
Synopsis

The amount qf nitrogen
contained in an
austenitic stainless steel
qffects its properties
significantlY. The
maximum content qf
nitrogenfeasible in a
range qf experimental
low-nickel austenitic
stainless steels
containing significant
additions qf copper is
evaluated The nitrogen
content is calculated
based on published
interaction cOflficlents,
and by use qfthe rA 'c'r
thermo4Jmamic computer
program and database.
The tlifferences between
the two methods qf
pretliction can be attri-
buted to inaccuracies in
the published interaction
cOflficlents. The calcu-
lated nitrogen contents
qf some experimental

alloys are compared with
the actual nitrogen
contents obtained when
the alloys were produced
in an indJJctionjiJmace.
The actual nitrogen
contents obtained were
higher than those pre-
tlieted by either method,
and this is believed to be
due to a supersaturation
qf nitrogen occurring in

the melt, which was not
relieved during the short
period in which the
charge was molten. It
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Introduction

The addition of nitrogen to stainless steels can
have substantial effects on their mechanical and
corrosion properties. Nitrogen is a strong
austenite-forming and stabilizing element, and is
a strong solid-solution strengthener. It is also
known to significantly improve resistance to
corrosion. Austenitic stainless steels with high
nitrogen contents possess an increased tensile
strength, without a reduction in ductility or
fracture toughness1-7. Currently, the commercial
alloys with the highest nitrogen content are
based on Fe-18%Cr-l to 7%Ni-l to 18% Mn,
and these alloys can contain up to 0,6 per cent
nitrogen. The grades XM-17, 18, 19,29, and 31
in ASTM A240, and DIN 1.3816 (which is used
for generator end rings) are examples of such
alloys. However, experimental or semi-
commercial alloys containing up to 1 per cent
nitrogen are also knownl-5.7.8.

A number of factors influence the solubility
of nitrogen in iron alloys, namely alloy
composition, crystal structure, temperature, and
the pressure of gaseous nitrogen in the
atmosphere above the alloy. Additions of
chromium, manganese, and molybdenum to
liquid steel increase the nitrogen solubility, while
additions of nickel, carbon, silicon, and copper
decrease it9-12.Although the present work
examines the solubility of nitrogen in only the
liquid phase, it is also a requirement for the
commercial application of such alloys that their
nitrogen content is retained in solution during
solidification and in the solid phase. Porosity
induced by nitrogen coming out of solution
during solidification is an important factor
limiting the more widespread adoption of high-
nitrogen alloys13.Direct solidification into the
austenite phase field is very desirable13 because
the solubility of nitrogen in ferrite is much lower
than in austenite. This requirement presents a
problem in the 30O-series stainless steels (which
contain some 0-ferrite at elevated temperatures),
but is possible in selected compositions such as
Fe-15%Cr-15%Mn alloy with sufficient nitrogen
in solution14.
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Cortie15et al. have described a series of low-
nickel austenitic stainless steels that contain up
to 3 per cent copper and varying amounts of
nitrogen. These materials were developed in a
collaborative research effort by Mintek,
Samancor's Manganese Division, and RA Lula
Consulting (USA) in a programme to find soft
and formable austenitic stainless steels that
contain less than 4 per cent nickel. The copper
addition is required in order to raise the
stacking-fault energy of the alloys, which is
essential to ensure a soft material with good
formability. These materials contain additions of
nitrogen in order to assist in the formation and
stabilization of the austenite phase. It was
necessary to determine the maximum solubility
of nitrogen in the melts of such alloys, and the
extent to which it is decreased by copper. A sub-
set of the range of possible alloys, in this case
containing a carbon addition of 0,1 per cent, was
chosen for the present investigation. The
particular alloys were designed to be substan-
tially austenitic, even during cold working. Other
alloys developed in the collaborative investi-
gation mentioned15 have lower carbon contents.
The results of the present investigation may also
be of more general interest, since two methods
for predicting the nitrogen content of a liquid
steel are compared and checked against experi-
mental data obtained from melts made in an
induction furnace. In the first method, the
solubility is calculated from the published
thermodynamic interaction coefficients and, in
the second, use is made of the Facility for
Analysis of Chemical Thermodynamics, F' NC*T,
which is available from McGillUniversity in
Montreal, Canada, to on-line subscribers.
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was evident that the
experimental alloys can
contain between 0,25
and 0,40 per cent
nitrogen (depending on
temperature,
composition, and
nitrogen pressure) when
melted in a sealed
inductionfumace, and
this is more than
adequatefor the purpose
qfforming and
stabilizing the austenite
phase.
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I Experimental

