conslideration of solute
interactions (primarily = the cross interaction terms) results in
in¢reased solubi;ity. The former is significant ﬁn reéions B and C
while the latter is important in regions A and C.

In the preceeding paragraphs we‘considered the effects due ¢to
‘nonstoichiometry and solute interactions on the austenite = carbide
equilibrium. These considerations can be extended in principle to the
austenite - nitride equilibrium as well, However the amount of nitrogen
di;solved in Fe-Nb-N and Fe=Ti-N systéms is very small and the nitridés
are very close to stoichiometry in. the region of interest to steels.
Effects due to Ti or Nb become significant only at low nitrogen and high
Ti and Nb (greater than 1 wt%) levels. Therefore the solubility 1imit
of the nitrides in _austenite can for all practical purposes be

adequately described using the mass action law and its attendant

classical solubility preduct relationships.

i

L)
5
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6.8 Solubility of TiN in Fe-Ti-N Austenite

The thermodynamics of Fe-Ti-N austenite and the  solubility of
TiN in austenite ha;e ﬁot been experimentally investigaﬁ;d in this
study, the reason being the very low solubility of TiN- even at 1473K.
The solubility of TiN can be calculated to a high degree of accur;cy if
(i) the free energy of foFﬁation'of TiN froT pure Ti (bece} and nitrogen
gas at one atmosphere, {ii) the dissolutiog free.energy of TL in fecc Fe

and (iii) the dissolution free enefgy of niﬁrogen gas in fcec Fe are
knoSn. The free energy of formation of TiN {s accurately known from
calorimetric studies and is l;sted in Table 2.1 along with the values
for HNbC, NbN and TiC. The ¢issolution free energy of Ti in.fec Fe has

been analyzed and a reliable and -consistent value (equatipn 6.37) has
: w5 _

been recommended in section 6.2.7. The diSsolﬁtiqhﬁfree edgggy of

nitrogeﬁ is fairly well established and the value suggested by 'ﬁgilert

and Ja%l(HO) (eqﬂatio? 5.6 and Table 6.5) can be considered for the
determiﬁation of solubility of TiN in Fe-Ti-N austenite,

:The solubility of TiN calculapedi from the f;ee éne?gies
mentioned in the previous paragraph is given below;

log[WtaTil[WtaN] = 4.01 - (13850/T) . - (6.55)

This expression is to be compared gith the solubility product values
determined by various investigators given in Table é.S. ‘Figure 6.20
illustrates the solubi;ity products obtained in these investigations.
Twe features can be nbted-from~this'figure, namely, tge slope_(enthalpié
component) is more or less same in most of the investigations, except

that of Matsuda et al.(115). The values range from -14400 to -16200 the

average (barring that of Matsuda et al.) is around -15100. The -
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calculated value of -13850 (equation (6.55)) is slightly lower but still
is within ten percent of the other values. The intercept unrortunately
varies froﬁ 3.Sé (Chino(113)) to 5.19 (Kunze(116)l'and this range gives
an order of magnitude variation in the value of K' = [WtATLil[(WtIN]. The
investigations iilustrated in Figure (6.19) fall into three levels of
;olubillty in the'témperature rangé 1173K-1673K. The high solubility
.values are given by Roberts(115) and Wada et al.{(117). In the middle
lgvel are the values determined bﬁ calculation (equation (6.55}) and
those obtained by Kunze(116). The' values sbtained by Narita et
_al.(111), Sawamura et al.(112) and Chino et al.{113) lie in the lower
level. It is difficult to assess the accuracy of ‘the vari&us
investigations as the titanium con;gnt of austen;te is very syéll upto
473K and hence the error in its determination can give rise to the
spread of solubility product values observed in Figure 6.20 . Since
the experiments can bg conducted only in a limited temperature range,
large extrapolations are reéuired to obtain the inpercept and. hence a
small change in the slope can give a large change in the intercept. As
the free energy values used in the calculation of the solubility pEoQuct
are consistent,ana reliable, the calculated value is recommendeq.

