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ABSTRACT

The austenite-niobium carbonitride equilibrium has been accurately
characterized between 1000°C and 1250°C for commercial steel compositions.’
A closed capsuﬂg technique using hydrogen as carrier gas has been employed
to(equilibrate-Fe-Nb alloys with Fe-C alloys and determine the Y/y+Nbe
phase boundary in the temperature range 1000-1250°C. The results have ~
been used to define the.solubility of.niobium carbide in austepite with
improyved accuracy. Solub;lity limits hav; also been determined by chemi-
cal analysis of carbides extracted from a laboratory melted steel. A

defect carbide NbC and a carbonitride NbC have been identi-

0.9 0.91%.04

fied as the equilibrium precipitate compositions at 1000°C in two steels.

To test the data for thermodynémic consistency detailed analysis
of‘tﬁe thermochemical data'éf the defect carbides of niobium has been
made. The thermodynamics of the binary Fe-C, Fe-Nb and Nb-C systems have
been utilized to determine the Y/Y+Nbe equilibrium over relevant coﬁposi-
tion and temperature ranges énd this is in good aéreemént with the experi-
ments. Solubility product relations ére given for the carbidé NbC(').87 as
this carbide composition has been ;hown to be a justifiable average equi-
librium composition over the temperature range in this study. The carbide
solubility relations have been used along with the reported carbonitride
solubilities, toiestimate the solubility relation for a metastabie cubic
nitride of composition_NbN0‘87. ‘

Ap accurate method for calculating the composition and solubility
of nonstoichiometric carbonitride précipitatés in steel has been devised

+

using the above carbide and nitride solubility relations and treating the
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carbonitrides asScompounds with a fi%ed nonstoippiometry NbeN(0.87-x)'
The effects of Mn, Si, Cr, Ni and Mo on the solugilities of carbonitrides
have also been evaluated and it i3 showﬁ that the carbonitride solubility

in a multi-component austenite can be satisfactorily predicted. It is
therefore'possible to calculate, for example, precipitate fractions and

theoretical maximum temperatures required in slab reheating to completely

dissolve precipitates.
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CHAPTER I
INTRODUCTION
The development of structural steels with yield strengths in the

range of 60-80 Ksi and improved ductility for line pipe and other applica-
tions has been one of the most impqrtant metallurgical endeavours of the
past decade. Reducing the carbon and micro-alloying with eleTents'such
as niobiuﬁ, titanium and vanédium have made it possible to attain the
above objective. These elements, in view of their strong carbide or

nitride forming tendency, react with the carbon and nitrogen in steel to -

precipitate fine second phase particles which influence the strength:

Familiarly known as "interstitial phases'', these carbides and nitrides exist
over wiée ranges of nonstoichiometry (e.g., TiCx 0.4 < x< 1.0; Nbe 0.70 <
x < 0.98). When précipizéted in steels the degfee of nonstoichiometry of
these intersiit;gl phases is‘governed ?y the steel chemistry and temperature.
In the heat treatment and thermomechanical working of micro-alloyed
steelsy it is a matter of importancé to know the limits of'homogeneity of
austenite and understand the thermodynamics governing the solution beh%viour
pf the interstitial phases in order to schedule the respective proces;ing
routes effectively. A low solubility would mean that the second phase'ﬁaf—
ticles are more stable and as a result would be mostly undissolved during
reéustenitizing treatment gf the steel. The undissolved particles ;nhibit
austenitic grain cdarsenihg making the steel amenable for thermomecganical

working. Furthermore, the ferritic grain size developed after allotropic

transformation strongly depends on the prior austenitic grain size because

-
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: o )
of ferritic nucleation on tre grain boundaries. Thus a desireable fine
ferritic grain size results| and contributes to higher strength and duc-
tility. A relatively high

i
other hand, leads to precipitation-hardening in the ferrite. Such steels

olubility of an interstitial phase, on the

(
!

han be normalized after prior solution treatment. The solubility must

not be too high, however, Because undercooling and precipitation must take
place in a temperature range which permits reasonable diffusion. The

. interstitial phases satisfy the above stringent solubility réquirements
and contribute to imp;oyed combinations of strength and ductility.

Among niobiﬁm, titanium and vanhdiug, the ﬁbre commonly used
addiiive is niobium in view of its better abilitf to grain refine and
moderately precipitatidn hardeﬁ tﬁe ferritic matrix. 'Niobium is also ‘.
used as an important additive in Type 347 austenitic stainless steels
for power plant appiications. The beneficial creep rupture properties
of these steels are attributed to the precipitation-hardening cadsed by
niobium carbide. Correlation of 'these properties with steel chemistry
and precipitate solubility ané stoichiometry has bgen the object of re-

cent J'.nvestigations.z'4

“

There héve been many experimental determinations of the niobium
'carbide solubility in'austeﬁite.8_16 Most of the investigators have
assumed a gtoichiometric carbide, NbC, for interpretation of the data
and show considerable disagreement. The published theoiretical treatments,6
in spite of good thermochemical data being available, fail to correctly

predict the defect carbide solubility.

Precipitates formed in equilibrium with austenite in commercial



r—

steels containing niobium have been shown to contain appreciable pro-
portions of nitrogen as well as carbon. ' Mandry and Dornelas,21 for
example, obtained precipitates with the formula NbC0 83N0 14 while Mori

7,18,22

et al have obtained carbonitrides that.were nonstoichiometric

to an‘even greater extent. The latter author's extensive studies has
clearly demonstrated that the equilibrium composition of the precipitate
depends markedly on the composition of the steel and temperatuxnf.

In the present study a systematic experimental and theoretical
investigation of the solubility of niobium carbide in austenite has been
made. The results have been used, along with the repo?ted data on carbo-

nitrides, to satisfactorily predict the composition and solubility rela-

tion for any carbonitride precipitated in a multicomponent austenite.

RS

i A o
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CHAPTER II

LITERATURE REVIEW

2.1 INTRODUCTION <

The objective of the present study is to make use of direct
and indirect experiments, binary and higher order phase diagrams, struc-
tural information and solution thermodynamics to obtain the best possible
'y/y+NbeNY phase equilibria. This chapter comprehensively'reviews the
wopk reported in the literature related to the investigation. The review
is divided into three main sections: the structure-phase relationships
in the Nb-C, Nb-N and the Nb-C-N systems; the direct experimental deter-
minations of the.solubility products Ké = [snb][5CT%, K; = [%Nb][%N] and
KéN,= [sNb][%C1*[3N]; and, the thermochemical data required for the cal-
culgtion.of the standard free energies of formation, AG;; of niobium car-

bide, NbCk;,nf niobium nitride, NbN and the free energy of solution of

niobium, carbon and nitrogen in austenite.

2.2 STRUCTURE-COMPOSITION RELATIONSHIPS IN THE Nb-C, Nb-N AND Nb-C-N

SYSTEMS

2.2.1 The System Nb-C

- . The most recent and accurate of the phase diagrams of the Nb-C

system given by Storms et al.54

is presented in Fig. 2.1. The composition
range 6{ interest is 35 at %C - 58 at %C which is the range of nonstoi-
chiometry of the carbiae phase Nbcx.‘ The strucgu;al type of this céfbide
is cupic Bl as shown in Fig. 2.2, This is the only garbide of-niobigm
-4 -
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that precipitates in steel. The features of the phase diagram at the

lowest temperature indicated (1500°C) are retained to the evelf lower

temperatures, which are of interest to this study and to the general
precipitation reactions in steels. At room temperature, the range of

23,24 to be from x = 0.70

homogeneity of the Nbe phase has been shown

to 0.98. The strong covalent nature of this phase assures no change to
4

this composition range for temperatures up to 1700°C. The carbide

NbC0 98 which is in equilibrium with graphite in the pure Nb-C system

suggests that the cubic carbide precipitated in a low carbon steel is
bound to be even more defective. ‘Accurate information on the lattice
dimensions of the cubic carbide as a function of nonstoichiometry are
available through a number of'sources.24_30 The relationship between

the lattice parameter and nonstoi;hiometry that 1is widely used for
identifying these compounds' is shown in Figure 2.3. Therq is consider-
able uncertainty about the range of homogeneity of the hexagonal carbide
at high temperatures. The upper limit has been well established as NbCO.5
and there is some experimental information around 1000°C on the composi-

, 44,46
tion ranges of this phase.

-

2.4.2 The System Nb-N

The most recently proposed Nb-N constitution diagram of Guard
et al.:,’1 is shown in Fig. 2.4. The crystal structure types and lattice
. parameters are summarized in Table 2.5. The wide variety ‘of qfYStal
structures exhibited ih the composition range 40-50 atomic % nitrogen
suggests a possible complexity of the phases‘when precipitated in

steels. However, pure niobium nitrides have been observed only in steels

-
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TABLE 2.5

. .
Phases, their Crystal Structures and Lattice.Parameters in the Nb-N System in the

Temperature Range 1100-1450°C at 1 Atm. N2 Pressure (after Guard et al.sl)

o

Phase ' Crystal Structure N/Nb Atom Lattice Parameter A

i Ratio a c
- 0
a-solid Basic niobium (BCC) with nitrogen
solution contained interstitially 0.4
S—NbNx Hexagonal 0.39-0.45 3.058 4.961
Y-NON_ Tetragonal 0.75-0.80 . 4.386 4.332
G-Nka Cubic Bl 0.88-0.91 4,3885 ---
e-NHNx ~ Hexagonal 0.92-1.00 2.958  11.272-
8" -NbN_ - Hexagonal 0.96 2.94 ' 5.46
{(metastable transition phase)
.,e&\ Y B F'
ks 4
B H
‘ Q .
d ¢-phase
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of extreme compositions (C/N < 1) and these nitrides have always been
of the stoichiometric composition of ¢-NbN or very close to stoichiometric

a-NbNO 92-1.0° The other nitrides have never been observed in steels.

2.4.3 The System Nb-C-N

The normal carbon and nitrogen levels in steels are always as-
sociated with a cubic carbonitride, the structure type of which is shown
in Fig. 2.2. Brauer and Lesser26 have studied the Nb-C-N system most
extensively and in particular, have estimated the wide ranges of stability
of the cubic carbonitride phase. They have measured accurate lattice para-
meters for a variety of carbonitride compositionms, NbeNy” for x and y
ranging from very small to very large values. Their work has been the only
source of information available for identification of carboniérgdes pre-
cipitated in steels. Fig. 2.6 shows a line drawing of a model constructed
by plotting their data as the ratios C/Nb, N/Nb and vacancies/Nb on the
ternary axes and the lattice parameter on the vertical axis. The lattice
parameter cﬁrve for pure ﬁbe is based on Fig. 2.2. The)surface thus
created shows that dissolved nitrogen causes a lowering of the lattice
parameters of the particular carbide but in a manner dependent on the
number of vacancies in the lattice, A small amount of nitrogen will cause

a smaller decrease in the lattice parameter of NbC .than would be pro-

0.9

duced if it were dissolved in NbC for example. Fig. 2.7 is another

0.7’

. 26
useful representation of the data of Brauer and Lesser.
In addition, these figures make it clear that a study of lattice
parameters in any binary system in which the starting materials have a

range of nonstoichiometry is not unique unless the amount of vacancies |

3



MOLE RATIO NITROGEN, N/NRbD,
04 . 06 08 Ko}

L[]
/”///U

S 12



13

wd3SAS NAN-DQN-qN

sy3 ut sdIysuorierox uotirsodwod-iszowered 93T31B] 9yl JO uorjejuesaxdey

oo A0W (N4} /N

L"¢ o3ty

83 puo LD
9NJ

GNJ

€ND

INJ

O 06 @ o




14

is specified. For example, Duwez and Odc1120 give the variation in a»
the lattice parameter for the system NbC-NbN as well as other systems.
Based on the lattice parameter given, their !NbC was nearly stoichiometric

[=]
(4.470 A = NbC but the NbN apparently contained a large number of

0.99)
°
vacancies (4.379 A = NbNojgff. As a result their.data shows a slight
positive deviation from iinearity and cuts across the surface as indicafed
by the solid line in Fig. 2.15. Had NbCj oo aﬁd NbN, oc been the
starting compounds, a linear change in the lattice parameter would have
been obtained. Furthermore, by choosing the appropriate starting materials
any number of odd shaped curves can be produceﬁ. In a steel when a carbo-
nitride precipitates, it is difficult to sévahat carbide and nitride
would have mixed to yield that particular carbonitride. In a sense there-
fore, carbonitride comﬁositions reported in the literature are not very
accurate since the master interpolation curve used corre;ponds to the
mixing of a particular carbide and nitride and the initial compounds thét
mixed to yield the .carbonitride in the steel might not necessarily have
been the same. Excepting for Mori et al.7 this important fact was over- )
looked by workers reporting carboni;ride composition in steels. Also
prior knowledge of any impurities such as oxygen or suiphur is necessary
while dealing with compounds of niobium. Appfebiable quantities of these

impurities will change the lattice parameter or make the compound appear'

richer in the metal.

2.3 DIRECT DETERMINATIONS OF -THE ''SOLUBILITY PRODUCT"

There have been many determinations of the solubility products-

1 ] N t .
K. = [%M][%C], K, = [sNb][3N] and K = [sMb][%C)*[%N]”. The experi-



1S
mental procedures have been one of the following:

(1) Extraction of the carbides, nitrides or carbonitrides from steel
specimens held at the desired temperature for long durations
after prior~solution\treatment and chemical analysis of the ex-
tra&ts.