Nitrogen Solubility Based on Published

! Interaction Coefficients

Sievert's Lawhas been found to hold under
equilibrium conditions for nitrogen pressures of
up to 200 MPa and chromium contents of up to
50 per cent 5,9

'2, and the calculationhere of the
solubility of nitrogen has been based on that
assumption. The method used is standard and is
describedin various textsI

"
'7, as well as in a

, previous article in this fouma! by Turan and

I Koursarisl8.
The interaction coefficients used are given in

Table I. The values of these coefficients arc given

in the literature'JI217,19, but there is considerable

I scatter between the coefficients reported, and the

most reliable values appear to be those reported

I
in the Steelmaking Data Sourcebook'7 Accord-
ingly, these arc the values that were used in the
present calculations.

The units of T in the expressions in Table [

must be kelvin. Where the value is given at a
fixed temperature, the Data Sourcebook advises

I that a linear extrapolation of the form

ej (T ) =~.el(T')I T I

can be used provided that the difference between

T and T is not too large.

TableI

Interaction coefficients for alloying
elements

Interaction
coefficient Value

e~
e;;

0.130 at 1873 K

-148/T + 0,033

r;;'c,

e;:

1,56/T - 0,00053

0,009 at 1873 K

0,007

0,048

0

-142/TJO,635

-33,2/T + 0,0064

-5,57/T + 0,0025

e~

e~
e%
e;

e:;'
r ':;',""

A Pascal computer program was written to
calculate the solubility of nitrogen in alloys of

I

varying composition at different temperatures
: and nitrogen pressures. The parameters given in

Table I were used to findJr,;, the fugacity of the

I nitrogen, which is defined
17 as

logfN = 2:e~r%jJ+ 2:2:rl.k[%jJ[%k]
) j k
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for the particular set of interaction coefficients
I used. The value Ofh was then used to find the

amount of nitrogen (mass percentage) in the
alloy using the available expression for the
solubility of nitrogen in pure iron, and the

I expression

[%NJFc
/\ =

[%N]"llo\

Nitrogen Content Based on F*A*C*T's
EQUILlB Program

F' A'C'T2Ois a computer system for thermo-
chemical calculations. This system offers many
services, and has onc of the most comprehensive
collections of data on pure inorganic compounds,
as well as non-ideal solutions. It can be accessed
online (by means of a personal computer
equipped with a modem) from McGillUniversity
in Montreal, Canada2'. F'A'C'T's EQUILlB
program calculates the equilibrium products of
complex multiphase chemical reactions
constrained by, for example, temperature and
pressure. This program is based on Eriksson's
SOLGAMIXprogram22, which uses free-energy
minimization to calculate the equilibrium
composition of solid, liquid, and gaseous
systems. Non-ideal solution models can be
incorporated in this program. In the present
investigation, F' A'C'T's liquid iron-dilute
solution database was used to calculate the
nitrogen content of molten steel.

Trial Melts

Three alloys were chosen for study, with the
charge compositions given in Table 11.The
maximum nitrogen content would, on the basis
of the coefficients given in Table I, be expected
to decrease from the first to the second alloy, and
increase from the second to the third alloy. The
experimental alloys were melted at approxi-
mately 1500°C in a vacuum induction furnace,
which was back-filled with nitrogen gas to an
absolute pressure of about 0,5 atm. The nitrogen
was introduced in the form of nitrided ferro-
manganese, and enough of the latter was added

I
to ensure that up to 0,5 per cent nitrogen by

I

i mass was available for alloying. It was expected
that nitrogen in excess of the thermodynamic
limit would bubble off into the furnace chamber.
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Figure 1-Nitrogen values for various alloys reported in the literature plotted against the
results of the present model when applied to the same data
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Figure 2-S0lubility of nitrogen as a function of temperature and pressure, calculated for an
Fe-17%Cr-7%Mn-3%Ni-3%CIHI,4%SH>,035%C alloy using the present model
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The actual ingot compositions (excluding
nitrogen) were entered into the F"NC"T program
and database, together with an excess of
nitrogen, and the equilibrium physical states of
the systems were calculated.
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Table11

Nominal charge compositions of iron-
based experimental melts, % by mass

TableIII

Actual compositions of iron-based
experimental melts, % by mass

1,2

Results

The actual ingot compositions are given in Table
Ill.