The ternary nitrogen-tiﬁanium interaction paramete? though large
in magnitude 1is aifficulp to determiﬁe from experiménts.. Since.the
effectsof interaction are not significant enough to be determinable, it
can be ignored in most cases. An approximate valge for this interaction
can be obtained via suitable correlations as will be shown in the next
section. The thermodynamics of nonstoichimetric TiNy phase was not

A

investigated in this study. Very 1low potentials of nitrogen (below

-\/ N
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'1E-05) required to obtain significant changes in the com;ositién in the’
temperature range 1573K=1773K ﬂaré not- attainable in  the gas
equilibration technique used in this investigation. Other experimehtal
'techniques like gégh teﬁpétifgzé‘vapour pressure measurements have to be
used to obtain more information on.the thermddynaﬁics of this phase.
The most recent assessment of the Ti-N system by Hre}dt and Murray (142)
-points ,fo the inconsistencies 4in the _phase diagram and the lack of
informagion on ﬁhe thermedynamics of many phaées in this system
including the cubic TiNy phase. Limited information available in the
form of the vapourhpressure measurenents err the TiNy phase by ﬁcClaine‘
and Cobpe} (48) has b;en used in the énﬁlys;;by Teyssandi et al.(77)
_and Kaufman and Agren (82) for the evaluation of péramete}s in the

solution models. ~The values of the parameters in the sublttigce -

subregulure model given by Kaufman '‘and Agren are included in Table 6.6.

J— -_— -

'6.9 Correlational Relationships fﬂg EEE Ternary In¥eraction Parameters

It is fairly well established (133) thatlthe e eiiﬁté a regular
pattern iﬁ the c¢rystal structured® of carbides ! and nitrPdes as one
travgrses along a pericd. The tendency to.form close packed structures’
as interstitial solutes are‘added increases as oné moves away from iron
to the 1ef§_of the periodic table. The group IV, V elements which exist

in bce and hep lattices on addition of interstitital solutes stabilize

¢ phase in the form of a carbide or nitride. To the right of iron
Ni, Co, Cu, etc., which already exist in fecc form énd the

carbides and nitrides of these elements are mostly unstable. Near jiron-

we see the transition from bece metals forming fec carbides to fcc metals
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forming unstable carbides and ‘nitrides. Thus Cr, Mn-and to some extent

. iron itself form complex carbides which exist in orthorhombic, .cubic and

hexagonal structures. The periodic pattern in structure is accompanied

by the anticipated wvariation of the free energies of formation of

carbldes and nitrides, ' large negative valués for group IV and V

. . -
compounds to positive values for the unstable carbides in group VII and

VIII. Since iron lies near the transition, the solutes to the far. left

form very stable carbides and nitrides (TiC, NbC etc.) and the solutes-

near iron forms complex\carbides with iron dissolved ((Fe,Cr);C ete) in

5\

them,

’ -

In Chapter V we noted ‘the periodic table /pattern in the

- . .
variation of the dissolution free energy of the sSTutes belonging to the

first long perfbd in fee iron. In this section we explore the

.

correlational relationships between the ternary tinteraction parameters
and the free energies of formation of carbides and nitrides;‘ The f{ree,

énergy of formation of a binary compound is §ng'of~the indicators of the

degree of attraction/repulsion between thejtwo compbnents that make up

‘ . the )
the compound., The more negative the free qgergy'of Formationhhlgher is
3 ) ! .

N [

’ . . L .
- the degree of attraction. ®When the two elements that form the compound
are dissolved in .a solvent 1like Fe.ﬁéepending on the nature and the

magnitude of interaction of the individual solutes with the selvent the

3 ) : ' )
one to one correspondence between the free energy of formation and the
degree of solute interaction will be affected. In the foi&?uipg
paragraph the nature and the-degree of correlation will be‘investiéated.