(ii) Equilibration of Fe-Nb alloys in CH4/H2 gas mixtures at fixed
carbon potentials and exgmination of the phase fields metallo-
graphically to delineate the single and two phase regions.

(iii) Hardness measurements on quenched %hd Effgfffg/s{éels and analysis

of the data using precipitation hardening models to estimgte solu-

bility limits.

2.3.1 Solubility of Niobium Carbide in Austenite

There have been a number of experiments in the Fe-Nb-C system
to determine the solubility of niobium carbide. All experimentors to

date have analysed their data on the basis of a solubility product

loglab][%C] = A - 2 24

where A and B have been determined from the experimental results. The
limited experimental accuracies did not permit inclusion of further terms.

The carbide equilibrium, in austenite is strictly represented by

[Nb] + x[é] ﬁNbcx('s) ~ 2.2

yhere [ ] signifies that the component is %n solution in austenite, the

-

concentration of the component is in atom fraction and the standard state

referred to is at infinite dilution in- austenite. Unfortunately, the
. ¢

<4

value of x is not fixed in this system so a fixed stoichiometry for the



carbide composition is an approximation at best. Such an approximation
only helps to interpret measured solubility data and does not help to
determine the actual tie lines.

The equilibrium constant for the carbide dissolution is given by

= X '= X X
Ko = anp ac/aNbcx Yy YN lLC] 2.3

where Abe the Raoultian activity of the phase Nbe, is assumed to be
equal to uiity; and'YNb and Yc are the activity coefficients referred to
the infinite dilution standard state. _ .

There is considerable conflict as to the exact value of x to
choose as an average repre§ehtation of tﬁ% caibide composition over a
temperature range o0f investigation. Earlier experimentors assumed x = 1,
i.e., perfeci stoihhiometry for the carbide and also assumed the ;ctivity
Acoefficiénts b and e to be unity., With these assumptions, they inter-
preted their experimental data in the form ‘'of a solubility product given
by Eq. 2.1. The details of the previous experiments and their results
are summarized in Tables 2.8 and 2.9.

Nordberg and Aronsson,6 who reviewed most of the above data,

S O T ST

found that the experimental solubility products lacked good agreement

for the precipitate composition NbC and that the agreement was better

0.87°

direct experimental results, they gave the solubility product relations

if the carbide was assuﬁed‘to be Nb(C Réinterpreting all the earlier

for the carbide Nbc0.87 as

[PUACNPUVOUT NG U

1ol 1lzc]’ % = 311 - 52 4 0.1 2.4

-
[ 7 RO
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A theoretical calculation using thermochemical data was also made

by the authors and the calculated solubility product was

0.87 _ ., , 0.4 . 7200 * 350 ) s

log[%Nb][%C] =

Thus the existing assumed values for average carbide composition
range from 0.87 to 1.0. The important limitation of assuming a fixed stoi-
chiometry (or nonstoichiometry) is that the measured solubilities cannot
include tie line determinations.

To characterize the Y/y+NbCX equilibrium better and improve upon
tﬁe edrlier solubility data, a rigorous thermodynamic analysis and detdiled
direct expe%iments (to be discussed in a later chapter) have been made in
the present study.

2.3.2 Solubility of e-NbN in Austenite’ ‘ \
18,7

Extensive studies have been made by Mori et al. to identify
compounds precifitated in. the Fe-Nb-N systeﬁ. Their results, summarized

< .
in Table 2.10, clearly demonstrate two facts. The compound precipitated
in the pure Fe-Nb-N system is always of the hexagonal type € or_G'. Wﬁile
the ¢ phase is a.pure stoichiometric niobium nitride, the §' phase was
identified by these authors as a carbonitride with substantial amounts

17 and Narita and Koyamals who have also'identified

of nitrogen. Smith
niobium nitrides precipitated in.steels, found them to be e—Niyt On the
other hand, this nitride was found to be present only in steels with an
extrenely low carbon and high nitrogen (C/N < 1) and these compositions
are nowhére near the commercial steel compositions normally encountered.

From the point of view. of the present investigation, interest in

- a study of the literature data on the hexagbnal niobium nitride is mainly
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of an academic nature. The data surveyed here, however, help to strengthen

the assumptions to- be made later on- while treating carbonitrides precipi-
° 4

tated in steels and to revise certain assumptions of earlier workers.

A summary of the existing direct determinations of €-NbN solu-

bility is presented in Tables 2.12 and 2.13.

2.3.3 Direct Determinations of Carbonitride Solubilities in the Fe-Nb-C-N

System

Irvine, Pickering and Gladman19 determined” the solubility rela-
tionships for a number of laboratory melted steels using chemical analysis
techniques for soluble and insoluble niobium, carbon and nitrogen. They
found that there was no marked téndency~for niobium to form a separate
nitride phase. Since empirically the ratio of nitrogen to carbon is simi-
lar for both austenite and niobium carbonitride; and it is known that
niobium carbide anq niobium nitride are mutually soluble;20 these authors
considered the nitrogen content in terms of an equivalent carbon content;
i.e.: carbon equivalent = C +(12/14)N and the solubility product of
Nb(C,N) determined over the temperature range of 900°C to 1200°C was given
as

6770
T 2.6

log[Nb][%C + 12/14 %N] = 2.26 -

Their results are shown in Fig. 2.14.
Mandry and Dornelas21 identified electrolytically extracted
carbonitride residues from a single laboratory melted steel heat treated

at different temperatures over the rénge 950°C to 1250°C. The precipitated

» carbonitride, NbC0 83N0 14 remained constant in composition over the range

N

e s e s RN e i a0 3 e 4 gy

— e
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Figure 2.14 Carbonitride solubility product relationships given by

Irvine et a1.1? (solid line) and Mandry and Dornelas’? (dotted line)’
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of temperatures .studied. Their experimental solubility product was

0'83[%N]0'14

log[%Nb][%C] = 4.46 -

9800
T 2.7

and is shown in Fig. 2.14. Their experimental results along with other

reported determinations are shown in Table 2.15.°

Mori et a1.18’22’7

carried out the most detailed solubility de-
terminations and precipitate identifications by extracting carbonitrides
from very pure laboratory melted steels using chemical dissodution methods.
Their steel compositions are §hown in Table 2.16 and results are shown in
Table 2.17. It can be seen that the carbonitrides are nonstoichiometric

anq_the degree oé nonstoichiometry is greater at-higher temperatures. The
proportion of nitrogen in the precipitate is more at higher températures.

It can also be seen that at very low N/C mole ratios in the steels, a

carbonitride of fixed composition was observed.

2.4 THERMOCHEMICAL DATA

In principle, if comﬁlete thermochemical data were available it
would be possible to calculate via solﬁtion_thermodynamics the cbmplete
austenite-niobium carbide equilibrium including solubilities and tie
lines. As it turns out, the data available is;quite comprehensive-and
is ab;é to reproduce the solubility products to good accuracy and f:;ther-
_m;re, yield good estimates of carbide compositions (i.e., the tie lines
or varying degrees of nonstoichiometryy. -In view 6f the experimental
difficulty of establishing the tie lines ti.e.; the‘changes'in séoi—
chiometry) the finally recommended phaée diagrams must be based énfa

self-consistent calculation involving direct solubility measurements and

indirect prediction of tie lines.
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TABLE 2.16 .
Compositions of steels used in the work of Mori EE_a1.7 for the
determination of the solubility and compositions of niobium carbonitrides

in austenite

Steel Composition, wt.-%

No. Nb o N s 0
c7 0.531 0.081 0.002 0.009 0.0010
of:] 0.817 0.090 0.002 0.010 10.0013
CN1 0.197 0.029 0.012 ~ 0.01 0.0033
CN3 0.207 0.101 0.016 v 0.0l 0.0021
CN5 0.641 0.081 0.017 ~ 0,01 0.0018
CN6 0.957 0.102 0.018 ~ 0.01 0.0024

Other impurities Si ~ 0.05; P < 0.01
Ni ~ 0.02; Cr < 0.004; total Ti~ 0.005

V~ 0.002 and total Al ~ 0.001, all wt-%



Steel No. |

c7

Cc8

CN1

CN3

CN5

CN6

TABLE 2.17

The Experimental Results of Mori et al.

Holding Temperature
o
C

1000
1100
1200
1300

1000
1100
N 1200
1300
1000
1100

1200

1000
1100

1200

1000

1200 L/

1300

1000
1100
1200

1300

1100 .

Composition of
the Carbonitride

NbCy gNo .7

NbCO.SNO.O

NbCy a9Mp

NbCy 42N,

N

NbC0.34 0.

NbC0.57NO

NbCy 51Ng

N

Nbc0.45,0.

NbCy 69Ny .

NbCy 65N .

NbCy 60No.

NbCj 50N .

NbC0.73N0.

NbCq 4oNp

NbCqy 68No.
NbCy . 61N,

7

.34

36

36

.28

.32

34

15

18

23

32

12

14

16

25

7

.29

Niobium, wt.%
present as
Carbonitride
0.512
0.444

0.381
0.230

0.777
0.729
0.619
0.438
0.177
0.151

0.102

0.203
0.183

0.117

0.625
0.546
0.442

0.320

0.925 .
0.851
0.757
0.544 -

h 3
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Referring then to the schematic Fe-Nb-C free energy-composition
diagram (Fig. 2.18) for-the austenite-carbide (Nbe) equilibrium, the
problem of prediction reduces to the evaluation of the two integral free

energy of mixing surfaces. These can be obtained directly from activity

o
298’

of the carbide Nbe as a function of nonstoichiometry via a Third Law

measurements or from the reference standard heat of formation, Al

analysis. Unfortunately, the available activity measurements were ob-
tained at temperatures well above those of interest here. Consequently,
the use of a Third Law analysjs is unavoidable.

This section accordingly reviews the two sets of thermochemical
data required for calculating the Y/y+Nbe equilibrium, viz., the standard
free energy of formation (or mixing) of the carbide Nbe as a fpnétion of
nonstoichiometry and the free energy of‘mixing of niobium and carbon in
iron. ‘ |

The standard free energy change for any reaction or transforma-

o X . . . .
tion, AGy, at any temperature T can be obtained from the equation

° . AN _ o :

AGT AHT TAST 2.8
where AH; and AS; are the standard enthalpy and entropy changes for the
reéction at the same temperature. The standard heat of formation, AH;,

at the temperature T can be calculated from

T .
o _ o, . .
R M [ ac_ar 2.9
ref
where AH® is the standard heat of formation at any reference tempera-

ref,f

ture, usually 298°K, and ACp is the difference between the heat capacities

of the products and the reactants. Thus if AH;ef % and the heat capacities
. > .

-
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of reactants and products are known over the whole temperature range,

K

AH; can be calculated at any temperature.T_in that range. If a phase
change of any component occurs. in the temperature range, the heat of
transformation must be included in equation (2.9) and any-.change in Cp
value must be incorporated in ACp.

The entropy change for a reaction, As;, can be calculated frop
the entropies of the components at the reaction temperature. Standard
entropy of any substance, S:, can be calculated from the equation

C
L gr 2.10

o
Sp =) 77

T

O “— 3

Thus, calculations of 4G}, . require the experimental determination of

T,f

" the following thermochemical quantities:

(}) . ;he standard heat‘of formation, AH;ef,f’ at anyxreference tempera-
ture, usually 298°K;

(2) the heat qf transformation of the components in the relevant
temperature range; and,

(3) the heat capacity of the components from K to f%e required

temperature. 4

If we consider the reaction

Nb + x-B = Nbe
where B is carbon or nitrogen, the standard free energy change, AG; £
. . - td
for the above reaction will be given for each x by
] =' [ ) )
AGT,f AH298 + TAgefT 2.11

where ¢

B DA A ) i e 2k I
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AH;QS = standard reference heat of formation of the compound Nbe
AgefT = gefT(Nbe) - gefT(Nb) - x-gefT(B) 2.12
and gefT is the Gibbs energy function, given by
H2 - HS
- _qo T -298 )
gefy = -85 + ———== 2.13
or -
— ] - [¢] :
gefT (GT H298)/T 2.14
Y
Normally, thermodynamic data compilations, list S_., —

and geff for all the elements and compounds. The gefT value deriveéd
from the first two functions is a more convenient form of the data from
the viewpoint of the user. Fortunately, for present purposes, Nbe is

one of the few compounds for which data are available for a range of values

of x 55-62,44 &

2.4.1 The Standard Heat$ of Formation, AHign, of Niobium Carbide as a
e Jd QO - - .

.

Function of Nonstoichiometry

The various heat of formation measurements are compared in

Fig. 2.19. A critical review of ¢these measurements has been made by
’ 44 ‘48
Storms. The combustion calorimetric data of Huber et al. has been
assessed as the best of the reported calorimetric measurements. These
workers have given proper weights to each one of their measurements across

the composition range and fit their data by the equation

AH2(298) = 6.60 - 70.95(C/Nb) + 30.75(C/Nb) 2 2.15

which is shown as the.solid curve in the figure. The additional data

shown agree ‘reasonably well with the curve:
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Figure 2.19 Reference heat of formation, AH®(298), of niobium carbide -




Storms et 31.54 have recently measurcd the vapour pressure of
Nb in the cubic monocarbide as a function of composition and temperature
using Knudson effusioﬁ in a mass spectrometer. Their measured Nb activities
at the upper and lower limit of their experimental temperature range, i.e.,
2300°K and 2500°K are shown in Fig. 2.20. The C activities were derived
from the Nb activities by Gibbs-Duhem integration. These data are inade-
quate for direct evaluation of the free energy of mixing of the carbide
Nbe as a function of x, in the temperature ranges of interest in this
study. However, the high temperature data serve through a Third Law

48

analysis as a check on the combustion calorimetric data of Huber et al.

