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Stainless steels

THERMODYNAMIC MODELLING
TO SUPPORT PRODUCTION
OF HIGH NITROGEN STEELS
BY DIFFERENT PROCESSES

F. Ruffini, O.Tassa, A. Carosi, F. Arcobello, B. Giambi

High Nitrogen Stainless Steel (HNSS) have a high potential for several applications due to their attractive
properties: by varying the range of composition of the steel, metallurgists are exploying these materials for
many important applications. Actually, there are some processing routes available: the most part of the world
production of HNSS is made by electric plus AOD for low-medium content of N and by PESR for high
content of nitrogen
The main criticality that can be encountered during the solidification of high nitrogen steels is the formation
of gas bubbles due to supersaturation of nitrogen in the melt, that induces porosity in the final
macrostructure. Therefore, tools for prediction of solidification behaviour of HNSS under different casting
conditions, are required to prevent defectiveness due to pores in the final products.

In the present work, a simple microsegregation model interfaced with Thermocalc has been
implemented, which allows to predict the conditions for gas nucleation during solidification. This model has
been validated by comparison with experimental results of solidification of different HNSS grades in
conditions variable from vacuum to high pressure, and represents an useful tool to support HNSS industrial
production.

PAROLE CHIAVE: high Nitrogen Stainless Steel, Microsegregation, Modelling, PESR, gas nucleation

INTRODUCTION

Nitrogen alloyed stainless steels, both austenitic and
martensitic, exhibit attractive properties such as high
strength and ductility, good corrosion resistance and
reduced tendency to grain boundary sensitisation.
Furthermore nickel saving reduces costs for austenitic
steels[1-4].

The melting of high nitrogen steels (HNSS) poses two
problems: how to get high nitrogen contents into the melt
and how to keep it in solution during the process of solid-
ification. Gas porosity formation takes place in the solidi-
fication stage because of the low solubility limit of nitro-
gen into the ferrite phase: as a consequence, the liquid is
strongly enriched in nitrogen.

F. Ruffini, 0.Tassa, A. Carosi,
F. Arcobello, B. Giambi
Centro Sviluppo Materiali,
Roma, Italy

There are two possible ways to overcome the low solubility
of nitrogen in molten iron and to achieve a high nitrogen
content in the steel: alloying with elements which lower the
nitrogen activity or melting under pressure.

For this reason the development of the pressure electroslag
remelting (PESR) is becoming a predominant interest for the
production of steels having nitrogen content largely above
the solubility limit under atmospheric pressure.

In the same time the need to develop models to evaluate
the nitrogen limit content as function of composition and
pressure is also increasing, in order to supply a tool able to
tune pressure as function of steel composition.

Aim of this paper is to describe the work performed to
develop a model able to treat the different aspects related
to the solidification of HNSS. To evaluate the microsegre-
gation, a code, linked to Thermocalc model has been
developed, which permits to calculate the nitrogen enrich-
ment in the residual melt as a function of pressure, compo-
sition and solidification rates. As a matter of fact, this code
allows to determine at which solidification stage the gas
pore nucleation occurs.
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Fig. 1
Volume element of the mushy zone considered in
the model.
Elemento di volume rappresentativo della zona di coesistenza
delle fasi liquida e solida.
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Solute redistribution at solid/liquid interface.
Redistribuzione dei soluti all'interfaccia solido/liquido.

MODEL DESCRIPTION

In the present work, a simple uni-dimensional microsegre-
gation model has been implemented, in order to evaluate
the possibility of gas nucleation during solidification of
high nitrogen steels, in different pressure conditions.

In the model, microsegregation in multicomponent sys-
tems has been evaluated coupling the classical model
developed by Cline-Kurz [5] with Thermocalc [6-7], a soft-
ware and a thermodynamic database for the prediction of
equilibria in multicomponent systems. In this way, it has
been possible to take in account the effect of pressure on
solubility limits in the liquid phase and to evaluate the
partition coefficients between liquid and solid for each
solute element, as a function of temperature and concen-
trations.

Generally, during solidification a rejection of solutes at the
liquid/solid interface toward the liquid phase occurs when
the solubility of the solute elements in the solid is smaller
than that in the liquid. At the same time, a certain level of
back-diffusion in the solute phase takes place, as an effect of
the increase of solute concentration at the interface and
therefore of the associated gradient in the solid.

