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Abstract

An estimation of the equilibrium compositions of the austenite and carbonitride
phases, as well as the mole fraction of each phase in C-Al-V-N microalloyed steels at
different austenitising temperatures was made by calculations based on experimental
data. Further, a comparison of the mole fraction was made from two thermodynamic
models due to Adrian and Rios, with and without considering aluminium in the steels.
The results indicate that both models produce very similar results and can be used to
calculate the equilibrium parameters and predict the solution temperature of
carbonitrides and aluminium nitride in the range 800-1300°C for an alloy system
contained up to three microalloying elements and aluminium. Both models predict
that most of the carbon remains in solution at the calculated temperature. When AIN
precipitation is included in the calculation, it is seen that the mole fraction of the

carbonitrides f, and the atomic fraction of carbon in the interstitial lattice of the
carbonitrides f. decreases, while the atomic fraction of nitrogen in the interstitial
lattice of carbonitride f, , increases. The effect of aluminium on these equilibrium

parameters depends on the chemical composition of the steel. Increasing the contents
of Al, N, C, and V together in the experimental steels has a more significant influence
on these equilibrium parameters than changing only the contents of Al; Al and V or
Al and N.

KEY WORDS: carbonitride; aluminium nitride; microalloyed steel; precipitation;

thermodynamic analysis; computer models.



1. Introduction

It is well known that small amounts of elements such as V, Nb and Ti can
significantly improve the overall mechanical properties of high strength low alloy
steels through retarding recrystallization and grain growth of austenite at high
temperatures and through dispersion hardening both in austenite and in ferrite. A
knowledge of the austenite composition, as well as of the amount and composition of
the carbonitrides, is essential for determining the optimum composition for the steel,
as well as the most favorable combination of heat treatment parameters.
Thermodynamic analysis is found to be a very efficient method for studying the
precipitation behavior of carbonitrides. Many experimental and theoretical studies on
multicomponent carbonitride compositions have been carried out in the past.™™?
However, very few studies have considered the effect of AIN on the precipitation
thermodynamic calculation, although in many microalloyed steels, aluminium is
present and it is able to form AIN. We know quite a lot about the different
precipitation kinetics of VCN and AIN, but little about solution kinetics. In addition,
very little work has been done to examine and verify the limited models available.
Owing to its different crystal structure (hcp), AIN does not show mutual solubility
with the carbides or nitrides of V, Nb and Ti, all of which have NaCl cubic crystal
structures. As a result, AIN precipitation competes for N with the NaCl-type
carbonitride.’  Therefore, AIN precipitation is expected to change not only
carbonitride composition and mole fraction but also the corresponding matrix

composition.



In the present study, a comparison is made of two different methods of estimating the
equilibrium compositions of the austenite and carbonitride phases, as well as the mole
fraction of each phase including AIN in C-Al-V-N microalloyed steels, at different
austenitising temperatures. One of the methods is called here the eleven parameter

thermodynamic model' and the other is called the two parameter thermodynamic

model.

2. Derivation of the Thermodynamic Models

2.1 The eleven parameter thermodynamic model developed by Adrian for an

Fe—Al-M —M —-M —C-N alloy system

It was assumed that three microalloyed elements (M, M, M") as well as the

interstitial elements (C, N) form dilute solutions in austenite and that their activities
are described by Henry’s law. An ideal stoichiometry of the carbonitride was also
assumed, which implies that the total number of metal atoms is equal to the number of
carbon and nitrogen atoms in the carbonitride. In an alloy system neglecting Al, the
molar free energy of the carbonitride G, is obtained, for the chemical formula of the
carbonitride M, M, M,C/N

+y» in which the value of z is equal to (1-x-V), as

described previously by Hillert and Staffansson *
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respective pure binary compounds at a given austenitising temperature T, S_ is the

integral molar entropy of mixing, and G: is the integral excess molar free energy of

mixing. Equation (1) can be rewritten in the following form

G, =G —TS! +GF (2)

where G™™ represents the molar free energy of the pure binary compounds forming

the carbonitride. The ideal entropy of mixing S’ is given by Temkin as'”