The details of the Third Law analysis are given in the next chapter.

2.4.2 Heat Capacities of Niobium Carbides, Niobium and Carbon

Niobium Carbides:

'Among the refractory compounds, reliable high temperature heat
capacity data as a function of composition exist only for the defect

carbides of niobium. These data have been adequately reviewed by a number,

44,45,62,63

of workers. Extensive high temperature heat capacity measure-

ments have been reported for four carbides, NbCO.S’ NbC0.75, Nbc0.87 and

60,61

NbC0 98°' Sandenaw and Storms have measured the low temperature

heat capacities of the defect carbides between 7.5° and 320°K. The best
compilations of the specific heat, heat capacity .and entropi values over

a wide temperature range of 0°K to 3000°K, have been made by Storms

44,45

et al The following relative enthalpy values reported in their

e

work have been used in the present study.

———
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NbC

0.5

HS < MOy = -2.1417 x 10° + 6.7057 T + 1.5942 x 1075 T2 - 1.8076 x 10~/ T3
+ 1.6148 x 10°/T (cal/mole, 298-1800°K, + 0.4%) )

NbCo . 75

HY - HSgo = =3.2096 x 10° + 8.8844 T + 1.2409 x 107> 777 - 2.8370 x 1078 1°
+ 1.3460 x 10°/T (cal/mole, 298-1800°K, * 0.2%)

NoCy g7

H2 - HSg. = -3.5738 x 10° + 9.8318 T + 9.2474 x 107 T° + 1.6788 x 10°° 1°
+ 1.6691 x 10°/T (cal/mole, 298-1800°K, % 0.2%)

and NbCi-g¢ .
2 3

H;-H;98 = -4.0918 x 10° + 10.8561 T + 9.1724 x 104 1% - 5.2003 x 10°8 T

I+

+ 2.3105 x.IOS/T (cal/mole, 298-3000°K, * 0.3%)

-The Gibbs energy function at each temperature is related to the

heat capacities as follows:

H® - H°
of = g0 4 T 298
gekp = o7 T

< . . . o ' :
As discussed earlier, specific heats have been measured only

NbC. .. and NbC The Gibbs

0.75° 0.87 0.98°

energy function, 'the enthalpy and vibrational entropy data have there-

" for three carbide compositions NbC

fore been tabulated only for these three carbides. Im Figs. 2.21 and
2.22, these thermal functions have beenﬂplotted against the C/Nb atom
ratio, of each of the ?efect carbides Nbe. The temperatures in these
figures correqund to the limits of the range of temperatures of interest

to this study. All three thermal functions, the enthalpy, the vibra-
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tional entropy and the Gibbs energy- function exhibit good linear rela-
tionships across the composition range of interest, (x = 0.70 to x =

0.98) at both these temperatures and at the intermediate temperatures

(not shown). The thermal functions of all the carbide compositions over
the indicated range of composition and temperature can therefore be safely
extrapolated from the fortuitous straight line relationships.

Besides the standard reference heat of formation and the afore-
menticned thermal functions, both of which are now known as a function
of composition, there is a configurational entropy contribution to the
free energy of formation of each carbide to be taken into account. Tﬁis
arises as a result of'the mixing of the carbon atoms and the vacanciég
in the carbon sublattice. This is also réfer;ed to as ;ge randomization
éﬁtropy and. it varies across the compositién range. For each nons%oi*

chiometric carbide Nbe, the configurational entropy SC, is given byllz

s€ = -R(x #¢n x + (1-x)&n(1-x))

The calculated S° values for the composition range of interest (x.= 0.70 to

0.98) " are shown-in Fig. 2.23. At any.temperature T, the additional

free energy change for each carbide composition Nbe would then be -SS-T.

~ -

While using the above relationship, it is assumed that there is random

mixing of the carbon atoms and the vacancies; thus no ordering.

Niobium:

A large number of heat capacity\measuremen’c564_70’s5 have been

reported in the literature. Storms et al.4\4’45

have critically reviewed
all the above data, re-examined them and found that the specific heat

‘measurements compared very well. They haye tabulated more accurate thermal
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functions of Nb and their data has been used in the present study. The

relative enthalpy value which they report for niobium is:

H; - H;98 = -2.1963 x 10:’> + 6.7326 T - 3.7989 x 10—4 T2 + 2.5601 x 10_7 T3

+ 4.6391 x 104/T (298°-2740°K, cal/mole, * 1.0%)

The Gibbs energy function, gef ., —(G; - )}/T is also tabulated by these

298

authors at each temperature.

Carbon:

; . . 71,72,73
Very good compilations of the thermal functions of carbon
are available in the literature and the values show excellent agreement.

Gibbs free energy function gefT has been tabulated in all the above sources

and the data of Barrin and Knacke72 has been used in the present study.

2.4.3 Thermal Properties of e£-NbN

It is well known that stable hexagonal nitride of niobium neﬁer
forms in commercial steels, the nitrogen appearing dissolved in the cubic
carbonitrides. The free energy of formation of this compound, e-NbN, is

'ﬁsefully compared with the free energy of formation of a metastable cubic

niobium nitride, NbN ,» as discussed later. The existing thexmochemical

0.87
data on €¢-NbN are limited in accuracy and the free energy of formation
calculated via a Third Law analysis and soluéion thermodynamics is not as
accurate as the direct solubility preoduct de£erminations discussed earlier.
However, for the sake of Eompleteness the limited thermochemical data
on the e-NbN is brieflf described below.

The standard heat of formation AHf(298) ~of ¢-NbN has been

measured through combust1on calorimetry by Mah and Gellert77 and recalculated

SR L ESTREPN

. i o T O s ohakdiAs £

na NP

[
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. 72 ° -
by Barrin and Knacke = as AHf,zgs,ls = -56.5 + 0.4 kcal/mole. Only
estimated low temperature heat capacities are available.7s’78 Kelley’s74

tabulations of high temperature heat capacity equations for e-NbN based
on the work of Sato and Sogube76 is the only source of this thermochemi-
cal quantity. Estimations of the high temperatufe heat capacities by
Schick et al.63 are in excellent agreement with Kelley's74 tabulatidns.
The free energies of transition to other crystal structures are unknown
and there is very little information even to aid an estimate. With the
present data available in the literature, free energies of formation of
e-NbN alone can be estimated, and this with limited accuracy. Thermal

71,72,73

functions of N and those of niobium

2’

discussed earlier are also necessary for such an estimation.

tabulated by many authors,

2.4.4 Free Energies of Solution of Niobium, Carbon and Nitrogen in Austenite

The thermochemical data discussed thus far aid in calculating
free energies of formation of niobium carbide, Nbe, as a function of .x
and e-NbN the products and the reactants all being in the standard states -
of pure substances. Besides this, a knowledge of the solution behaviour

of niobium, carbon and nitrogen in austenite is necessary for calculation

of the.ternary or quaternary phase diagrams.

-

Niobium:

éoﬁsiderable uncertainty exists over the values of Henxy's law N
‘constant Yﬁb for Nb in y-iron reported by Hawkins,7? Qhose sol?d electro-~ ‘
lyée measurements are the only ones that yield experimental information

on the solution behaviour of Nb. The reported value of Yﬁb is 2.1 at

1000°C and 1100°C. Argent,80 who has reviewed experimental information
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on all thekgubstitutionai alloying elements in iron, has pointed out that
Hawkins' results are unsatisfactory. Recently, Robinson and Argent81

have studied the solution behaviour of Vanadium among other elements,
using Knudsen cell mass spectrometry in the temperature range 1200-1650°K.
They have given a value of 0.5 over the temperature range for the Henrian
activity coefficient of vanadium, Y;» in austenite. Hawkins79 has re-
ported more reliable y° values for Tantalum as 1.1 and 0.96 at 1100°C

and 1000°C. V, Nb and Ta form the elements of group Va of the periodic
table and the value of 2.1 for ng is probably too high. Equilibration'
experiments carried out in this study énd other reliable ones reported

in the literature on the austenite/austénite+Nbe equilibrium; yieid
solubility limits of Nb in austenite when combined with the thermo- )
chemical data on the defect carbidesj vield Y&b values ranging bet@een

1.0 and 1.5 over the temperature range 1000-1300°C.- These values are in
better agreement with the conclusions of Bodsworth et 81%02. who have sug-
gested a solution behaviour of Nb in austenite close to ideal. For'present
calculations, the solution behaviour of niobium has been assumed as ideal

over the temperature range -1000-1250°C.

Carbon and Nitrogen:

The solution behaviour of carbon in y-iron has been extensively

studied experimentally and the results of Ban;ya et a1.82’83

have been
‘accepted as the most accurate among the published data over the tem-
~ psrature range of 900°C to 1400°C. Hal:rvigs-4 has analysed the Fe-C system

’ rigorouﬁly on' the basis of the regular solution models-of.Hillert and

' Stéﬁfbhsénss and their expressions for the free energy of solution of
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carbon in austenite describe the information with almost the same preci-
. ° 82

sion as that of Ban-ya et al. »83

There are a very large number of reports on the solution behaviour

86 have made an excellent

of nitrogen in iron austenite. Hillert and Jarl
review of all the available information in’the literature and have ra-
tionalized and brought them all into mutual agreement after a rigorous
thermodynamic analysis. They have reported among other data, the
free energy function for the dissolution of hitrogep in austenite.

The changes in free energies accompanying the transfer of carbon
and nitrogen from their standard states of graphite and nitrogen gas at one
atmosphere respectively, to a standa}d state based on infinitely dilute solution

in austenite are given by Ban-ya et al.82 and Hillert and Jar186 as

follows:

o

(]
2
o

(#2]
3
1

= -17250 - 12.44 T log T + 48.15 T (cal/mole)

-13270 - 16.70 T log T + 75.87 T (cal/mole)

°4
o
=2
[+
=53
"

v



CHAPTER III .
THEORETICAL CALCULATIONS

3.1 SCOPE AND CONTENT

Third Law analysis of the high temperature activity data in the
Nb-C system has been carried out to derive the reference heats of forma-
tion, AH%(298), of niobium carbides, Nbe, as a function of nonstoichio-
metry, x. Thes€ are compared with the AH;(ZQS) values reported througﬁ
combustion calorimetry and the consistency of this important thermochemi-
cal quantity is verified. The chosen heats of formation are used together
with the thérmochemical data discussed in the earlier chaﬁ}er to calculate
the integral free energies of formation of'the defect carbides over the
range of nonstoichiometry. Empirical equations have been used to repre-
sent the integral free energies of formation. These, together with the
activity-composition relationships in %he Fe-C and Fe-Nb systems have
" been used to determine the austenite-niobium carbide equilibrium.

Using the available solubility data on the carbonltrldes of niobium,
the SOlUblllty of a metasatble cubic niobium nitride, NbNO 87’ is 85;1;
mated. ' The experimentally measured carbide solubility and the estimated
nitride soiubilities are used for predicting carbonifride solubilities.
It is shown that the,carbonitrides formed in steels can be adequately.
treated as ‘a compound with a fixéd nonstoichiometry and of the Eomposi-
tion NbC N . The carbonitride is treated as an ideal mixture of

0.87-x

. the'carbide NbC g4 and the nitride NbN0 87 and the austenite-carbo- :

nitride equilibrium is detérmined onthis basis.

- 46 -
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Finally, the Wagner's interaction coefficients of Mn, Si, Cr, Ni
and Mo with niobium‘are evaluated. The }nteractiohs of the above elements
with carbon and nitrogen are taken into account in defining the solubilities
of niobium carbides, nitrides and carbonitrides in a‘multicomponent

austenite.

3.2 THIRD LAW ANALYSIS OF THE ACTIVITY DATA IN THE Nb-C SYSTEM

!

Storms et al.54 have measured the vapour pressure of niobium in
the cubic monocarbide as a function of carBide.composition. Their results
are shown in Fig; 2.17 and discussed in section 2.4.1.

At constant temperature and pressure, the formation of any non-
stoichiometric niobium carbide, Nbe, Fan be represented by the reaction

K

—_— .
Nb oy * XC gy =2 MbC 3.1

- (s)
The thermodynamic equilibrium constant for the above reaction is given by
*NbC
_— X

3 .o
Nb " 2c

When the product and all .the reactants are in their standard state of
pure substances, the free energy change for reaction 3.1, AG; T may be
N 3

written as

o] P
AGf,T = -RT 2n K ) . ' 3.3
‘or
[o] - * .
AGf,T = RT &n ?Nb + X RT &n aC 3.4

in view of the identity (3.2)} where b and a. are the respective

AR
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activities at equilibrium and R is the gas constant. The activities of
niobium and carbon shown in Fig. 2.17 have been used to calculate the
free energy changes at 2300°K and 2500°K.

The Gibbs energy function, gef., given by

_ o _ o
gefy = (G} - H3g)/T 3.5

is determined for Nbe, Nb and C using the relationship

HO - Ho
o, T " M208
gefT - ST + T 3.6

and the thermal functions for these substances chosen in Section 2.4.

AH;98 is then calculated from the free energy data via the equation

o _ ° _
AHSgg = 863 1 - Tgefy 3.7

where AgefT is given by
Agef& = gefT(Nbe) - gefT(Nb) - x-gefT(C) 3.8

The configurational entropy is taken into account for each carbide. The

results of the calculations for the change in the Gibbs ‘energy function

(AgefT) and AHS, are given in Table 3.1. The latter quantity is evaluated

298
both for the 2300°K and 2500°K free energy data and the mean of these two

ggé value for each defect carbide

through Third Law analysis. These mean values are compared with the com-

values .is taken to represent the best AH

bustion calorimetric values of Huber et a1.48'in Table 3.1 and diagram-
matically repressented in Fig. 3.2. There is a good agreement and the
small systemati¢ deviation could be because of some systematic errors

in the high temperature measurements of Storms et al.s4 or due to ordering.