This phenomenon can be modelled by considering a small
volume element of the mushy zone, as represented in Fig.1.
In the hypotesis of thermodynamic equilibrium at the lig-
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uid/solid interface, solute redistribution between the two
phases can be described by the Brody and Flemings model
[8], which assumes complete diffusion in the liquid phase
and incomplete back-diffusion in the solid phase.

The mass balance for the unit area during the interface
advancement (see Fig.2), considering the generic solute,
can be written as follows:

(Cilrcf,,)ds=[%s]dq: +de_I% 1)

In relationship (1), Ci represents the uniform liquid con-
centration of the generic solute, C's is the solute concentra-
tion at the interface, ds is the infinitesimal displacement of
the interface, s is the solidified length, 8 is the diffusion
boundary layer in the solid phase, - is the dimension of
the volume element, equal to half the secondary dendrite
arm spacing, and dChiand dCiare the solute concentra-
tion increases, respectively, in the residual melt and in the
solid at the interface. The last term at the right hand side
of relationship (1) is derived by a first-order approxima-
tion of diffusion in the solid.

The following terms can be introduced:

S ss=ap, % &, =k

e '

fs‘ = s E: si e (2)
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where f; is the solid fraction, is the infinitesimal time nec-
essary for the interface displacement, D and ki are,
respectively, the diffusion coefficient and the partition
coefficient between solid and liquid for the generic solute
in the solid phase.

Supposing that solidification proceeds according to a par-
abolic law with respect to the total solidification time t;
relationship (1) can be therefore re-arranged as:

_ d(1-k)C,
W S fy 2k 3)

In the relationship (3), the dimensionless term has been
defined as follows:

4D t,

G 4)

The parameter ai can be interpretated as the Fourier num-
ber of back-diffusion in the solid-state for the generic
solute element, given by the ratio of the solidification time
t;, to the time for diffusion in the solid state '« . If diffusion
in the solid is very fast (as for interstitial soluted ele-
ments), the boundary layer & is very large and the ai tends
to infinity. In this case the relationship (3) is transformed
into the “Lever-rule” model, which assumes complete dif-
fusion of the element in both the liquid and the solid phas-
es. The opposite limiting case is represented by the
absence of diffusion in the solid phase; in this situation, a
tends to zero and relationship (3) becomes equal to the
Scheil-equation [9].

Cline and Kurz proposed a modification of the Brody and
Flemings model to ensure physical meaning, because rela-
tionship (3) does not assure mass conservation if the
boundary layer & is comparable to the solidified length s.
They introduced a correction factor for ai, depending on
its value, in order to limit the variability of the back-diffu-
sion parameter. Therefore, a new parameter d: was intro-
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Element Ferrite Austenite Liquid
Do (J/m?*10°) Q (J/mol) Do (J/m**10°) Q (J/mol) Do (J/m**10%) Q (J/mol)
C 0.013 81400 0.96 171500 7.67E-02 100600
Ni 1.6 240000 0.2 272000 1.30E02 89200
Cr 1.5 229700 0.077 251000 2.51E-03 663900
Cu 2.6 240000 0.7 286000 5.30E-05 0
Si 8 248900 0.3 260000 5.10E04 38300
N 0.008 79100 0.91 168500 9.76E-03 72800
Mn 0.76 224400 0.412 264000 4.60E03 70300
Mo 3.47 241400 0.068 246900 5.82E-04 41800 /
A
Tab. 1

Diffusion constants and activation energies for the considered elements in the ferrite, austenite and liquid phases.
Parametri di diffusione degli elementi considerati nelle fasi ferritica, austenitica e liquida.

duced, derived from a’ as follows:

. BRI 1
a, =a, exp ;;- Eexp 2 )

According to relationship (5), when a—©0, a=0.5 and
when a—0, a—ai.

The extension of this homogenisation process is ruled by
ai;, which is a function of the diffusion coefficient in the
solid state of each element, and depends on the cooling
rate. This parameter, in fact affects both the distance *
over which the diffusion processes have to take place, and
the solidification time. As a general trend, the higher the
solidification time, the less effective is the back-diffusion
processes, although diffusion distance is reduced.