—S}n/R:xInx+vInv+zInz+yIny+(1—y)In(1—y) 3)

where R =8.3144 J/K.mol is the gas constant. The integral excess molar free energy

of mixing G~ is expressed by the regular solution parameters L
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It was assumed that L . .=L . .=L..=L .=L .=L..=0,

and LM =LM =LY =-4260Jmol*.*¥ At thermodynamic equilibrium, the free



energies of the atoms of M, M ,M ,C, and N in the austenite and in the

carbonitride are equal
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Where Gux,Gm and Gx are the partial molar free energies of MX, M and X,
respectively in the austenite. The final form of the system of equations describing the
thermodynamic equilibrium in the alloy system Fe—M —M —M —C-N was

obtained as ¥
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+(1—y)ln%+y2(1—y)%“=o (14)
M, :Gj fo+ (1= )M, (15)
M :(%) fo+ (1= T, )M (16)
M;':(l_);_vj fo+ (1= f,)M] (17)
C, = (%) fo+(1- f,)Cq (18)
Noz(l_Ty) fo+(1— fp)Ng (19)

Therefore, the thermodynamic equilibrium is described by a system of nine non-linear

equations with nine unknown variables describing the compositions of the austenite

(Mg, Mg, M¢,C, , and Ny ), the carbonitrides (x,v, and y) and the molar faction
of the carbonitride ( f,). The entry data for the solution of the system of equations are
the alloy composition ( M,, M,, M,,C, and N,), the austenitising temperature T,
and the solubility products K,,, for the binary compounds MX . All composition

data are expressed in atomic fractions and solubility products are related to atomic

fractions of the dissolved compounds.

Considering AIN, which has a hexagonal lattice and therefore precipitates

independently, the new modified system consists of equations (11)-(14) and the



following additional equations for the calculation of the thermodynamic equilibrium

in the alloy system Fe—Al-M - M -M —-C-N

AlsNg = Ky (20)
. X .
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where f,, is the molar fraction of AIN, Al, and Al are the total and dissolved
contents of aluminium, respectively, expressed as atomic fractions. Including f,,
and Alg, the thermodynamic equilibrium consists of a system of eleven non-linear

equations with eleven unknown variables.

2.2 The two parameter thermodynamic model developed by Rios for an alloy system

with a multicomponent NaCl-type carbonitride and AIN



On basis of the theory of molar free energy and also assuming that Henry’s law is
followed by the solutes, a mole of the complex carbonitride, neglecting any Al

addition to the system, constituted by n metal elements M, , is derived as

mole(M ... M, }(C,..N)

=+ (27)

where Z denotes the sum over all i. f; is the atomic fraction of the microalloyed

element M in the substitutional lattice (Z f; =1), while f. and f are the atomic

fractions of carbon and nitrogen respectively in the interstitial lattice of the complex

carbonitride (f, + f, =1). This definition yields a molar fraction which is half given

by Adrian * and consequently the present mole fractions must be multiplied by two

to be consistent with their definition.

If the composition of the steel in atomic fractions is given by M,;,C, and N, the

mass balance requires that

My = Mg —(1-2f, )My (28)
C, =C,—(1-2f,)Cs (29)
Np =Ny —(1-2f,)Ng (30)



where M;,C, and N, are the atomic fractions of microalloyed and interstitial

elements that form the carbonitride, f, is the mole fraction of the carbonitride and

M, is the atomic fraction of the i™ microalloyed element in solution in austenite.
When perfect stoichiometry is assumed, then

MOi_(l_ZfP)MSi
TN —(1-2f,)(Cs +Ng)
0 0 P S S

(31)

Therefore, the system of equations describing the thermodynamic equilibrium in the

alloy system with multicomponent NaCl-type carbonitride is given as follows ™

" 1-2(Cs+Ng) (32)
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where K,,. and K, are the solubility products of the NaCl-type of carbide and
nitride respectively of element M,. These solubility products must refer to

concentrations in atomic fractions and to the NaCl-type of carbide or nitride.

Equations (32) to (38) can be modified to account for the presence of AIN by
essentially rewriting the mass balance and allowing for the formation of a separate

aluminium nitride phase. Hence
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NS ) Z(Moi/KMiN)/[l_sz _2fAIN + fP(CS/KMiC + NS/KMiN )]

(46)

where Alg =K, /Ns. Although there are eight equations above, only two
unknown parameters, i.e. C; and N4 need to be solved initially. From the values of
Cs and Ng, all the other parameters f,,, fs, fc, fy, f; and Mg can be obtained

from equations (39)-(44).