B terens w el



TABLE 3.1

Third Law Heat of Formation of Nbe

Pressure
Extrapolated TAgcf%, —AG%, -AH®(298) Combustion Difference
-AH®(298)
from, °K kcal/mole kcal/mole kcal/mole kcal/mole kcal/mole
Nbc0.70
2300 0.50 26.92 27.42
2500 0.42 26.77 27.19
ave. 27.31 28.00 -0.69
Nbc0.80
2300 0.54 29.80 30. 34
2500 0.48 29.56 30.06
ave. 30.20 30.48 -0.28
NbCy 90
2300 0.88 = 31.76 32.64
2500 0.87 3.147 32.34
ave., 32.49 32.35 +0.14
Nbc0.98
2300 1.55 32.67 34.22
2500 1.61 32.33 33,94

ave, 34.08 33.40 +0.68
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in the defect carbides at lower C/Nb atom ratios.j'Thcre is no experi-
mental evidence for the latter reported in the literature. Therefore,
for the present ;tudy, the combustion data of Huber et al.48 have been
chosen and an ervor of # 700 cal/mole-Nb at the 20 level over the entire

composition range has been adopted for their heats of formation values.

3.3 REPRESENTATION OF THE INTEGRAL FREE ENERGY OF FORMATION THROUGH

EMPIRICAL EQUATIONS

It has been shown by Depoorter99 that the integral free energy
of formation of the carbide Nbe across the composition range can be

adequately represented by an empirical equation of the form,

X X
C Nb
I—_—é—x—c-) + XNb A(C+2&n W)}RT 3.9

AGf,T(Nbe) ={X* A(B-2n

where AG%,T(NbCX) is the integral free energy of formatio? (mixing} of a
carbide Nbe of a specific nonstoichiometry x at tempefature T; XC’be are
atom fractions of carbon and given by x/1+x and 1/1+x, respectively; and,
A, B and C are empirical constants to be determined.

For each carbide composition, using Eq. 3.7 and the chosen
standard heat of formation, AH;, for that carbide, the integral free
_energy of formation is calculated using the appropriate thermal functions
discussed earlier. The calculated integral free energies were fitted
consistent with the composition range x = 0.70 to x = 0.98 to obtain
the empirical constants A, B and C in Eq. 3.9. The calculated constants

are listed in Table 3.3...The agreement between the curve fitted expres—‘

sion and.the calculated values at 1000°C is shown in Table 3.4l

" Referring to the Nb-C phase diagrém (Fig. 2.1) it can be seen’

-
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1000
1050
1100
1;50
1200

1250

TABLE 3.3

‘Empirical Constants for NbCx

D)

- ..'s

-A

-3.05

-2.86
2.
_2.57
-2.46

-2.31

.258
. 330
.399
.470
.532

.595

. 89

52



TABLE 3.4
Free energies of formation values calculated at 1000°C from thermochemical

data and the curve fitted expression (Eq. 3.9 and Table 3.3)

B

C/Nb ratio in carbide Calculated v Curve fitted
K.cal/mole-carbide K.cal/mole-carbide
0.70 ~-16.15 -16.30
0.75 -16.40 -16.48
0.80 " -16.57 -16.59
A
0.85 -16.63 . -16.63
0.90 -16.58 -16.58
0.95 -16.45 -16.43
N0.98 -16.27 -16.26
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that the terminal solid solubilities are negligible. The free energies
of formation of the Nb-C'(i.e., pure Nb), and C-Nb (i.e., graphite) solid
solutions are therefore negligible as comfared to those of the intermediate
phases, Nbe (F.C.C.) and Nbe (h.c.p.). The upper limit of the cubic
composition range has been found to be 0.98 up to 1700°C.26 At higher
temperatures, Storms et al.23 have fqgnd this limit to decrease with
temperature. The lower limit of nonstoichiometry-gf the cubic carbide

is well known to be 0.70. Uncertainties prevail with regard to the com-
position range of the hexagonal phase. Thé upper limit of this phase is
well established to be NbCO.S and thermochemical’properties of only this
carbide composition have been measured in this phase. Storms44 has
summarized the existing, conflicting information on the phase stability
of this hexagenal carbide. Fig. 3.5 shows a fre; energy composition dia-
gram for the Nb-C system at lOOb°C. The indicaiea points ( ) represent
the integral free ene;gies of formation, AG%,T’ computed from the experi-
mental thermochemical data for the Nbe phase (cubf; gng a single value
for Fhe h.c.p. composition NbCo.s. The solid free ener ) curve for the
cubic phase represents the empirical equation 3.9. The £5§?esponding

curve for the hexagonal phase is only estimated, and has been\drawn to
' 100

agree with the maximum known compositioh range of this phase.

In view of the phase relations in.the Nb-C systemwthe following:

conditions must be fulfilled. ‘ N

AN
)

a) The tangent from the point representing pure Nb must meet the

free energy composition curve of the szc (h.c.p.) pﬁase at

the lower limit of its homogeneity. - |
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b) The tangent from the point representing pure C must meet the
free energy composition‘curve of the Nbe (cubic) phase at
the upper limit of its homogeneity (at x = 0.98).

¢} The tangent joining 'NbZC' with 'Nbe' must meet the curves
'at the upper composition limit of 'NbZC' (at x = 0.5) and
the lower limit of 'Nbe' (at x = 0.7).

d) The free energy composition curves must be concave upwards.

The free energy composition curve gf the F.C.C. phase adequately

satisfies the conditions (b}, (c) and (d) as shown in the figure.

~ —

The empirical equation 3.9 is therefore able to describe the
integral free energy of formation (or mixing) of any nonstoichiometric
carbide in she cubic phase, in a manner which is thermodynamically con-
sistent with the phase relations-in the Nb-C system and truly represeﬁta-

tive of the thermochemical data.

3.4 -PREDICTION OF THE Y/y+NbCA PHASE EQUILIBRIUM

Mori et al..7 have analysea a wide range of cubic defect carbides
and carbonitride; precipitated in steels and have proved that their is
little iron or other substitutional solutes present in the precipitates.
Since the solubility of iron in'Nbe is negligible, the two component
ffee energy diagram shown in Fig. 3.5 can be used to étudy the preéipi-
tation of this phase in steels. The free energy surfaces of the carbides
in the ternary schematic free energy diégram (Figure 2.181‘can be con- .
ceived of as iﬁfinitesimally thin.

The integral free energy of fo;matioq of each carbide Nbe can

be expressed in terms of the partial molar free energies and the standard
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free energies of its components as

NbC NbC NbC_ NbC

865 1 be X “G) *+ Xe X(Eé X °G.) 3.10
or (
NbC_ NbC_ NbC_ NbC_ :
[ = . ~ S~ .
AGg ¢ = Xy MG, *+ X, &G, | 3.11

Referring then to Fig. 3.5, any tangent to the integral freé energy curve
at some composition x/1+x, will cut the ordinates at points representing

AGﬂ] and AGC, respectlvely For the equilibrium between the carbide Nbe,

and the corresponding ternary austenite of composition X;b and XY the con- )

C

ditions are

_NbC
AGNb = AGNb . ‘ 3.12
and’
_Nbe — .
AGC = AGC *3.13
_NbC :
where AGNb X and AG X can be evaluated by a tangent construction to
NbC :
the integral free energy curve at XC 'x = x/1+x and Aagb and Aﬁg are re-

lated to the activities of niobium and carbon in solution in austenite by

AGy) = RT &n af ‘ ‘ 3.14
TY - Y- T T 3T
AGC RT 2n as 3.15

. Since the empirical equation discussed in the last section has
been derived for ‘standard states of pure substances, a;band az also refer
to the "same standard state. With this choice of standard states, the

activities of niobium and carbon in the ternary austenite are related
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through the Wagner formalism1 to their cohcentrations by

' 2 Y ° Nb vy C .y
in NS en be + 4N YNb + €Nb XNb AN XC 3.16
and
Y o Y o, Oy, No Y
in as in XC + n Yo t g¢ XC + €c be 3.17

?

¢

where yg is the Henry's law coefficient for the ith cémponent in austenite
based on a standard state of pure components, ei-XZ describes the devia-
tion from the Henrian behaviour in the bipary Fe-1 system and si'X} is the
Ieffect of the ternary addition j on the activity of i in the ternary
Fe-i-j system,

The higher order terms have beén negleéted. For the normal com-

positions encountered in niobium bearing steels Xg is more than an order

of magnitude greater than X;b‘ It is‘therefbre justifiable.to neglect

the X;b terms in Eqs. 3.15 and 3.16. As it turns out, the X' terms are

3

- . . 8 .
also negligible but since their values are known, they are retained

for completeness. .
As reported in Section 2.4.4, a number of workers have established

the activity composition relationships for carbon.in iron austenite.

83

The latest results of Ban-ya et al. =~ have been used in the present study.

The following relation is given by these authors for the activity of ar-

bon in iron austenite with graphité as the standard state.

v

. h Y *
. . Y .
log af =222 + 2.72 log T - 10.525 + 3860- —= + log 21’ 3.18

! -

i c |
where Yz = 45—-(Xc.and xFe being the respective atom fractions) and
. X ) : .
Fe
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Y
z‘f—‘{C
C Y
l—YC ,
Activities of niobium have been calculated assuming an ideal
solution.gl’ml’102

Over the useful range of ternary austenite composition the amounts
of niobium and carbon in solution and in equilibrium with the corresponding
carbide Nbe have been calculated using Eqs. 3.9-3.18. This is equivalent
to tie line determinations by tangent constructions. In Fig: 2l18, é
Y/y+Nbe phase boundary is represented schematically as the trace of the
Yy contact line.' fhe'calculations have been carried out over the range of
1000°C-1250°C and the calculated phdse boundaries are shown in Figs. 5.8-
5.13 in reiatioﬁ to the experiments; A constant uncertainty of * 800 ciiories
in the free energy values has been assumed over the entire range and the\

. x
error band thus calculated. This is found to adequately envelop the pre§§nt
and published experimentai‘information to be discussed late;. The equati&rs

\

that approximately describe the calculated phase boundaries are given in

Table 3.6.

3.5 TIE-LINE RELATIONS ' ) .

A direct consequence of the phase boundary célculations discussed
in the last section (3.4) is-that a knowledge of the range of nonstoi-
chiometry of the preciﬁitat;d carbides over a given range of the ternary
austgnite combosition in‘equilibrium, is obtainable. This is particularly
useful in %nterpreting experimentally méasured solubility dat; when it is

not possible to identify the précipitated_pﬁases. Most of the reporte&

experimental information on the solubility of niobium carbide in austenite



TABLE 3.6
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Empirical equations describing the Y/nybe phase boundary

(log %C = Al-log %Nb + Bl * Cl)

Tewperature °C Al B1
1000 ~-1.095 ~3.10
1050 . ~1.090 -2.80
1100 ~1.085 -2.64
1150 > -1.077 ~-2.42
1200 -1.074 -2.24
1250 - ~1.068 . -1.99

Cl

._‘___
o
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needs reinterpretation, and in thisiregard the present re}ations are useful.
Typical theoretical tie line relations for the temperature range
1000°C~1300°C are shown in Fig. 3.7. The experimental points shown at
1000°C will be discussed later in relation to the experiments. Given a
steel composition in the two ph;se Y/y+Nbe region the austenite composi-
tion, the carbide composition and the amounts of the two phases in equili-
brium can be obtained through application of the appfopriate equations in
Table 3.6 and the tie line relations given in Fig. 3.7. The method of
calculation can be understood by referring to Fig. 3.8 wherein a schematic
representation of the austenite-niobium carbide equilibrium has be;n made.

Referring to the tie line T in Fig. 3.8, let TS(NbT’CT) be

1T3T2
the given composition (in mole fractions) in the two phase y+Nbe region.
‘One end of the tie line that passes through Ty, i.e., Tl([Nb],[C]), deter-
mines the austenite composition and the other extremity defines the carbide
composition T:5 (1/1+x,x/1+x) as shown. Three relations are needed to de-
termine the three unknowns, [Nb],[C] and x. Application of the Lever rule
yields ‘

¢, - [c] k/1+x,- Cr

Nb.. - [Nb] 7 1/14x - Nb,

Simultaneous solution of this with matched relations from Table 3.6 and

Fig. 3.7 in consistent units yield the solution for the desired temperature.

3.6 PREDICTION OF THE AUSTENITE-CARBONITRIDE EQUILIBRIUM
To pred{ct the austenite-niobium carbonitride equilibrium accurately,
prior knowledge of the extent of the carbide.and nitride phase; in the .

respéctive binary systems, i.e., Nb-C and Nb-N and that of the cubic carbo-
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nitride phase in the ternary Nb-C-N system is necesséry. Thermochemical
data should also be available for the phases .in the binary and.ternary
systems seen above. As it turns out, excepting for the Nb-C system, in-
formation on the other systems is too meagre and limited in accuracy to
permit detailed phase boundary calculations. The few direct carbonitr{d;
solubility determinations have been discussed earlier.