In the present model, relationships (3) and (5) have been
implemented in a numerical algorithm interfaced with
Thermocalc software. Once defined the initial solute con-
centrations in the system, the phases involved in the solid-
ification process and the local pressure (which includes
both the atmospheric and the ferrostatic contributions)
and the temperature step, the solidification pattern is
determined by the iteration of the following sequence:

- at each temperature, the equilibrium between
solid and liquid phases is evaluated by Thermocalc. The
outputs of the calculation are the weight fractions of the
phases and their compositions; on the basis of these val-
ues, all the parameters which appear in relationships (3)
and (5) can be determined;

- in the second step, the effective build-up of each
solute in the residual melt is evaluated by considering the
back-diffusion process in the solid phase. The composition
of remaining liquid is the input for the next temperature
step. The solidified fraction is used for calculating the cur-
rent solidified length s.

The sequence of the interface advancement/back-diffu-
sion process is repeated until solidification process is com-
pleted. If nitrogen supersaturation is reached in the resid-
ual melt, a new gas phase will appear, with a depletion of
the nitrogen content in the liquid. As solidification pro-
ceeds, the overall volume fraction of the gas phase is eval-

uated by cumulating its absolute fractions at each equilib-
rium.

In the described procedure, some aspects have been con-
sidered. First of all, in order to take into account the pres-
sure effect on calculated equilibria, the SUB94 database
has been “appended” to the FE-DATA one. In the second
place, variable diffusion coefficients for different phases
and temperatures have been considered, according to dif-
fusion data reported by Miettinen for stainless steels,
reported in Table I [10]. Nucleation undercooling and
fluid-flow effects were assumed negligible. Finally the fol-
lowing general relationship between cooling rates and sec-
ondary dendrite arm spacing has been adopted:

o= k T ©)

where T is the cooling rate, and a=0.45 e k=68, according
to Sugiyama [11] determinations for stainless steel.

Since the solidification time is a function of a;, and this in
turn depends on the solidification time through the rela-
tionship (4), once a suitable cooling rate for the considered
solidification process has been defined, the described
sequence is repeated until convergence is found between
the supposed solidification time and the calculated one.

EXPERIMENTAL PROCEDURE

In order to verify the reliability of the model in the predic-
tion of solidification behaviour of high nitrogen steels,
some casting trials have been performed by different
processes. Three ingots (about 10 kg) of austenitic stainless
steels have been cast on a laboratory scale using a HF
induction furnace under argon atmosphere at 0.9bar.
Nitrogen and manganese contents have been varied to
realize compositions with different susceptibility to gas
bubble formation during solidification; in particular the
manganese content has been varied, since this element has
a strong influence on nitrogen solubility. Then, another
ingot of a ferritic stainless steel (about 50 kg) has been cast
on a IM (Induction Melting) furnace under nitrogen
atmosphere at 0.35bar.

Finally, an ingot of high nitrogen martensitic stainless steel
has been re-melted in a PESR device. This process is
adopted in the production of high nitrogen steels because
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] Steel grade Casting

condition
A 0.100 3.1 18.56 | 1.95 0.43 0.41 11.27 0.01 Austenitic HF at 1bar
B 0.093 3.12 | 18.73 | 1.91 0.40 0.40 7.91 0.01
c 0.090 3.03 | 18.13 [ 1.95 0.42 0.40 A 0.01
D |0.060.10{0.40.5| 13-15 - 0.4-0.8 [0.100.20| 0.40.6 1-2 Ferritic IM at 0.35bar
E | 0203 |0408( 13-15 - 0408 | 0.204 | 0406 1-2 Martensitic | PESR at 70bar,
A

Tab. 2

Spectrum of indicative compositions and process conditions.
Composizioni indicative delle leghe fabbricate e relative condizioni di processo.

it couples the material transfer between liquid metal and
liquid slag, in order to nitride the re-melted steel, with the
high pressure of the surrounding atmosphere, which
allows to increase the nitrogen solubility limit in the lig-
uid. In the present activities the nitriding have been made
at CSM by Pressurised Electro Slag Remelting furnace.
Composition ranges of various ingots and the relative
casting pressure are reported in Table IL. Ingots’ sections
have been realized along different directions (longitudinal
or transversal) and examinations have been made to veri-
fy the presence of gas pores in the macrostructure.