3. Results and Discussion

3.1 Thermodynamic analysis programs

Because the above thermodynamic equilibrium equations contain non-linear terms,
they can only be solved by using numerical methods with the aid of a computer.
Based upon the MINPACK routine HYBRD1,"® two similar FORTRAN programs™®
have been written for the two models which choose the correction at each step as a
convex combination of the Newton and scaled gradient directions. This guarantees
global convergence for starting points far from the solution and a fast rate of
convergence. The Jacobian is updated by the rank-1 method of Broyden given by
More et al..'™ At the starting point, the Jacobian is approximated by forward
differences, but these are not used again until the rank-1 method fails to produce a
satisfactory process. Since the methods are iterative, an initial guess at the solution
has to be made. It should be emphasized that the functions of these parameters and

their derivatives are, in fact, discontinuous, and successive approximations often
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occur as singularities. In such cases, the calculation was carried out starting from a
new point selected by the approximate solution given by the previous results. Once a
new point is input, the programs automatically run several dozen and sometimes over
one hundred times, before an approximate solution is produced. The final solution is

ensured to have a calculated relative error of less than 1072 .

Relatively speaking, the program for the two parameter thermodynamic model
developed by Rios is more easy to run than the eleven parameter thermodynamic
model developed by Adrian because it only involves two unknown parameters and
requires two initial data parameters instead of eleven for the eleven parameter
thermodynamic model. Even so, it cannot be solved without using numerical
methods. In fact, all the equations (39)-(46) in the two parameter thermodynamic
model have to be solved simultaneously, because both unknown parameters are

involved in the eight equations.

3.2 Thermodynamic analysis for experimental steels neglecting AIN

The effects of the austenitising temperature on the austenite composition, as well as
on the amount and composition of the carbonitrides, have been analyzed for
experimental microalloyed steels whose compositions are listed in Table 1. In order
to compare the influence of Al on the precipitation process, firstly, the
thermodynamic analysis was carried out by both models without considering the

presence Al in the steels, i.e. Al=f,, =0. With only one alloying element,

vanadium, being added to the current steels, taking v=z=0 and M =M =0, the

12



equations (11)-(19) in the eleven parameter thermodynamic model are simplified for

carbonitride VC N, as follows.

YKy 2 Lew
In2=C 4+ (1-y)* =N =0 47
V.C, +(1-y) RT (47)
@YK 2 Lav (48)
VN RT

X
vV, Z(E) fo +(1— o )Vs (49)
C —(X)f +(1-f,)C (50)

0~ 2 P PJ~s

1-y

N, Z(Tj fo +(1— o )Ng (51)

Similarly, from the equations (32)-(38) in the two parameter thermodynamic model,

this gives

2
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P

N, —(1-2f,)N

fy = O(f JLE (54)
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fe
© Z(Vo/ch)/[l—pr + fP(Cs/ch + N /Kiy )]

(57)

fi
NS ) Z(VO/KVN)/[l_ZfP + fP(CS/KVC + NS/KVN )]

(58)

where x=f, =1, y="f;, 1-y=f, ie. VC N, =VC,; N, ,and V, and V; are

the total and dissolved contents of vanadium, respectively. Various experimental and
theoretically determined solubility products for vanadium carbide and nitride are

available,* and the following data have been adopted here *7%)

Log, K, =—9500/T +6.72 (59)

Log, K, = —7840/T +302 (60)

The calculated results of mole fractions of the carbonitrides, the carbonitride
composition and the matrix composition as a function of temperature are shown in
Figs. 1-3. As expected, the mole fraction of the carbonitrides decreases as the
temperature increases (Fig. 1). The precipitation of the carbonitrides could extend up
to 1050°C for Steel 2, which contains a higher nitrogen content, before they totally
dissolve into austenite. By contrast, all the carbonitrides go into solution before
950°C for the other steels, which contain a lower nitrogen content, due to insufficient
nitrogen to form a more stable carbonitride. The temperature at which the calculated
mole fraction of precipitates goes to zero, i.e. the temperature where all vanadium
goes into solution in austenite, is considered to be equal to the carbonitride solution

temperature. The atomic fraction of carbon in the interstitial lattice, f., decreases

while the atomic fraction of nitrogen f, , increases with temperature for all four

14



experimental steels (Fig. 2). Fig. 3 shows that the quantity of a particular element

remaining in solution in austenite, from which it can be seen that most of the carbon

tends to remain in solution, and as expected, the proportion of vanadium and nitrogen

in solution increases as the temperature increases.