A schematic representation of the carbonitride-austenite equili-
brium in the quaternaxry Fe-Nb-C-N system is giveﬁ"fk Fig. 3.9. 1t is |
known that the composition of the cubic carbonitride is of the form NbeN
(x+y < 1) and this is.;epresented by a hypothetical field on the Nb-C-N

triangle. For a given composition, Nb CT and N

T’ T

gion Y+NbeNy: prediction of the equilibrium composition of the carbo-

in the two phase re-

nitride NbeNy and the quaternary austenite composition [Nb], '{C] and
[N] requires the specification of five relations corresponding to the
five unknowns x, y, [Nb], [C] and [N].

The application of the Lever rule yields the following two’ tie

line relations

- X7 X/[X+y '
NbT X+y Nb] l+x+y NbT =
- A
Ny - [N] Ty M s 20
NbT X+y Nb . 14x+y T

In priﬁciplé, the conditions for the equality of chemical potentials

of the three components in the two phases yield the further three required
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SNbCxNy
SNbCxNo.87-x

ONDbNo.87
é?erN

Figure 3.9 Schematic representation of the carbonitride-austenite equili-

" brium in the Fe-Nb-C-N system

1,2 [®], [c], [N

T, = Nop, Cps Np

T - 1 X Y.
3 l+x+y’ lax+y’ 1+x+y
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.

relations., However, to take advantage of these three conditions, thermo-
chemical data for the carbonitride as a function eof x and y at any tempera-
ture is neceisary. Since tﬁe-latter information is not availgble, a rigorous
and accurate cal@@l@xion of the austenite-carbonitride equilibrium is not
possible. Fortunately, a satisfactory abproximaté method can bé devised

k;o predict the precipitated carbonitride composition and its solubility

for any steel composition in the two phase region via certain justifiable
assuﬁptions with rQégrg to the conposition of the carbonitride, and using

the known direct carbonitride solubility determinations available from the

literature.

L]

. Existing Calculations of the Solubility and Composition of Niobium Carbo-

nitride'Precipitated in Steel
—

Nordberg and Aronsson® and Hudd et al.®’ have attémpted calcula-

tions of carbonitride solubilities. The latter pointed out dimensional

.

inaccuracies in the calculations of Nordberg and Aronsson® and presented
reéultg of their more comprehénsive calculations. Both the earlier treat-
ments involved the follohing simplifying assumptions:
(i) The precipitated carbonitride is stoichiometric and is of
. the cmeosition NbeNl_x; | ‘
(ii) The carbonitride is a thermodynamic solution of the carbide
NbC and the nitride ¢-NbN and is made up of.¥ moles of NbC
and 1-x moles of NbN; ‘ ' |
. {iii) The above solution is ideal aﬂd the effective activities of

the carbide and the. nitride in the carbonitride are equal to

-
- -t

their respective cbncent&ations;'and,
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{(iv) In addition to the free energies of formation of the carbide
and the nitride given by their respective solubility p(pducts,
only‘the entropy of mixing of the two compounds needs to be
taken into account.

Eq. 2.10 and the data of smith'’ were used for the carbide and
nitride solubilities in austenite. The reader is referred to the work
of Hudd et al.87 for details of the calculations. Their results have
been recalculated in the present study with improved solubility product
values for the carbide obtained from this investigation (to be discussed
later) and the results presented in.Table 3.10. Hudd et al.87 concluded
that (i) the general agreement between the experimental.data and the pre-
dicted values were satisfactory; (ii) for many alloy compositions varia-

tion in nonstoichiometry was not particularly important.

The Present Treatment of the Problem

The cempo§ition of the carbonitride precipitated in a particular
steel is strongly dependent upon the composition ef the steel. This is
amply illustrated in Table 3.11, wherein all the reportedgcarbonitrides
and the respective steel compositions are listed. The degree of nonstoi-
chiometry depends on the amounts of carbon in'splution in austenite and

most of the steels with highly nonstoichiometric carbonitrides were ex-

e

perlmentally found to contain very low amounts of carbon in solutlon in
austenite., By contrast, the steels of Mandry and Dornelas21 and the one
used in the present 1nvest1gat10n, which are the only compositions with

higher carbon levels, 1nd1cate that the degree of nonst01ch10metry is

less. Referrlng back to the theoretical tie line relatlons in the Fe-=Nb-C
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. Figure‘ 3.12 Chemical'anal;yses-?esults' of Mori et al.’
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system, discussed earlier (Fig. 3.7) an appropriate average carbide
composition over the temperature range'lpOO°~liSO°C would appear to be

NbC0 93 for the composition range of commercial interest and NbC for

0.9
the complete range of experimental and commercial compositions. On the

other hand, the experimental observations (Table 3.11 and Fig. 3.12)

suggest that NbC would be a better overall average. Further, refer-

0.87
ring to the Nb-N phase diagram and the phase relations in the Nb-N sys-

tem (Fig. 2.4 and Table 2.5) we see that the 6-NbNx phase in the hfgh
temperature stable range has the same crystal structure as the G-Nbe

phase and a lattice parameter in its S$table ex%stence range close to

that of NbC

0.87°
(1) The niobium carbonitride précipitated in steels is a defect

<
1

compound of approximately fi*ed nonstoichiometry: and the

average composition of the cagbonitride can therefore be -

-

written as NbeN0.87—x'

. (ii) The carbonitride is an ideal-mixture of the nonstoichiometric

0.87
" 8-NbN, 4.0 that the activities of the carbide and the ni-

carbide 6-Nb(C and the'nonst§ichiometric metastable nitride’

tride in the carbonitride can be set equal to their respective
‘concentrations, i.e., x/0.87.and (0.87-x)/0.87.
In view of thé assumption of a'fixed nonstoichiometry in tie line

relations 3.19, 3.20 become i

*1.87 T

- x
V- -l -G
o Xw] HOE o 3.21
Moy - gl 57

L9

and
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N _'[NJ : (0.87-X) - N
T T o.87 T s 29
. 0.87-x ~ (0.87-x)/1.87 _ ) Tes
Nby - 5 g5-LND] 1.87 No.. ,

and thereby.one of the variables, i.e., y is eliminated. Note, however,
that we have lost the ability to deal with variations in nonstoichiometry.
The ideality assumption allows us to write the solubility products

for the reactions representing the formation of NbC and the metastable

0.87
NbN 87 in thé‘quaternary austenite as

0.87
ke, = DNOJLCT 3.23 "

C ~  x/0.87

and

.K' _ LNbJ[N10'87

y 3.24
(0.87-x) /0. 87

Correspondingly, the free energy of formation of the carbonitride

NbeN0 g7.x €an be written through the ideal solution assumption and

Eqs.'3i23 and 3.24 as

' " - X ¢ o 0.87-x o, oMy
RT &n KCN RT{6T§7~£n KC + 0.87 Ln KN AST'} ) 3.25

where AS™ is the entropy of mixing of the carbide and the nitride and

is given by

X, . x_ . (0.87-x) . 0.87-x,
a7t ot 0.87 M08

ASm = 3.26

Any two of the Eqs. 3.23-3.25 and the two ‘tie line relations 3.2i-an4
3.§¥ican be used to solve ‘for therébur unknowns, i.e.: [n], [cl, [N]
andgk . . f

'Accuratg'value§ for the solﬁbiligy éroduct KY are known.?rom th?.;

c
\_
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present study. Since there is no information available on the values of
K& through direct measurements, it is first of all necessary to estimate

appropriate values for this quantity over the temperature range of in-

terest. The direct determinations of K! discussed in an earlier chapter

CN

have been used along with the accurate Ké values, to estimate the values
of K& indirectly. These estimated values are tabulated in Table 3.13
along with the‘Ké values evaluafed in the present study. In turn these
values have been substituted into Eqs. 3.23 and 3.24 and together with
the tie line relations 3.21 aqd 3.22 we have‘recalculatqd the carbonitride
compos%tionsland quaternary austenite compositions corresponding to the
direct experiménts. The éorrelatiohs Eetween observations and predictions
are shown in Table 3.14 and Fig. 3.15 and will be discussed later.

A diagrammatic representation of the estimated free energies of
formation of the carbonitrides are presented in Figs. 3.16 and 3.17.
Here log [%Nb][%cjx[%N]Y values for the experimental rééults_are compared

0.87-x"

It is to be noted in all these diagrams that the. free energies of forma-

with the proposed freewmenergy curve for the carbonitride NbeN

tion of tlie stable e-NbN are considerably more negative than' the esti-

mated free energies of G-NbNo'.87 as required by the metastability of 'the

. latter compound.

The fixed nonstoichiometric carbonitride is shown in the.schématiq

quaterpary.phase diagram (Fig. 3.9). Thus, given an alloy composition in

the two phase region, any two of Egs. 3.23-3.25 and the two tie line re-

Yations 3.21 and 3.22 can therefore be used to solve for the four un-

knowns X, [Nb],a[pj and [N] and thus determine the complete carBonitridé7~

~
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TABLE 3.13
(Eigiii;23321) | Estimated
Log[snb][%c1” %7 log[sMb ][]0 %
~2.88 # 0.05 ~3.75 * 0.15
~2.35 £ 0.05 ~3.1  0.20
22.00 £ 0.06 -2.6 * 0.20
1.64 £ 0.06 -2.2 % 0.20
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austenite equilibrium including the relative amounts of the two phases,

3.7 THERMODYNAMIC INTERACTIONS OF Mn, Si, Cr, Ni AND Mo WITH NIOBIUM,

CARBON AND NITROGEN

To include the effect of alloying elements on the niobium carbide,

nitride or carbonitride equilibrium with austenite, a knowledge of the

Wagner thermodynamic interaction parameters of the alloying elements with _

o . . M .
niobium, carbon and nitrogen, i.¢€., e is necessary.

Nb,C,N
If we consider the reactions for the formation of Nbe or NbNx

in a multi-component austenite, i.e.,

K

[Nb] + x[c] &Nbe 3.27
Kx
[Nb] + x[N] F—=2NbN_ 3.28

then the respective equilibrium constants are given by

3.29

Ky =a——xx 3.30

The Henrian (standard state at infinite dilution) activities are given

by the Wagner formalism as,

n
= Y Mo xY :
IR Qo = wn X+ ] e Xy 3.31
i=] 1
Y, § oM.y
2. = 2, ( - . .
na. noXe o+ 2 ect Xy 3.32
i=1 1
}3 Y. © M.y :
2n aN = an Xyt Y EN.XM , ' ’ 3.33,
i=1 i . : ,
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all other interaction terms being justifiably neglected.
The solubility products K& = l/KC and Kk = 1/KN for the carbide
and nitride reactions are therefore given by
' *noy M
_ x - .
gn KL = sn [NB][C]" + igl(em; + e M ] 3.34
X o M; M5
v = 1 1 .
. gn Ky = 4n [N][NTT + igl(er + )M, ] 3.35

Recently, Koyama et a1.88’89'have experimentally studied the

effects of Mn, Si, Cr and Ni on the solubilities .of niobium carbide and
nitride in steels. Their experimeﬂ%al equations are listed in Table 3.16.
The eg interaction coefficients are well—known-and the ex interaction co-
efficients for Mn, Si, Cr, Ni and Mo haVe been experimentally measured by
a number of recent investigators. These are summarized in Table 3. |

Using the first four of these and the results of Koyama et al.88’89
the Wagner interaction coefficients have been independently evaluated
through Eq. 3.34 and Eq; 3.35 and compared in Table 3.18. Unfortunately,
measurements involving Mo were not carried out. However, 1in viqy of the
facts that (i) both Mo and Nb have identical 'interactions with iron (ex-

113,114

emplified by the respective Fe-Mo and Fe-Nb phase diagrams ). (ii) they

g

lie adjacent in the period table (suggesting a possible{pomplete mutual
solid solubility in the Mo-Nb binary systemlls) there is a strong likeli-
hood that thé interaction between Mo and Nb is negligible. It is there-
fore justifiab%e t0 estimate exg ~ 0. Thus, it is now possible in the
inverse calculation to treat the solubility of niobium carbide and nitride

v

satisfactorily in a multi-component austenite containing five additional
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TABLE 3.19

Carbon-alloy (e?) %;d nitrogen-alloy (ex) interaction coefficients

Alloying Element e? Ref,
Mn, ) -5070/T 90
) Si ! 4.84 + 7370/T 91
e —————— — —m = —— . — e e e
Cr 7.02 - 21880/T 92
Ni . 0.69 + 4600/T 93
Mo . . 3.86 ~ 17870/T 105
X , M
Alloying Element CN Ref.
) 17.2 - 31950/T %f
Mn 3.0 - 16140/T 94
(8.2 - 21000/T) * 0.5 93
Si ' - 35 + 57700/T 96 -
' 9.6 - 26400/T 97
Cr 31.1 - 80000/T 94 If
‘ (43 - 92000/T) * 1 . 93 .
EF_M ' | 4.5 (1050°C) '
N Nl ¢ ( 98
‘ 4.1 (1250°C)
3000/T 97
Mo ~9552/T S
' ¥
i
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TABLE 3.20

Niobium-alloy interaction coefficients evaluated from Koyama's results

(Table 3.18) using the interaction coefficients chosen in Table 3.19

p— .~—~—~ﬂ—-
. ~M s
Alloying Element ENb

Mn 175 -~ 26260/T

Si -100 + 160640/T

Cr 37 - 72625/T

Ni ~ o 700Q/T

Mo (*) 0

fo
* e
€N.] 3 assumed.

»
—

<
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alloying elements, %,@., Mn, Si, Cr, Ni and Mo. That is, the carbonitride
e

equilibrium‘in a multi-component austenite can be predicted by substituting
the acdtivities defined by Eqs. 3.31 - 3.33  for the concentrations [Nb],
[C] and [N] in Eqs. 3.23 and 3.24 and proceeding as for the quaternary.