Figure 1 shows the predictions of the Pascal
computer program plotted against nitrogen
values (either experimental or theoretical)
obtained from the literature. It is evident that the
program and interaction coefficients used are
accurate up to about 0,6 per cent nitrogen, and
slightly optimistic at greater nitrogen contents.
The program correctly predicted that the
solubility of nitrogen in a hypothetical
Fe-17%Cr-7%Mn-3%Ni-3%Cu alloy decreased
with an increase in temperature and increased
with an increase in pressure (Figure 2).A slight

decrease in solubility with an increase in copper
content was indicated (Figure 3).

1700
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I Table IV,
Comparison of the theoretical techniques with the actual results
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The predictions made by the use of

interaction coefficients and those made by
1

1

F' A 'C'T are compared in Table IV with the actual
nitrogen contents of the three melts. Both

F' A 'C'T and the Pascal program were run for
1 various temperatures and pressures, since the

I melt parameters were not known exactly. The
I temperature range was taken to be between

I 1450 and 1500°C, and the nitrogen pre.ssure
..

between 0,4 and 0,5 atm. The 'low' estimates 111
Table IV were obtained with the higher

I temperature and lower nitrogen pressure, while

the 'high' estimates were calculated from the

I

lower temperature and the hig~er nitrogen
pressure. An example of the dIalogue entered1into with the F' A 'C'T system is reproduced in
the Addendum. It should be noted that samples

I VF965 and VF967 had a chromium content that
, was extrapolated from the suggested

I

composition range,while sampleVF968 had
both chromium and manganese contents out of

the suggested range.

.JULY1!)94

Discussion

I It is evident that the theoretical results from both

1 the F' A 'C'T and the Pascal programs indicate
that the addition of 3 per cent copper to the base

I alloy should lower the solubility of nitrogen by

about 0,02 and 0,04 per cent, depending on
1 temperatureand pressure.This may not be a

significant decline, given the typical composition
ranges specified in industry. However, the
solubility can be restored, and even increased,

I by further additions of manganese. The

additional 3 per cent manganese in the third
alloy, for example, was able to raise the

theoretical solubility of nitrogen by at least 0,04
per cent. However, the addition of manganese
would lower the stacking fault energy, which is
considered to be undesirable from the point of
view of good formability. More significant
changes with composition were found at the

i lower temperature and higher pressure,
indicating once again that the temperature and

I pressure of the melt dominate minor variations
in composition. It is, however, also evident that

I the three sets of results do not agree very well.
The F' A 'C'T system predicts nitrogen contents
that are about 20 to 25 per cent higher than
those predicted by the method of interaction
coefficients, which, as shown in Figure 1, is

;
quite accurate. This may be due to the paucity of

advanced thermochemical data for the effect of

I' manganese in solution in liquid steell3.

The actual nitrogen contents are consid-
erably higher than those predicted by either

theoretical method. The discrepancies between
the various results may be due to one or more of
the following factors.

~ The melts did not reach equilibrium in the
induction furnace. (This verdict was also
reached by Turan and Koursaris in their
investigations on the subjecf.)

~ The temperature and pressure of the melts

fell outside the assumed envelope. This
would be true if the temperature was less
than 1450°C and the pressure fluctuations
were greater than 0,1 atm. during the
melting process.

~ The interaction coefficients were not
sufficiently accurate. The coefficients used
were determined from ternary Fe-N-X
systems, and were assumed to remain the

samein a complexalloy' I. This
assumption may not hold for the complex
alloys studied here.

~ Insufficient interaction coefficientsmay
have been used. The second- and third-
order interaction coefficients are of much
smaller magnitude than the first, and
therefore are usually ignored for dilute
solutes. For a high degree of accuracy,

more of them should be included.

4
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~ Someofthe datausedbythe F.A.C*T
database have not been verified experi-
mentally over the particular range of
composition that is of interest here.