Table 1. Compositions of Experimental Steels, wt%

No. C, Si, Mn, R, S, Al, N, V,
1 0.13 0.30 1.43 0.010 | 0.003 | 0.032 | 0.002 0.10
2 0.12 0.31 1.43 0.011 | 0.002 | 0.037 | 0.015 0.10
3 0.12 0.31 1.45 0.011 | 0.003 | 0.026 | 0.0049 | 0.10
4 0.13 0.30 1.45 0.012 | 0.003 | 0.029 | 0.0043 | 0.049
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Fig. 1 Mole fraction of carbonitride as a
function of temperature for C-Al-V-N steels
neglecting AIN, calculated by the two parameter
model (TPM) and the eleven parameter model
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Fig. 2 The atomic fractions of carbon and
nitrogen required to form VCN as a function of
temperature for C-Al-V-N steels neglecting AIN,
calculated by the two parameter model (TPM)
and the eleven parameter model (EPM).
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Fig. 3 The quantity of C, N and V in austenite
as a function of temperature in Steel 2
neglecting AIN, calculated by the two
parameter model (TPM) and eleven parameter
model (EPM).

Both models produce very similar results (see Figs. 1-3), especially for the

compositions of the austenite C,,Ng and V. Although the mole fraction of
carbonitrides f,, and the atomic fractions of carbon in the interstitial lattice of the
carbonitrides f. calculated by the eleven parameter thermodynamic model (EPM) are

slightly higher than those calculated by the two parameter thermodynamic model
(TPM), the atomic fractions of nitrogen in the interstitial lattice of carbonitrides f
calculated by the eleven parameter thermodynamic model are slightly lower than
those calculated by the two parameter thermodynamic model, but the differences are
small.

3.3 Thermodynamic analysis for experimental steels including the effects of AIN

When AIN precipitation in steels also is considered, the effects of austenitising

temperature on the parameters of precipitation and the austenite matrix can be
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evaluated by equations (47)-(48), plus equations (20)-(21) and (24)-(26) in the eleven
parameter thermodynamic model. These parameters also can be calculated by

equations (39)-(46) using the two parameter thermodynamic model. The same

solubility product data ** employed by other researchers**™® for AIN are used here,

Log, K = — 7184/T +179 (61)

Fig. 4 demonstrates the calculated austenite/carbonitride equilibrium parameters for
Steel 2 by considering AIN in both models, which produce almost identical results.
The results are similar to those shown in Figs. 1-3 without considering AIN. The mole
fraction of carbonitride f,, and the atomic fraction of carbon in the interstitial lattice
of carbonitride f. are slightly higher, while the atomic fraction of nitrogen in the
interstitial lattice of carbonitride f, and the dissolved vanadium in the austenite are
slightly lower, when calculated by the eleven parameter thermodynamic model rather

than by the two parameter thermodynamic model. The mole fraction of AIN, f,,,

increases slightly to about 1000° C and then decreases, until finally the AIN particles
go into solution with increasing temperature (Fig. 4(a)). As a result, the dissolved
aluminium in the austenite at first also slightly decreases and then increases (Fig.
4(c)).

It should be pointed out that for a particular composition of steel, when the
austenitising temperature reaches a particular temperature, a negative value of f, or
f un Will be obtained in the calculation, which means that in an equilibrium condition
all the particles have gone to solution in austenite at this temperature. In the case of

f, <0 and f,, >0, at higher temperatures, the calculation has to be repeated, with