The last entry in each of the gub-sections of tables 3.19 and 3.20 re-
presents our recommended relation for the interaction parameter to be

Iy

used in such a phase diagram calculation.
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(HAPTER IV
EXPERIMENTAL METHODS

4.1 DETERMINATION OF Y/Y+NbCA PHASE BOUNDARY IN THE Fe-Nb-C SYSTEM BY

EQUILIBRATION

The binary Fe-C system has been thoroughly studied by gas equili-
bration techniques by many workers. Chipman106 has reviewed all the ex-
perimental results on the thermodynamic properties of binary Fe-C austenite
and found a substantial degree of agreement among them, He has concludéd
that the data are among the most accurate in the field of metallurgy. More.

recently, Ban-ya et a1.82:83

have published results of their own experiments,
critically coﬁpared their results with the existing data and have given
accurate relations between carbon activity and carbon composition for binary
Fe-C austenite. Their results have proved very useful in the study of the
effects of alloying elements.

While determining the influence of an alloying element on the
thermodynamics of the binary Fe-C austenite, it is common to equilibrate

2 4

measured composition. The initial Fe-M compositions are chosen to be out-

a series of Fe-M alloys with CO-CO2 or H -CH, gas mixtures of carefully

side or inside the composition range for stability of single-phase austenite
depending on whether.thq objective is to determine phase boundgries in the
Fe-M-C system or fo siudy the effect of the alloying element :on the acti-

. _ ) .

vity of carbon in éustenite: This procedure is difficult experimentally

especially while studying the effects of strong. carbide formers which

drastically reduce the activity of carbon. At these low carbon activities,

- 88 -
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.

the appropriate gas mixtures are almost pure CO or H and the control of

2
the carﬁon activity is susceptible to very large errors. A simpler tech-
niqueois to simultaneously equiliﬁrate Fe-M-C alloys and Fe-C alloys with
the gas mixtures, and then use the accurately known activity composition
relations for the binary Fe-C austenite to determine the carb?n activity
in the ternary Fe-M-C samples. Most of the reported studies of the ef-
fects of alloying elements have used this technique.

The results of such an equilibration method are supposed to have
the highest accuracy as compared to other methods. This has been shown
"to be trueqwith mgst a%loying elements. In the case of niobium, however,
the few reported equilibration measurements of the ;arbide solubiiitylz’ls’16
show considerable disagreement. THe uncertainty in the measured solubility
limits has often not been reported. Thus there is a ;trong need for.a |
qomprehensi%e study of the solubility of niobium carbide i: austenite
over a wide temperature range. Extensive and reliable determinatiéns of,
the carbide solubility through chemical methods are already available and
the results of a properly done equilibration méasurement as described
above would yield more accurate solubility information and help to check

on the consistency of the other data.

The Present Expefimental Technique

The sealed capsulé technique, employed by Kallstrom and Omsen,107 ¢

Heckler and Wiﬁchell,108 Zupp and'Stevenson,109 Nishxzawallo and Uhrenius

1¥1 held definite advahtages for the present study. This

and Harvig
technique consisted of enclosing a series of high purity Fe-Nb alloys

and Fe-C alloys'in a thick-walled quartz tube, evacuating the tube to a
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high vacuum and b;ck—filling it with high purity Hz gas, sealing the‘tube
to form a capsule and then annealing it at the desired temperature. Car-
bon gets selectively transferred between the Fe-C and the Fe-Nb alloys
which are not in physical contact. The carbon activity obtained within
the capsule was determined from the final carbon content of the binary
Fe-C alloy samples and the results of Ban-ya, Elliott and Chipman.83

The main experimental considerations in this method were:
1) preparation and evaluation of high purity Fe-Nb and Fe-C alloys;
2} accurate temperature control and establishment of a uniform tempera;
ture zone;
3) prevention of léakage of H2

4) establishment of equilibrium with respect to carbon content;

from the quartz tube;

5) investigation of the possibility of transfer of niobium between the
samples or of silicon contamination from the quartz capsule; and,

6) carbon analysis. These points are discussed in turn below.

R

1. Preparation and Evaluation of Materials: High purity Ferro-Niobium

alloys supplied by the Shieldailoy Corporation and of the compositions
shown in Table 4.1 were diluted to different extents with Ferrovac-E

of the composition shown in Table 4.2 by argon-arc-melting. Ten‘Fe-Nb
alloys were prepared. Reproducible Nb-analysis on all the samples was

" carried out by spectrophotometric means. The alioy compositions are
given-in Table 4.3. The purpose of the present investigation being pri-
marily the determipation of the austenite/austenite+NbC bhase‘boundary,
m;st of the %E%fys made had ﬁb contents which were well utside the com-—

position range for stability of single-phase austenité. .The Fe-C samples

//“
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Composition of the Ferro-Niobium alloys used

Niobium
Tantalum
Carbon
Manganese
Silicon
Aluminium
Phosphorous
Lead

Tin
Sulphur
Nitrogen

Oxygen

TABLE 4.1

62-685%

0.

)

in this study

Max
Max
Max
Max
Max
Max
Max
Max
Max
Max

Max
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Composition of the Ferrvac-E iron used in this study

kIron
Carbon
Manganese
éhosphorous

-Sulphur
Silicon
Nickel
Chromium
Vanadium
Tungsten
Molybdenum
Cobalt
Copper
Tin
Aluminium
Nitrogen
Oxygen

Hydrogen

TABLE 4.2

99
0
0
0
0
0
0
0
0
0
0

0

0.

0.

0.

0

192%
.006
.001
.002°
.005
.005

.025

.001

.005

.001

.001

.004
001
002
oL
100015
.0012

. 00006
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TABLE 4.3

Niobium contents of the Fe~Nb alloys

1)
2)
3)

4)

6)
"
8)
9)

10)

Wt.

0.012

©0.032

0.056

0.073

0.091

0.108

0.31S5

0.402

0.510

0.605

made for equilibration studies

-%

1+

1+

I+

I+

-

1+

I+

1+

1+

I+

Nb

0.0010

0.0010

0.0010

-

0.0024 -

0.0030
0.0040
0.0050
0¢.0060
0.0070

0.0080
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required for the equilibratibn were 0.1 to 0.4 wt %C alloys prepared by

argon-arc melting of Ferrovac-F aQ@La master high carbon (1.5 wt. %C)

alloy. All the alloys were remelted several times to promote homogeneity

-

and then w&re swaged into rods. The samples for the equilibration runs
& ’ :

were obtained by rolling the rod stock to 0.5 mm thick sheets, then cut-

ting the sheet stock intg strips. . '
The quartz tube used for gﬁclosing the spécimens was thick-walled,

The specimen arrangement is shown in Fig. 4.4. In a typical experiment up

to eight alloy samples ;eighing ~ 2.0 gms each were equilibrated with

Fe-C samples of chosen carbon conéents. The quartz tube was evacuated

to 10-4 mm Hg, back-filled with hydrogen gas to the‘aesired partial pres;

i
sure and then sealed.

2. Teﬁperature Control: Of obvious importance is control to mainta%ﬂ»,
B

constant température. Control of the temperaturé’profile along the catbon

equilibration cell is even more critigal, because the equilibrium between
the HZ—CH4 atmosphere and carbon dissolved in the sample shifts with tem-
perature. A Lindberg Heavy Duty furnace was used in the present study. .,
The hot zone was over 10 cms long and the quartz capsules were 7 to 8 cms
long. Two Pt-Pt IO%Rh\thermocou?Ies calibrated with an external Pt-Pt 4
13%Rh ca}ibration thermocouple were used to control the témperature across
the 8 cm length. The total’uncertainty in the temperature measurement
including long-time variations was less than * 4°C below 1100°C and % 6°C
between 1100°C and 1250°C. This is on the basis of (1) the certified

accuracy of calibration of the reference thermocouple and its aging

characteristics and (2) the accuracy of the measuring potentiometer.

-
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3. Hydrogen Leakage from the Quartz Tube: ' It was shown by Nishizawa11

that hydrogen, which is used as 2 carrier gas inside the capsules will

diffuse out of the quartz tubes to a great extent within a couple of §
days at 1000°C. To prevent this serious loss of carbon transport capa-

city, which indeed is low already at the initial hydrogen pressure, a

hydrogen pressure at atmospheric level was maintained outside the quartz

capsule via a continuous supply of hydrogen through the furnace tube.

4. Establishment of Carbon Equilibrium: For samples of double the size

used in this study, it is seen from the literature that equilibrium in

12,13

a flowing Hz—Oi mixture, is attained within a day at 1000°C.

4
For the present specimen sizes and the closed capsule technique, pre-
liminary experiments were, carried out to check for equilibration times

at different temperatures above 1000°C. This was first verified by

)
LRRRCY T N G PP

equilibrating Fé-C, Fe-Nb and a pure Fe sample until the carbon content
in the pure Fe sample was the same as in the Fe-C sample. Also, Fe-C,

- ' Fe-Nb, Fe-Nb-C alloy samples with the same Nb content were equilibrated

-

PEan

until the two alloy samples with the same Nb, reached the same earbon

ane S

levels. The results are shown in Table 4.5 where the approach to equili-
brium from both directions (i.e., carburizing and decarburizing Fe-Nb
and Pe-Nb-C alloys) are compared. Up to 1100°C, the niobium carbides

dissolve rather slowly and the approach to equilibrium by decarburizing

I
;
i
g
;

s takes longer. The equilibratien time in all the runs in this investiga-
tion corresponded at least to the times representative of column no. 2

in Table 4.5. All heat treatments were interrupted by quenching the

capsules in brine and by breaking them at once. The surfaces were clean o

in general and there were no traces of oxidation. The Fe-C and the Fe-Nb-C :

®



(
’%ABLE 4.5
Approach to Equilibrium
Temperature -  Time for.Equilibration (hrsj
1 2

1000°C n~ 78 v 96
1050°C ~v 48 v 60
1100°C ~v 28 v 36
1150°C 16 . n 20
1200°C ~ 10 nvo12
1250°C v 7 "o 10

1 For carburizing Fe-Nb alloys

2 For decarburizing Fe-Nb-C alloys

97
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samples were analysed for carbon, Thexgresence ox absence of the carbides
’
could easily be detected by an optical Jicroscope. A few scanning electron

micrographs were taken to get a clear idea of the maximum sizes and size
distributions of the cakbides.

5. Evaluation of the Selectivity of the CarBier Gas for Carbon: The

carrier gas should selectiveiy transfer carbon s$ th;t no correction for
transfer of Nb is necessary. This behaviour was ve;iffed by.annealrﬁéi\
an Fe-C and a Ferro-niobium master alloy sample for long periods of time
at 1000°C and 1250°C and analyzing the Fe-C sample for niobium. in no i
case was detectable transfer observed. Because silicon can increase

the carbon activity, the possibility of transfer of silicon has been
thoroughly examined by previous‘wérkers who had used the quarti

tube technique. Up to 1200°C, no detectable silicon pick up was found

in the earlier’studies. 1In the present investigation, a pure fe—C sample

-

with known Si was enclosed in a H2 atﬁosphere and annealed at 1250°C for

two days. "No detectable increase in the silicon content of the Fe-C

sample occurred.

«

6. Carbon Analysis: -Accurate'énalysis for low carbon, less than 0.12

wt. %C, was necessary aﬁd this could easily be achieved by the Leco con-
ductormetric apparatus designed to anal}sé low carbon. The standafd
deviation was * 5 ppﬁ foé the reproducibility of.carbon determination
in the low range (up to about 200 ppm), and‘a slightly higher value at

higher eoncentrations.
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4.2 STUDIES ON PRECIPITATES EXTRACTED FROM NIOBIUM-BEARING STEELS

The literature abounds with informatipn On the methods of extracting

inclusions and second-phase particles precipi ed in steel., Simple and
very efficient electrochemical means for isoléting precipitates have been
discussed by Blickwede and Cohen,35 Andrer and Hughes,36 Walz and Bloom37
and Gu;ry et al.38 These procedures are particularly useful in the con-

text of the present investigation wherein the objective is to identify

interstitial phases of niobium precipitated in stéels. The principle in
. ) -

all these techniques is the same,\ﬁ.e., anodic dissolution of the heat s

treated steel specimen under suitable conditions. Mandry and Dornelas21
have §pc€éssfu11y used a citrate éell for extracting carbonitrides of
niobium. The advantage of an electrochemical technique is that it is
‘conducive to extracting relatively large amounts of precipitates in a
short time. .

The very small amounts of niobium normally found in steels and
the need for knowing the fixed and free niobium in order to determine
solubility limits of the interstitial phases of 2}obium has resulted in
the evolution &f chemical dissolution techniques for isolating' these

, - ’ . 40-43
phases and accurate, procedures for analysing the extracted residues.

Mori et al.,7’18’14 who have by far done the most extensive st?diqs
on ﬁiebium compéunds precipitated in steel, have used a'simple chemicai
dissoiution method to extract the precipitates quantitatively. The chemi-
cal analysis’og)lhe extracts have been done ﬁsing the well—established
Kawamura.technique40 in wbich the niobium analysis. is done through an

accuratc spectrophotometric techhique. Numerous other chemical analysis

. : ' 39
procedures are available and have been reviewed by Bhargava and Donoven.
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These authors have also, given new and accurate procedures for analysing

~

for nipbium.

°

In the present investigation, solubility product determinations

and precipitate identifications have been made using chemical and electro-

chemical methods to isolate the precipitated phases.