EXPERIMENTAL RESULTS

Longitudinal sections of HF ingots are reported in Fig.3; it
is clearly visible a significant difference in their
macrostructure. No porosity due to gas nucleation can be
recognized in the ingot A, and the presence of cavities due
to solidification shrinkage has been found in the upper
part of the ingot only. Ingot B reveals the presence of
pores, mainly distributed in the inner and upper part of
the ingot. Ingot C is interested by large and diffuse poros-

\

.

A
Fig. 3

Macrostructure of ingots produced by HF at 0.9 bar.
Macrostruttura dei lingotti prodotti attraverso processo HF
alla pressione di O.S9bar.

ity, which affects the whole macrostructure.

Transverse section of IM ingot corresponding to alloy D,
cut 20 mm below the top surface, is reported in Fig. 4. In
this part of the ingot, the presence of large pores with
diameters up to 2mm is clearly visible; Porosity has not
been found in further sections at higher distances from the
top surface.

The longitudinal section of PESR ingot (alloy E), illustrat-
ed in Fig.5, does not show porosity. This reveals the effec-
tiveness of PESR process to nitride alloys up to nitrogen

A
Fig. 4
Poarosity in the ingot “D” produced by IM process at
0.35 bar.
Porosita nel lingotto “D” prodotto attraverso processo IM alla
pressione di 0.35bar.

A
Fig. 5

Transversal section of the ingot “E” produced by
PESR process at 70 bar.
Sezione trasversale del lingotto “E” prodotto attraverso
processo PESR alla pressione di 70bar.
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Solidification pattern

Stainless steels

. sS4y iyy 138870 1373.60 1331.83
(22.23%0) (2.67%0)
L [=L+6-L+6
= +gas—=L—-L+0—L+d+gas— 1405.99 1378.47 1350.35
L+8+y+gas—L+8+y-8+y—y (51.58%) (8.69%3)
c L+gas—L+6+gas—L+0+y+gas— 1430.31 1388.17 1370.49
U S+y+gas—y+gas—y ' (73.67%0) (36.87%8)
A
Tab. 3

Predicted solidification pattern at equilibrium of compaosition casted in the HF furnace.
Previsioni all'equilibrio del percorso di solidificazione delle leghe prodotte attraverso processo HF.

contents above the solubility limit at atmospheric pres-
sure.

DISCUSSION

In order to attempt an analysis of the obtained results, the
model has been applied to the different experimental con-
ditions, and the outputs have been compared with calcu-
lations from thermodynamic models at equilibrium.

Induction Furnace

According to these calculations, all the alloys solidify as
primary ferrite, with the subsequent formation of austen-
ite by peritectic reaction. The gas formation is excluded
only for composition A, corresponding to the highest man-
ganese content, meanwhile the condition for gas nucle-
ation condition is largely exceeded for the alloy C. For the
alloy B, with an intermediate manganese amount, the con-
dition for gas nucleation is reached only during solidifica-
tion, as a consequence of the nitrogen enrichment in the
residual melt, due to its partitioning with the ferritic
phase; at the end of solidification, the gas phase is then
predicted to disapperar. This situation is graphically rep-
resented in Fig. 6, where the nitrogen solubility limit for
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Fig. 6
Nitrogen solubility limit at the beginning of
solidification for alloys A,B,C at O.9bar.
Limite di solubilita dell'azoto allinizio della solidificazione
calcolato per le leghe A, B e C alla pressione di O.Sbar.

the average of compositions of ingots A, B, C, is superim-
posed to the position of each alloy in the N-Mn domain.
The position of the different points, with respect to the sol-
ubility limit, is indicative of the presence of gas phase at
the beginning of solidification; alloy B is situated just on
the boundary limit, thus revealing the tendency of this
composition to form gas bubbles during solidification.

In applying the microsegregation model a temperature
step of 1K and cooling rate of 0.1K/s have been selected.
The latter is a typical value for conventional continuous
casting processes. Results of calculations are reported in
Fig. 7, where the liquid and gas fractions are reported as a
function of temperature. In fig.8, the nitrogen content in
the residual melt during is plotted versus temperature.