Figures (6.21) and (6.22) illustirate the correlation between the

: “r
ternary interaction paraneters and the free energies of formation from

. \ . >
\

- -
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" pure elements as well as from austenite: The free energy values have
" been taken from compilations of Hultgren et al.(gs and Kubaschewski
(143). The carbon intéraction parameters for Ti, Nb ﬁand V have been
_ taken from the results of Ohtani et al.(41,42) and that obt#ined in this
study. The carbon and nitrogen interactions with Ni, Mn, Cr and Mo have
been taken frdm the compilation by Sh;;ﬁa et al.(105). The recent ,‘
determination of .the V-N inﬁeracﬁion parameter byl Wada (144) anp the
Nb=N interaction parameter cobtained in this study has been considéred in
t@g correlation., The free energies of formation from austenite have

-been determined using the dissolution free energy values listed in Table

5.2.

-

From Figure (6.25), it can be seen that there is a linear
variation of the carbon-metal interaction with the_ free energy of
formation from pure elements. This implies that the interaction of the
soluies in fee iron is very similar to the interaction between these
elements in the cirbide. This s;"iking linear correlation is somewhat
lost if we instead qpnsidé? the free energy of formation {rom austenite,
The dissolution free energies of transition metal solutes in the fcc
form in fec Fe (Figures 5.1 and 5.2) vary fairly linearly, but the
lattice stabilities of solutes (free energy difference between the fcc
andl bee forms) varies in a nonlinear way with group number. Therefore
the combination of these energies which is used in the calculation of
free energy of formation from austenite varies non linearly. However,
two groups of Molutes can be identified, those that farm cubic carbide§
' {group IV and V) and others that form hexagénal. orthorhombic carbides

(Cr,Mn,W, Mo etc.) and a fairly good correltion exists within each
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group. : .
The nitrogen-metal interaction shows a similar pattern as the
carbon counterpart. However, the errors involved in the determination

of the nitropgen interaction parameters are higher. The correlation of

the interaction parameter with the free energy of formation of nitrides

~ (from pure elements as well as from austenite) is fair. The correlation

-

can be extrapclated te obtain an approximate. value for the

titanium-nitrogen interaction parameter. The value determined from the

extrapolation is included in the summary of interaction parameters given

'in Table 6.5. ) Ce-
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TABLE 6.1
Solubility Limit and Ternary Interactions
in Fe=Ti-C and Fe=Nb=C. Systems .

o v e

Fe=Nb-C -

Solubility

- (B030/T) + 3.89 + [(1150/T)-0;E§}-Wtﬁc | (This study)
i - (4880/T) '+ 1.18 + [(1590/T)-0.10] Wt%C (Ohtani)
R'l'lr?‘Y“‘ -.27950 + 13.0_T Joules (This 'st.udy)
_ - 88235 + 64.85T Jouies (Ontani)
(3 j - (65840/T) + 2.5 (This study)
— (87620/T) + 5.0 (Ohtani)
Fe-Ti-C
S ——- —_ —— - b
Solubility - (9420/T) +\§§Qj + [(1545/T) =~ 0.1] Wt2C  (This study)
nme - (8970/T) + u.z‘\+ i(guoxT) - 0.2] Wt%C “(Ohtani)
~ (8970/T) + 4.2 + [(1600/Ty - 0.2] wn:é (Ohtaniy~
refitted)
R'I‘ln‘o‘YTi - 51990 « 8.98T Joules (This study)
- 60595 + 14,.08T Joules (Ohtani)
€ - - (85360/T) + 5.0 (This study)
- (55435/T) + 10.0 (Ohtani)
M - (88115/T) + 10.0 (Ohtani; _
refitted)

. )
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TABLE 6.2 .