Preparation of Materijals

Two high purity vacuum melted steels, S1 and S2, whose composi-
tions are given in Table 4.6, were used for the present study. They
were analysed particularly for nitrogen, oxygen and sulphur. About
200 gms of specimen were used for each electrolysis to yield adequate
quaniities of the precipitated carbides after isolation. The samples in
the form of thin sheetstéf 4 cms x 2.5 cms x 0.3 cms were first solution
treated at 1200°C and 1300°C, réépectively, and quenchéd into brine.
Isothermal heat treatments were then carried out at 1000°C fp; more than
two weeks. The specimens were all sealed in highly evacuated and argon-
back-filled quartz capsules and the argon gas at an atmospheric pressure
was passed continuwously through the furnace tuge, around the sealed
quartz tubes. The heat treatments were then inte?rupted Sy quenching
in brine. The specimens always had a clean surface at the end of the
heat treatments. They were then cleéned in 6 N HG1 for a few minutes

and then were ready for electrolysis or chemical dissolution.

{ . .
Electrochemical Isolation of Precipitates

The tell assembly i's shown in Fig. 4.7. An Eberbach low voltage

Y

electropolishing unit was used. Up to 50 gms of the specimens could be
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-TABLE 4.6
Composition of steels used for precipitate isolation studies

f ’
Steel Composition, Wt-% ‘
r)i
No. Nb C N S 0 .
%

S1 0.180- 0.030 -—— 0.004 0.0010

S2 0.026 0.175 0.0026 ~v 0.01 ~ 0.0018

Other impurities (wt.-%) Si ~ 0.01; P = 0.004
Ni~ 0.01; Mn = 0.02
Cr < 0.004, Mo < 0.004; V ~ 0.002
Cu~ 0.01; Sn ~ 0.002')

Al ~ 0.001; Total Ti ~ 0.005
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held in the anode holders and the cathodes made of stainless steel plétes
were surrounded by porous clay cups to prevent the deposited iron from é?
contaminating the electrolyte in which the isolated agglomerated carbideé
were present around the dissolving anode ;teel specimens:
The electrolyte consisted of 5% sodium citrate and 2% potassium
bromide. The electrolying conditions were 12V and a current density of
5 maJsz. It took less than 4 hrs to dissolve all the anode specimens,
A‘0.3S u millipore filter was used to filter the electrolyte and retain
the desired coarse residue portions. The residues were then given a
series of hot cleaning treatments to dissolve away any unwanted iron and )

other impu}ities. 10% HF was used f6r all the cleaning purposes. The

residues were oven-dried and were ready for subsequent identification.

Chemical Dissolution and Isolation of Niobium Carbides for Solubility

3

Determinalions

-
T&e steel S1, whose composition is given in the earlier section,

was used./)Specimens in the formof 1 cm x 1 cm x 0.1 cm were solution

treated and then heat treatea at various temperatures in sealed quartz -

tubes, in a manner descriped earlier. A summary of the heat tfeatment

schedules is given in Table 5.15. 8 to 10 gms of the specimen were

heat treated at each temperature.‘ A few accurately weighed grams out

of this was dissolved each tiﬁe in cold 6 N HC1l. Since the oﬁjectiVe'

was éo quantitatively determine the Nb present as pyecipitate, it was

necessary to retain all of the residue. A 0.05 u ;pecial membrane

"filter was used. The retained résidues were washed and analysed for

niobium using the Kawamura technique. Soluble niobium was‘found by sub-



/

tracting from total niobium in the steel and the soluble carbon was de~

104

termined from a knowledge of the precipitate compositions obtained through
X-ray analysis of carbides extracted from steel S1, discussed in the

next section.

>

Precipitate Identification

X-ray diffraction studies of the residues from steels S1 and S2
were carried out in a Debyé—Scherrer cylindrical camera.using a Cu-target
for the X-ray source and a Ni filter so that only CuKo[l and CuKm2 radia-
tions were involved in the diffraction. To obtain. the resolution of the
high angle reflections, a 1arg§rlcamera diameter of 114 mm was chosen.

To minimize the backgréund rédiation, Helium was flushed through the
camera throughout éhe exposure period. Because of the long coarsening
treatments given to them, the precipitates were adequately sized to yield
the desired high angle resolution. The_line positions on the films were

-

measured to deduce the 20 values for each reflection. Standard extra-
polation procedures were:used to measure lattice parameters to better
than 0.001 A° accuracy, this being adequate enough to identify the non-

stoichiometric.comRounds.



CHAPTER V
EXPERIMENTAL RESULTS

5.1 EQUILIBRATION EXPERIMENTS

The carbon contents (in wt. %) as a function of niobium in the
Fe-Nb alloys equilibrated at the various temperatures are shown in Figs.
5.1-5.4. The points on the vertical axis correspond to the carbon gained
by the pure iron samples used in eath run to check for equilibration
(and are also the final carbon contents of the Fe-C samples). Points on
each isoactivity line correspond to the alloy compbsitions within the
same capsule, having been equilibrated to the same carbon potential. The
carbon contents shown are an aveéage.of at least eiéht carbon analyses
éf alloy samples from two identical equilibration runs. In view of the
large difference in the atomic weights of carbon and niobium, the wt. %Nb
of eéch Fe-Nb-C alloy did not khange during equilibration.

The carbon activities indicated on the graphs were calculated
from the carbon contents of the binary Fe-C samples using the data of
Ban;ya et al.83

Each alloy sample was metallographically checked for the presence
of precipitated carbides and the samples in the single phase and two
phase regions could clearl} be delineated. -

The point at which each isoactivity line changes slope, corres-

. ponds to the Y7Y;Nbe equilibrium and also represents the maxigum amounts

of niobium and carbon that can remain in solution in austenite at that

carbon activity before precipitation of Nbe begins. The uncertainties
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in both the niobium and carbon contents'have been used to estimate the
errors in the tie lines. At each carbon activity, the posgiblé changes

in slopes of the straight lines that represent the best linear least
squares fit of the points in the two phase and the single phase region
have been taken into account in arriving at the solubility limits indi-
cated on the graphs.” In many cases, however, horizontal lines have
necessarily been drawn in the single phase region corresponding to the

. binary carbon level. The uncertainty recorded for each of the solubility
limits represents the maximum deviation and thus corresponds approximately

to a 95% confidence limit.

5.2 CHEMICAL ANALYSIS OF EXTRACTED PRECIPITATES

The results of the chemical analysis of carbides extracted from
steel S1, are shown in Table 5.5. The carbide present in this steel at

1000°C was identified below as NbC0 g° The soluble niobium and carbon

were calculated from the total amounts of niobium and carbon in the steel

. . LS
S1 and the mean value of niobium present as carbide.

5.3 IDENTIFICATION OF PRECIPITATES

The results of X-ray analysis of the precipitates extracted from
steels S1 and S2, held at 1000°C, are given in Tables 5.6 and 5.7. The
lattice parameters of the precipitateé*are given in the same table along
with the respective uncertainties.

The lattice parameter of the precipitate in steel S1 was compared
with the fesults of Kempter et al.29 and identified as NbCO_g. The

data of Brauer and Lesser26 has been utilized to identify the ;arbonitride
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,TABLE 5.5
The details of residuum analysis (steel S1)
Temp. of 9s¢” 1000 1050 1100 1150
Austenitization T C ;
Holding time (hrs) 120 100 94 ) 48 48
Nb 10° (gms)

present as ppt.
per 100 gms. of steel

dissolved.

Residue 1 136 98 84 32 --
Residue 2 . 127 113 104 - 47 20
Residue 3 144 128 102 70 24
Residue- 4 134 120 90 60 --
Mean Value 135 115, 95 52 22

wt. %Nb in solution .
in austenite .045 .065 .085 .128 .158
(Total Nb-fixed Nb) ’

wt. %C in solution

%Cc-f1q )
(Total %C-fixed Nb .01s  .017  .0l19 - .024  .028

12.01
x 0.87 x 92'91)
s 7m0 87 ' ‘
log[%Nb][%C] -2.93 -2.73 -2.57 -2,30. -2.15
6900
' = - +
log K. = 2.7 7t 0.12

1200

12

.180

111

o, S ST ¥

—,

DTS, RO T
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X-ray Analysis of Precipitate from Steel Sl

Diffraction conditions

Type of Camera:
Camera diameter:

Radiation:
Filter: Ni

Exposure time:

Atmosphere:
Line hk&

1 111

2 200

3 220

4 311

5 222

6 331

7 420

8 420

9 422
10 422
11 333,511
12 333,511
13 440
14 440

R.I.

-

Debye-Scherrer cylindrical

TABLE 5.6

= Relative Intensity; Ko

4

114 mm
Cuk,,
6% hrs.
Helium
Radiation R.I.
Kal 100
Kal 75
Kal 50
Kal 40
Kal 20
Kal 20
Kal 25
Kaz 15
Kal 25
Kaz 15
Kal 25
Kaz 15
Ka1 25
Kaz 15

1

35.

41

59.
71.
74.
98.

102
102

116.
117.
~128.
129.
155.
156.

Extrapolated lattice parameter =

compound = NbC0

%
26 M°)

71
.52
83
50
92
90
.54
.94
84
32
70
27
38
73

0.0940
0.1256
0.2487
0.340S
0.3699
0.5774
0.6086
0.6120
0.7258
0.7295
0.8126
0.8165
0.9546
0.9593

1.54051 A°; Ko, =

2

"4.355
4.346

4,369
4,378
4.387
4.419

4.416

4.414
4.429
4.429
4.440
4.440
4.460
4.460

1.54433 A°

4.465 + 0.001 A°

g .
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. TABLE §. 7

X-ray Analysis of Precipitate from Steel S2

Diffraction ceonditions

Type of Camera: Debye-Scherrer cylindric
Camera diameter: 114 mm

Radiation: CuK

Filter: Ni @

Exposure time: 6% hrs.

Atmosphere: Helium

Line hk2 Radiation R.I. 20
1 111 Kat ) 100 35.71
2 200 Kot 75 41.51
3 220 Koy 50 '59.82
4 311 Ko, 40 71.38
5 222 Koty 20 74 .88
6 331 Ko, 20 98.80
7 420 Kary 25 102.42
8 420 Ka, 15 102.82
9 422 Ko, 25 116.69

10 422 Ka, 15 . 117.16
11 333,511 Ka, 25 128.50
12 333,511 Ka, 15 129.09
13 440 Koty 25 154.95
14 440 Ka, 15 156.27

R.I. =.Relative Intensity; Kal = 1.54051 A°;

Extrapolated lattice parameter = 4.469 * 0.001 A°

compound = NbCO.QLN0,04

akL

sinze

0.0940
0.1256
0.2486

0.3404

0.3696
0.5765
0.6075
0.6109
0.7246
0,7282
0.8113
0.8153
0.9530
0.9577

Ka, = 1.54433 A°

2

a(A®)
4. 355

4,351

4.373
4.353
4.393
4.433
4.419
4.418
4.433
4.433
4.444
4.444
4.463
4.463
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in steel S2 as NbCO.QINO.OA'

5.4 Y/y+Nbe PHASE BOUNDARIES IN THE TEMPERATURE RANGE 1000°-1250°C

The calculated Y/Y+Nbe phase boundaries along with the present
experimental information and all the reported solubility data (discussed

in Chapter II) are present in Figs. 5.8-5.13.
'

The following average sdlubility product is yielded by the results

of the present equilibration experiments: ’

0.87 _ _ 7920

log[%Nb][%C] T

3.4

\ . :
\hﬁﬁeéhis has been calculated as indicated in Table 5.14.
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%» TEMPERATURE 1000 °C.
ol6}-
AUST./AUST. + NIOBIUM CARBIDE
_____ PHASE BOUNDARY CALCULATED
FROM THERMOCHEMICAL DATA. o

lI EXPERIMENTAL
ok “I © — THIS STQDY (EQU!LIBRATION) _4
O — JOHANSEN ET AL (EQUILIBRATION)
A — SMITH (EQUILIBRATION)

B — THIS STUDY (CHEMICAL } -
& — MORI ET AL (CHEMICAL)
v — REISTAD ET AL (CHEMICAL )

. 008}~ ! \\ O — DE KAZINCZY  ( HARDNESS )
\ ET AL
\
\-
- .
\ -
004} i
= .
A TEEE ~;:TT“TT==h< ____________
1 1 1 1 1 T
0 0.04 © 008 ' 0.2 ole -

WT. % NIOBIUM

Figufe 5.8 y/y+Nbe phase boundary at 1000°C
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TEMPERATURE 1200°C

___AUST /AUST. NIOBIUM CARBIDE
Z=ZPHASE BOUNDARY CALCULATED
FROM THERMOCHEMICAL DATA

\
\ \ EXPERIMENTAL
018 T _———
\ \ e THIS STUDY - (EQUILIBRATION)
\ \ & SMITH (EQUILIBRATION)
\ \ O MOR! ET AL ( CHEMICAL)
0ts \ \\ O WILSON ET AL. { CHEMICAL )
\ \ O DE KAZINCZY ET AL. ( HARDNESS)
014 \
012
010
008 }—
006 }—
0.04
002 I~
000 | | | | | | ] ] | | ]
002 006 0.10 0.14 0.8 0.22
WT. % NIOBIUM
Figure 5.12 Y/Y+Nbe phase boundary at 1200°C
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T°C

1000

1050

1100

1150

1200

1250

TABLE 5.14

Solubility products from equilibration studies

Solubility Limits

" %Mb

. 0
"0

0.
0.

o O o O

.014
.034
052
073

.057

.031
.047
.091
.110

0.110

L]

o O © o

0

.185

.063
.087
.098
.210

.180

o

o O O O

C

.118
.036
.015
.010

.D31

.125
.064
.032
.024

0.035
0.020

o O O O

.122
.097
.073
.030

065

Log[%Nb1[%C]
-2.66 + 0
-2.72 + 0.
-2.85 + 0
-2.88 + 0
-2.56 £ 0
-2,29 £ 0
-2.37 + 0
-2.34 £ 0
-2.35 % 0
~2.23 £ 0
-2.21 20
-2.00 £ 0
-1.94 £ 0
-2.00 £ 0
-2.00 % 0

- -1.78 £ 0

0.87

.19

12

.07
.06

.06

.09
.08
.05
.06

.05
.06

.07
.06
.06
.05

.05
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CHAPTER VI
DISCUSSION AND CONCLUSIONS

The first objective of this investigation has been to generate
a self-consistent phase diagram for the Fe-Nb-C system over relevant
temperature and composition ranges through detailed experiments and theoreti-
cal calculations using digect and ;ndirect data available in the literature.
The second objective has been to account for the influence of nitrogen
and alloying elements and thus extend the earlier results-to the quater-
nary Fe-Nb-C-N and higher order systems.