18



fo="f.="f,=0 but only calculating f,, in the simplified equations. This
additional calculation can be carried out by the eleven parameter thermodynamic
model but is mathematically impossible by the two parameter thermodynamic model
due to the way this model was defined and derived. Therefore, the data available from
the two parameter thermodynamic model in Fig. 4 is only given up to 950°C, the
temperature at which the carbonitrides almost totally dissolve into austenite in Steel 2.
However, the advantage of the two parameter thermodynamic model is that it can be
easily generalized to account for the presence of any number of separate nitrides and

carbides coexisting with NaCl-type carbonitride.™

The comparison of the mole fraction of carbonitrides and equilibrium composition of
carbonitrides and austenite with and without considering AIN clearly show the
influence of Al on these parameters in the steels (Fig. 5). When considering AIN
precipitation, which competes for nitrogen with the vanadium carbonitride, the mole
fraction of carbonitride f, decreases (Fig. 5(a)), due to the impoverishment in
nitrogen. Naturally, the atomic fraction of nitrogen in the interstitial lattice of
carbonitride f,, also decreases, dropping from 0.64 to 0.42 at 800°C for Steel 2 (Fig.
5(b)). Subsequently, within the low temperature austenite range, more vanadium and

less nitrogen go into solution in austenite, compared with the situation without AIN

(Fig. 5(c)).
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Fig. 4 Comparison of the mole fractions of
carbonitride and equilibrium composition of
carbonitride and austenite for Steel 2
considering AIN, calculated by the two
parameter model (TPM) and the eleven
parameter model (EPM).
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It has been noticed that the effect of Al on these equilibrium parameters depends

strongly on the chemical composition of the steel.’>** In order to examine this effect,
the composition of experimental steels has been deliberately changed to double their
contents in Al; Al+V; AlI+N and Al+N+C+V; respectively (see Figs. 6-8). It is
interesting to note that simultaneously increasing Al, N, C, and V has a more
significant influence on these equilibrium parameters than changes only in the content
of Al; Aland V or Al and N, which extends the temperature range of precipitation

(Fig. 6), increases f, and f. (Fig. 6(a) and Fig. 7(a)), and decreases f, and the

dissolved nitrogen and vanadium in the austenite (Fig. 7(b) and Fig. 8(b-c)). As
expected, the mole fraction of AIN depends more on the amount of Al and N (Fig.
6(b)).

The limitation of the both models is that no kinetic considerations have been taken
into account. In general, a primary binding of nitrogen to aluminium is assumed in
thermodynamic calculations, the residual nitrogen being available for carbonitride
formation. However, depending upon the temperature and the steel composition,
aluminium nitride precipitation may be expected to take place concurrently with the
carbonitrides.” The two reactions compete for the available nitrogen, and the
progress of one reaction is therefore dependent on the progress of the other.

) and Emnicke and Billington,® in certain

According to Kern and Reif
circumstances aluminium nitride begins to form only after vanadium, niobium and

titanium

22



—— Original composition
—ll— Double Al

—a&— Double Al, V
—@— Double Al, N
—XK— Double Al, N, C, V

Mole fraction of carbonitride
x10 *
N
o

K

800 850 900 950 1000 1050 1100
Temperature, °C

v

40
—&— Original composition
—l— Double Al
30 1 —A— Double Al, V
faIN —@— Double Al, N
—XK— Double Al, N, C, V
20 4

10

Mole fraction of AIN x104

0 1 1 1 1 1 1 1 v 1 1 1

800 850 900 950 1000 1050 1100 1150 1200 1250 1300

Temperature, °C

Fig. 6 The influence of composition change in

Steel 2 on the mole fractions of carbonitride

and AIN when considering AIN calculated by

the eleven parameter model.
carbonitrides. The experimental results by Konig et al.?® indicated that vanadium
nitride precipitates much faster from austenite than aluminium nitride. By holding at
the precipitation temperature for a longer time, the vanadium nitride which is

precipitated first, against the conditions of the equilibrium, decomposes in favour of

the formation of aluminium nitride. Speer et al.*® found good agreement between
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Fig. 7 The influence of composition change in

Steel 2 on carbonitride composition when

considering AIN calculated by the two
parameter model.