L

D'issBiut.ion Free Energy of bee Niobium from Solubility Studies

- ——

-——

—— — p——

Solubil ity-Product

b . St

10000 -11840

RT1RY, (Joules)
log[NbIIX] = A+B/T
I B 1273K 1373K 147 3K Reference
- Fe-Nb-C
2.50 - 7500 - 2557 574G - 8940  de Kazinczy(96)
5.6 - 7700 - 438 2218 4873 Mori e
3.42 = 7900 - 2u58 - 262 1933  Narita (98)
3.0 - 7290 . - 4875 - 1952 - 971 HMeyer (99)
3.70 - 9100 13693 15352 17013 Smith  _(100)
537 - 5290 1000 1337 1754  Johansen  (101)
3.31 - 7970 1563 3970 6376 Koyama {103}
i 1.18 ; 4880 _ 5684 800 7285 - Ohtani (41
3.69. - 8030 -11425 -10130 - 8832 This study
\ ) FeaNb=N
5,04  -.10230° =12166 -11807 _11226  smith (109)
2.80 - - B500 15067 -12333 Z 9378  Narita (95)
3.79 - 10150 - 7604 - 6766 - 5707 Mori (110)
4.2 - -10960 =-10070 This study
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TABLE 6.3
Dissolution Free Energy of bec Titanium from Solﬁb'ility Studies
l\\.\ -
— T - —
. o
Solubility Product - R'I‘ln‘rr {Joules) R
1og[Til[C] = A+B/T ' - . .
A B 1273K . 1373K° 1473K Ref \

5.33 ~-10475 41423 -42180 . -42936 Narita (106)

2.75 - 7000 245073 -40890 -36707  Irvine  (107)

§.03 - §720 -43340 ~41607 -3G874 Sharaiwa (108)

4,47 - 9420 -42696 -41289 -39883 Ohtan (a1)
L 5,20 - 8970 .| -40661 -39874 -38881  This study
. . 2
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TABLE 6.4

:Niobium Activity Data From Vapour Pressure and EMF Stuqies

-

-

"

log a(Nb)

| = Vapour Pressure Measurements
' (2300-2500K) -

= A+ B/T s

EhF Measurements
(1100=1350K)

y in NbC, A B y in NbQ, 2 B
0.667 - 0.6913 . + 1059 0.720 + 1.927 - %358
0.696 - 1.140  + 1884 0.760  + 1.537 , - 424§
:0.700 - 1.0826  + 1554 0.810 + 2,441 - 5915
0.752 - 0.3915 - 701 0.860 + 2.610 - 6770
0.753 - 0.3370. - 720 0.910  + 1.608 - 6772
0.537  ~0.7136 - 1203 ' 0.956 * 1,79 - 7494
0.842 - 0.158% - 2547 70.980 -+ 0.674, - 7872
0.950 - 0.3119 - 5200
0.965 . - 0.5915 - 3956 )

NbC + C = 0.3298 - 8147

aGg - 137653 + 1.79T J/Mol Nb (Calorimetry, Schick(141))
RT1n[a(Nb)] 3 : .
at NbC + C - 155985 - B.23T Joules (Vapour Pressure, Storms{(90))
RTLn{a(Nb)] F ‘
at y = 0.98 (EMF,Hong (91))

- 150720 + 12.9T Joules

[ 4
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TABLE 6.5 — .
Summary of Interaction Paraﬁeters in Fe-Ti-C, Fe-~Nb-C, Fe-Ti-N and

Fe-Nb-N Austenites .

vVt
(All values in Joules/Mole)

5 N U

44184 - 17.7 T

RT1n v,

RTIny, . =% - 55520 - 69.87 TlogT + 317.47 T -

Al

L RTIn%yy, = - 25500 + 10.9 T
ra
° ' o’ Y
RTIn"yp; = - ~— 60590 + 14.08 T
RTe{ = ~ 73925
RTe! = 52300
Nb . .
RTer_ = - ZRTln YNb .
RTeId = 131035
RTeRP = - 543300 + 20.75 T
RTeL! = - 709980 + 41.50 T
RTeNP = - 3379500 + 1970 T
RTey: -= - 5861000 + 3190 T

* Approximation

** Obtained via correlations N
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CHAPTER VII

! "CONCLUSIONS

In the following. the salienQ‘features'of this study are summa®ized.

The thermodgpamics of Fe~-Nb=C, Fe-Ti-C, and Fe-Nb-N austenites have

s

been investigated. vii a dynamic gas equilibration method., A veéry
sensitive Cahn miérobalance has been used to determine the

~
concentration of carbon or nitrogen from weight c¢hange

mneasurements.