Conclusions

The method of interaction coefficients predicted
nitrogen contents that were lower than the
experimental results, and the discrepancies
between the two sets of results are thought to
result from the melts not reaching equilibrium at
the target temperatures and pressures. The
results produced by the F.NC*T database in this
case were consistently on the high side.
However, either theoretical method appears to be
sufficiently accurate for a conservative prediction
of nitrogen content.

The decrease in solubility due to the addition
of copper is small, and can be corrected by an
increase in the manganese content. In order to
ensure maximum nitrogen solubility, melting
must be carried out at the lowest possible
temperature and the highest possible nitrogen
pressure. The effects of the two latter factors
(particularly temperature) influence the
solubility very strongly, and will often outweigh
the effect of alloy composition. Finally, it has
been shown that substantially higher nitrogen
contents can be obtained in an induction furnace
in practice, provided that non-equilibrium
conditions pertain. The latter can be facilitated
by the addition of the nitrided ferro-alloy
towards the end of the melting process, and
allowing just enough time for it to melt before
the alloy is cast.

Addendum: Sample F*A*C*TDialogue

The numbers in the first line refer to moles of
reactant. The particular run shown is for the
composition ofVF968 at 1500°C and 0,4 atm.
Nz. The 'Cs printed alongside the results for Cr
and Mn are to warn the user that the thermo-
dynamic data for these elements have been
found by extrapolation.

338.5 Cr + 183.8 Mn + 48.8 Cu + 14.2 Si +
8.3 C + 7104 N + 1158.5 Fe =

26.023 mol (1.0000 N2)
(1773.15 K,Oo4OOOOatm, gas)

+ 1812.9 mol (0.63904 Fe
+ 0.18672 Cr C
+ 0.10139 Mn C
+ 0.28187E-01 Ni
+ 0.26919E-01 CU
+ 0.78329E-02 Si
+ 0.53379E-02 N2
+ 0.45784E-02 C)
(1773.15 K,Oo4OOOO atm, FeJiq.) .
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THE CONFERENCE

APCOM XXV (Application of Computers and
Operations Research in the Minerals Industries) will
be held at the Sheraton Hotel in Brisbane, Australia
] 0 to 14 July, 1995. The Conference will be
organised and hosted by the Australasian Institute of
Mining and Metallurgy.

In the APCOM tradition which stretches over 30
years, the Brisbane Conference will provide a forum
for the latest international developments in
computing associated with the mineral industry.

Brisbanc is a modern city with a population of over
one million people. It is equidistant from the large
coal mining operations in New South Wales (Hunter
Valley) and Queensland (Bowen Basin) and it is a
convenient access point to major gold and base metal
operations. The city is the site of world class mineral
research, educational and software development
facilities. Brisbane is also a convenient gateway to
many of Austra]ia's east coast natural attractions
including the famed Great Barrier Reef.

TECHNICAL PROGRAM

The organisers are planning for a program which will
attract papers covering research, applications and
innovations applied in the broad disciplines of
geology, mining and mineral processing. Plenary
sessions will be scheduled for major issues with
parallel sessions which will allow individual topics
to be considered in more detail. During the week of
the Conference, visits will be available to local
research groups.

OFFICIAL LANGUAGE

The official Conference language is English.
Abstracts and final papers are required in English.

~ t78

CIRCULAR

EXHIBITION

A computer and software exhibition will be held at
the Sheraton Hotel in association with the
Conference. The exhibition will provide an ideal
opportunity for suppliers to demonstrate their latest
developments to an international audience of
delegates. The organisers will ensure that adequate
time free from Conference sessions is available for
delegates to visit the exhibition.

ACCOMPANYING PERSONS PROGRAM

A social program for delegates and accompanying
pcrsons will be arranged.

REGISTRATION AND TRAVEL
ARRANGEMENTS

A second circular incorporating a detailed technical
program and registration forms will be available in
March 1995.

Quantas has been appointed official carrier for the
Conference and will be happy to assist you with
travel arrangements. Brisbane can be reached by
direct air routes from Furope, Asia and North
America and via Sydncy for othcr international
locations.

ENQUIRIES

Sally McIlwainc, Conference Secretary, The
AusIMM, PO Box 122, PARKVILLE VIC 3052
AUSTRALIA.
Telephonc: (6] 3) 347 3166
Facsimile: (hi 3) 347 1'525