24



1

o\o —4@—Original composition
E 0.9 —[3—Double Al
8 Carbon —A—Double Al, V
8 0.8 (a) — @ Double Al, N
0.7 4 T T . T . . . v . | —¥K—Double Al N, C, V
800 900 1000 1100 1200 1300
Temperature, °C
1 * - "
© O 8 i —4@— Original composition
s 0.6 - Nitrogen —— Double Al
ZO ' —A—Double Al, V
\UJ 04 —@— Double Al, N
z 0.2 1
—K— Double AI, N, C, V
0
800 900 1000 1100 1200 1300
Temperature, °c
1
o\o O 8 —4@—Original composition
E 06 —[3—Double Al
S 04 Vanadium —A—Double Al, V
; 0.2 (C) —@—Double Al, N
0+ T T T T T Y . . . ;| —%—pouble AN c. v
800 900 1000 1100 1200 1300
Temperature, °C
1 P
© 0.8 —4&@—Original composition
E 0.6 —[0—Double Al
<_i 04 —A—Double Al, V
=z 02 Aluminium  (d) —@—Double AL N
< 0 —¥—Double Al, N, C, V
800 900 1000 1100 1200 1300

Temperature, °C

Fig. 8 The influence of composition change in
Steel 2 on the austenite composition when
considering AIN calculated by the eleven

parameter model.
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experimental and calculated compositions of the large carbonitrides which formed at
the austenite grain boundaries but not with the fine carbonitrides which formed in the
matrix. They attributed the different precipitation to kinetics. The above calculations

may be expected to hold for the case of reheating prior to rolling, or normalizing.

4. Conclusions

An estimation of the equilibrium compositions of the austenite and carbonitride
phases, as well as the mole fraction of each phase in C-Al-V-N microalloyed steels at
different austenitising temperatures was made by two thermodynamic models due to
Adrian and Rios, with and without considering aluminium in the steels. The following

results were obtained.

(1) Both models produce very similar results and can be used to calculate the
equilibrium parameters and predict solution temperature of carbonitrides and
aluminium nitride for an alloy system contained up to three microalloying elements
and aluminium. Compared with the eleven parameter thermodynamic model of
Adrian, the advantage of the two parameter thermodynamic model is that it can be
easily generalized to account for the presence of any number of separate nitrides and
carbides coexisting with NaCl-type carbonitride. However, a further calculation faces

difficulty from the two parameter thermodynamic model when a negative value of f,

occurs.

(2) The mole fraction of the carbonitrides f, and the atomic fraction of carbon in the

interstitial lattice of carbonitride f. decrease, while the atomic fraction of nitrogen in
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the carbonitride f, increases with temperature for all four experimental steels. Most

of the carbon remains in solution for the calculated temperature and the proportion of
vanadium and nitrogen in solution increases as the temperature increases. The mole

fraction of AIN, f,, ., slightly increases up to a certain temperature and then

decreases until the precipitates finally go into solution with increasing temperature.

(3) When AIN precipitation is included in the calculations, it is seen that f, and f
decrease while f. increases, and at low temperatures (~ 1050°C) in the austenite

range, more vanadium and less nitrogen go into solution in austenite, compared the

situation when AIN precipitation is neglected.

(4) The effect of aluminium on these equilibrium parameters depends on the chemical
composition of the steel. Increasing the contents of Al, N, C, and V simultaneously in
the experimental steels has a more significant influence than changing only the

contents of Al; Al and V or Al and N separately.
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Appendix
Numerical solution of system of equations (11)-(14) and (20)-(26)

By modification of the Powell hybrid method,?~*® the system of equations in the

eleven parameter thermodynamic model is defined as

(Mg, Mg, Mg, Co, N, Al XV, Y, T, ) = 0
F, (Mg, Mg, Mg, Co, Ny, Alg, X,V Y, fp, ) =0 (A1)

Fu(Ms, Mg, M, Co Ng, Alg, XV, Y, o, ) =0

It is assumed that the functions are continuous and differentiable, so that there is a

matrix of first partial derivatives of the functions, the Jacobian matrix

J; (X) = (d:i/a’xj) evaluated at the point X . Hence

él:l d:l él:l éFl él:l éFl éFl éFl éFl éFl éFl
Mg Mg M, Ly Ny Al &N & A, Ay
&, kK &, F F &K FF &K F I
Ji(X) =] oM, "aMm; M ", N, Al KA A Ay
dzll éFll d:ll éFll éFll él:ll éFll éFll éFll éFll éFll
M Mg M, g N A, & N F Ay Ay
(A2)
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where the values of function F, and its derivatives (éFi/@(j)are calculated for the

point having co-ordinates Mg, M, M. ,C.,N¢, Alg,x,v,y, fo, f .
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