’ v N
The effects of niobium=-carbon and titanium-carbon interactions in

austenite have been, observed (i) as a minimum in the solubility
curve, (ii) as increases in carbon contents due to Ti or Nb
additions at constant carbon potentials and (iii) as the variation

of solubility limit of the carbides with carbon g¢ontent at high

carbon levels,

”

-

The results on the isoactivity mea§G¥ement§*}n the ternary Fe-Ti-C
and Fe-Nb-C and Fe-Nb-N austenites~have been analyzed using the

' |
modified Wagner formalism. The ternary interaction parameter Ee

(M = Ti,Nb) has been quantitatively related to the solubility
minimum and the relative increase ih carbon conteét. .The
parameters ,E: and G:h have been determined using the latter
relationship.

~ ’ 185
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"~to the classical solubility
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4

The solubility limits of the <carbides (TiC and NbC) have been

determihed from the discontiﬁuity in the variation of carbon

s ~ ., ) ] A .
content with Nb or Ti at constant carbon activity. A correction
i . “

Yterm depen&ing‘on the ternary interaction parameter has been added

product rélationship in order to

-

desc-ibe the variation of the solubility limit of the carbides at

'

high carbon levels. The solubility limits dere used to crpss-check
the  ternary interaction parameter obtained from relative increase
in carbon content as well as to detertine the dissolution free

«

energyﬁof Nb and Ti. . 4

The dissolution free energies of Nb and Ti determined from the
various solubility investigations have been analyzed. Periodic
Tablé variation of the dissolution free energies and the
consistency in the values obtained from varicus Inv%?tigations on

solubility have been used as the criteria in the assessment of the

values for the Ti and Nb.

P
The Nb-N inte-action parameter has been determined to a reasonable

-
degree of accuracy from the relative increas® in nitrogen contents

—

Qu€ to Nb additions. The solubility of NbN has also been

determined. The _NbN  solubility can be adquately described using

the classical solubility relationship.

The” thermodynamics of the nonstoichiometric monocarbides and

mononitrides of Ti and Nb have been analyzed using the sublattice -



o

subregular model suggested by Hillert and Staffansson. Expressions’
describing the vériation of the partial molar free energies of the

components have also been obtained via statistical meghanicél“

<
-

considerations of interstitial solutions. The variation of pair

interaction free energies and _tﬁe vibrational entropy with

compqSition have been incorporated in the description. The

parameters in the Hilleri—Stéffansson model have been related to

the pair interaction energies.

-

The limitatioﬁs in applying the classical Wagner-Schottky model to
highly nonstoichiometric carbides and nitrides}have been discussed.
The necessary modifications to the Wagner-Schottky model have been

made DLy referring to the gxpressions obtained via the statistical
mechanical approach. ~

-

»

The thernodynamics of TiCyand NbCy phases have been inveéﬁigated

using the gas equilibration techniques at 1273K and 1473K. The NbNy

- phase has also been investigated at 1573K, 1623K and IGTEK. The

results determined 1in this study together with those.available in

the liter-ature have been analyzed for the evaluation of the

interaction parameters in the sublattice model,

——

1¢. The effects due to solute interactions and the nonstoichiometry of

-

the carbises on the solubility of Nbcyand Ticyin their respective

»

ternary austenites have been investigated. The nonstoichiometry is

found to be significant in reducing the solubility at low carbon
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levels, while the solute interactions (the c¢ross interaction
terms), increase the solubility at high carbon and high metal
contents.

The solubility of TiN in Fe=Ti-N austenite was calculated using the
free energy of dissolution of Ti evaluated in this study. The
calculated valﬁ; has been compared with the existing daﬁa in the
literature. |

Finally, a correlational relation between the ternary :inte'action
parameters  and the free energies of formation of carbides and
nitrides was established. An  approximate value for the

nitrogen-titanium interaction parameter has been evaluated by

extrapolating the correlational relationship.
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