The empirical equations in Table 3.6, the tie line relations
in Fig. 3.7, the solubility products from direct equilibration and resi-
duum analysis experiments, Tables 5:5 and 5.14, and the phase diagrams
in Figures 5.8-5.13 describe the complete information obtained through
this study, and together these characterize the complete ;Lstenite-niobium
carbide equilibrium. The estimated solubility products of the metastable
cubic nitride (Table 3.13) along with the carbide solubility information

has enabled the characterization of the austenite-niobium carbonitride

equilibrium v%? certain justifiable assumptions and.the thermodynamic

equations generated therefrom (Eqs. 3.21-3.25). The evaluated alloy interactions

(Table 3.20) further enable us to include the effect of alloying elements
on the solution behaviour of the interstitial phases of niobium in aus-
tenite.

In this chapter, the accuracy and.completeness of the present

- 122 -
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experimental and theoretical calculations are first compared with‘the
results of other investigators. The utility of the method devised for
predicting carbonitride solubilities are also discussed. Some conclusions
regarding the usefulness of the tie line relations (Fig. 3.7) in esti-
mating quaternary solubility information are drawn. The relevance of

the present study to practical situations is briefly highlighted and

some possibilities for future work suggested.

" 6.1 ACCURACY OF THE vy/y+NbC PHASE BOUNDARIES CALCULATED USING THERMO-

CHEMICAL DATA

The accuracy of the calculated phase diagram depends ultimately
on the uncertainties in the recorded free energy of formation (or mixing).
These uncertainties arise from (i) the uncertainty in the reference heats
of formation (AH;(ZQS)) values over the composition range of the carbide,
(i1) erroréﬁzn recorded specific heat data over the’temperature range,
(iii) errors in the activity data for the binary Fe-C system, and (iv).
weaknesses in the assumption of ideal solution behaviour for niobium in.
austenite, ‘ - .
The first error has been shown not to exceed * 700 cal/mol-nigbium
at Fhe 20 level. The uncertainties in the thermal functions of the carbide,
carbon and niobium introduce estimated errors of * 300 cal/mole-niobium,
* 200 cal/mole-carbon and * 400 cal/mole-niobium, respectively. The
carbon activity data of Ban-ya et 31.83 have been shown to be very accurate
and the uncertainty is certainly less than x 150 cal/mole-éarbon.. The
assumption of an ideal behaviour of niobium in austenite should not cause

an error greater ‘than * 400 cal/mole;niobium.
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The maximum uncertainty in the integral free energy of mixing
of each carbide Nbe is therefore ~ * (1200/(1+x)) cal/mole-niobium
carbide at the 20 level. Over the composition range (x = 0.7-0.98)
of the’carbide therefore, the error is not more than 800 cal/mole-carbide
Consequently, the uncertainties in the empirical log (%C) values in
Table 3.6 that describe the phase boundaries are not greater than the
uncertainties indicated. The error bands on Figs. 5.8-5.13 reflect this
estimated maximum uncertainty.

Nordberg and Aronsson6 calculated a solubility product for the

carbide NbC0 3 using thermochemical data but erroneously estimated the

7
free energy of solution of niobium in austenite as " -3500 cél/mole.
Largely due to this, their calculated solubility product (Eq. 2.5) was
in rather poor agreement with the observations.

In closing this section it is to be remarked that the thermo-
dynamic data base for this system is by far the best among the refrac-

tory compounds, resulting in the excellent correlation with experiments

to be seen in Figs. 5.8-5.13

6.2 COMPARISON OF THE THERMODYNAMIC CALCULATIONS éITH THE PRESENT AND

PUBLISHED CARBIDE SOLUBILITY DATA

‘Referring to Figs. 5.8-5.13 and the éxperimental points designated

by the term "Equilibration" we see that the predictions, our results and
88,89

the results of Koyama et al. ’ are in excellent agreement. The con-

spicuous discrepancy in the results of Smith12 has been attributed to

high nitrogen contents in their starting materials.6 The solubility

-,

. . 13 . . .
determinations of Johanssen et al., though extensive, were subject to
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systematic errors. They equilibrated a single Fe-Nb-C and Fe samples
at~different carbon potentials. Subtracting the carﬁon gained by the
pure Fe samples (which is.equal to the limiting carbon solubility in the
ternary Fe-Nb-C austenite at that carbon activity) from the carbon con-
tent of the Fe-Nb-C alloy after equilibration and assuming a stoichio-
metric carbide NbC, they calculated the soluble niobium by mass balance.
This procedure for determining soluble niobium is bound to introduce
large systematic errors. This is clearly evidenced in their results at
1050°C and 1000°C. Indeed, whereas their experimental points ought to
lie to the left of the phase boundary in view of their incorrect assump-
tion of a stoichiometric carbide, they %11 lie to the right.

In view of the differing results from the various direct equili-
bration techniques, we conclude that the closed capsule techniqqe adopted
in the present study and proved to be equally efficient at even lower

109-111 is probably the most suitable for studies on

carbon activities,
strong carbide formers.

The two apparent disadvantages in the present technique are the
long equilibration times required and the accompanying problems of tem-
perature control and hydrogen leakage. However, both of these can be
overcome by careful experimentation.

Referring next to the experimental points designated by the term
""chemical' we note that the results of Mori et al.7 are the most com-
prehensive among the carbide solubility data obtained through chemical

analysis of isolated precipitates. Their experiments are particularly

noteworthy in that the standard deviations in their niobium analyses are

e
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only + 10 ppm. Their solubility determinations agree reasonably well
with the preséntly calculated phase bouﬁ@aries and all our own results.
However, all their values tend to be lower which lends'support to their
own conclusions thét tﬁeir ﬁreéipitates may have had small amounts of
dissolved nitrogen.

Our own results by the chemical method are less comprehensive
and our chemical analyses were less accurate as can be seen in Table 5.5.
At the same time, our steél S1 was nitrogen ffee. Generally, our measure-
ments agree with the predictions and the consensus of éxperimentation.
The measurements of Nilsson et al.,6 Reistad and Sfehlstedtll'and .
Wilsonlo are less comprehensive and of limited accuracy as admitted by
the respective authors.

Referring finally to the points designed by the term '""Hardness'
we note that the hardness measurements of de Kazinc;y et al.8 have been
recalculated and reinterpreted by Nordberg and Aronsson.6 The latter's
re1nterpretat1on was based on the well known fact that the hardness of
mild steels conta;ping niobium increase linearly with £ 1, '2' being
the average distance between particles of niobium carbide precipitated
in ferrite (Orowan-type mechanisn0</ This corrected the assumption of
de Kazinczy et al.8 that the mechanism was of the Mott-Nabarro typé.
The hardness measurements of ‘de Kazinczy et al.8 shown on the phase .
diagrams correspond to the recalculated solubility products. While
solubility values obtained.through hardness measurements involve large
uncertainties, they show surprisingly good agreement with theory and

the other determinations.
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6.3 PRECIPITATE IDENTIFICATION BY X-RAY ANALYSIS

Turning to Fig. 3.7 it is noted, that the carbide NbC, o identi-
fied in steeI.SI by lattice parameter measurements (Table 5.6) and the
corresponding soluble carbon and niobium (Table 5.5) agree very well with
the tie line relation at 1000°C. The carbonitride composition
Nbc0.91N0.04 in steel 82 estimated from lattice parameter measurements
(Table 5.7) should algo be close to the actual value. Indeed, the approxi-
mate carbon in solution in austenite at 1000°C for this steel is = 0.16
wt.% so if we add on the nitrogen and treat the total as an equivalent
carbon, the nonstoichiometry (x+y) from Fig. 3.7, can be deduced as 0.95.

This tends to support the inferences of the X-ray results and to indicate

a possible method of estimating the nonstoichiometry of niobium carbo-

'nitrides (to be- discussed later).

Mori et.al.7 have analysed precipitates chemically and by X-ray
means. Their results for the chemical analysis of carbides is given in

Fig. 3.12. Besides, they identified carbide compositions between NbC, 85

and NbC by X-ray ‘analysis of: precipitates extracted from low carbon

0.89 .
steels, heat treated at 1000°C. Their carbonitride iden%ificatiops have

been discussed in Chapter II.

6.4 THE ESTIMATED SOLUBILITY PRODUCTS OF METASTABLE NIOBIUM NITRIDE AND

THE TREAIMENT OF NIOBIUM CARBONITRIDE-AUSTENITE EQUILIBRIUM

The comparisons in Table 3.13 indicate that the inferred solu-

bility products of the metastable nitride represent good estimates. Also,

<refefring to Fig. 3.15 wbich‘compares the C:(C+N) values for the predic-
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tions and experiments,’the agreement is very good. Estimated deviations
of the solubility products Ké and K& at the 95% (20) level were invoked
to estimate the maximum uncertainties in the predicted compositions. The
greatest deviations in the predicted ratios are obtained when the devia-
tions in Ké and K& are of opposite sign and these are the deviations (now
at possibly greater than the 20 confidence level) indicated in Fig. 3.15.
The uncertainty in the ratio due to the uncertainty of the X' values is
greater when equiatomic proportions of carbon and nitrogen are present in
the precipitate than when a large excess carbon is present. Since devia-
tions from the theoretical line tend to be ranme rather than systematic
it appears unlikely that the discrepancies are due only to error in the
solubility pfoduct valuegf Ké and Kﬁ. ’
The agreement between prediction and experiment for both the

C:(G+N) values and quaternary austenite compositions is considerably

better than found by Hudd et al.,87 suggesting that the revised assump-

tions concerning a carbonitride of fixed nonstoichiometry are good approxi-

mations to the truth. Earlier authors,é’87

who assumed a stoichiometric
carbonitride, had admitted their inability to treat the carbonitride
as a nonstoichiometric compound. The present procedure, with the postu-

lation of a metastahle nitride, NbN clearly demonstrates that such

0.87°
an improved procedure is possible.

It is noted finally that the predictions of the austenite compo-
sition and the C/C+N ratios of the carbonitride are quite insensitive

to the assumption of fixed nonstoichiometry (x+y) and to small changes

in the particular value of (x+y) chosen. This salutory result, which
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is a consequence of the extreme diluteness of all the alloys of in-
terest, allows one to make an improved estimate of the nonstoichio;etry,
without recourse to further iteration of the austenite composition or
C/C+N ratios.

I1f one postulates that for high C/C+N ratios nitrogen substitutes
for carbon in a completely neutral manner (recall the ideality assump-
tion for the Nbe, NbNx mixture) then the nonstoichiometry can be esti-
mated from Fig. 3.7 by substituting C+N for C in the ordinate. Unfor-

tunately, the data on nonstoichiometry is insufficiently accurate or

comprehensive at this time to test this possible refinement.

-6.5 RELEVANCE TO COMMERCIAL PRACTICE

It has already been demonstrated that the method devised for
predicting the austenife-niobium carbonitfide‘equiiibrium can be used
to estimate the precipitate fractions. If the method isEapplied to com-
mercial materials, the calculated amounts of niobium carbide/carbonitride
present at equilibrium should be interpreted as maximum possible amounts.
Given a sfeel composition, the temperature for complete solution can be
calculated or inversely, the steel chemistry can be adjuste& to satisfy

desired solution treatments, using the present method.

6.6 SUGGESTIONS FOR FUTURE WORK

In a commercial steel, elements other than carbon and nitrogen

.

(i.e., oxygen and sulphur) will be present which may form compounds with

niobium if present in sufficient quantity and the Fe-Nb-C-N equilibrium

will be modified. Providing appropriate thermodynamic modelling it should
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be possible to take into account the influence of oxygen and sulphur
in a rigorous way. .

The very close similarity in the behaviours of carbon and nitro-
gen in solution in austenite and the success achieved with the present
method indicates that the method should also be applicable to other cargo—
nitrides in steels containing say titanium, tantalum, vanadium or zirconium.
The method could also be readily modified to cover carbonitrides con-
taining more than one alloying element, e.g., the mixed carbonitride of
niobium and tantalum.116 Application to steels which form oxy-sulphides
is also possible in principle - although in this instance the problem
"is complex for oxygen and sulphurtggssolved §n steel behave differently
than carbon and nitrogen.

Interaction of carbides and carbonitrides with ferrite is also
of great interest since the scavenging effect is g reduce those inter-

7

stitial solutes which cause strain aging. Extension of Hudd's work8

using the present methodology would aﬁpear to be useful. c
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