It can be observed that the model predictions are in agree-
ment with the experimental results, whereas the equilibri-
um calculations give only a qualitative representation of
the experiments.

In alloy A, the condition for gas phase nucleation is not
predicted by the model during solidification, coherently
with the absence of gas pores in the ingot microstructure.
The main effect of nitrogen pile-up in the residual melt is
the widening of the solidification temperature interval
with respect to equilibrium calculations. The change of
slope in the plotted curves is due to the peritectic reaction,
which determines a modification of back-diffusion behav-
iour, due to the presence of a different phase at the inter-
face with the liquid. For alloys C, the solidification path is
characterized by the most intense nitrogen partition. This
can be explained considering the low manganese content
in the steel composition which produces a low solubility
limit in the ferritic phase. The gas phase is always present
during the whole solidification and it reaches a consider-
able fraction at the end of the process. This is in accor-
dance with the evidence of large pores distributed all over
the macrostructure of the ingot.

The behaviour of alloy B is the most interesting one. As
predicted at equilibrium, the gas phase nucleates only at a
certain stage of the solidification, as an effect of nitrogen
partitioning from the primary ferritic phase. In the model,
gas phase appears when the liquid fraction is equal to 0.7,
before the beginning of the peritectic reaction. Since the
nitrogen partitioning from the austenite to the liquid is
less more effective, during the reaction L+0—y the gas
phase growth is quite limited, as demonstrated by the cal-
culated value of the cumulative gas fraction at the end of
solidification, lower than 0.1%. Therefore it can be
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Predicted gas phase evolution during solidification
of A,B,C alloys at O.9bar.
Previsione dell'evoluzione della fase gas durante la
solidificazione delle leghe A, B e C alla pressione di O.S9bar.

observed that the condition for gas phase nucleation is
restricted to a small part of the solidification pattern, thus
representing an effective limit for pores formation and
growth. Moreover other physical limitations have to be
considered. When the ferrostatic pressure is significant, as
in the bottom part of the ingots, or when the interdendrit-
ic spaces are more narrow (typically in the superficial
zones) the mechanical equilibrium for gas nucleation
requires an high partial pressure of nitrogen, and conse-
quently an elevated level of supersaturation. This can
explain why the pores in ingot B appear localized in the
inner and upper part of the ingot. These are the only
regions where gas nucleation can take place in presence of
a small driving force, since the ferrostatic pressure is min-
imal and the microstructure is coarser.

IM Process

The presence of pores in the ingot D was an unexpected
problem occurred during the solidification process. Since
the ingot was produced to be remelted as a consumable
electrode in a further PESR stage, the presence of pores
represented an unwanted feature, because it could com-
promise the welding of the electrodes and destabilize the
remelting process. The choice of nitrogen content in the
steel processed by IM was made in order to minimize its
addiction during the PESR process. Thus, a content lower
than the solubility limit at 1550°C, the temperature at
which the charge was melted in the furnace has been
selected.

The behaviour of alloy D can be explained by evaluating
the microsegregation phenomena occurred during solidifi-
cation in low-pressure conditions. By applying the model
to the alloy D, with a cooling rate of 1K/s and a tempera-
ture step of 1K, it has been found that the alloy D solidifies
as primary ferrite and therefore is not interested by peri-
tectic reactions. During the solidification process, the
nitrogen partitioning into the liquid determines the over-
coming of the solubility limit and the set up of conditions
for gas nucleation. The predicted nitrogen pile-up is
shown in fig.9, where the evolution of the liquid phase
fraction is also reported. In this case, the conditions for gas
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Fig. 8
Predicted nitrogen pile-up in the residual melt
during solidification of A,B,C alloys at O.9bar.
Previsione dellincremento della concentrazione di azoto nel
liquido residuo durante la solidificazione delle leghe A, B e C
alla pressione di O.9bar.

nucleation are reached at an early stage of the solidifica-
tion process, and therefore gas bubbles can easily grow.
As mentioned before, the contribution of ferrostatic head
on liquid pressure, and the scale of dendritic structure
which represents a physical limit to the gas bubble curva-
ture, determine an increase of the nitrogen supersatura-
tion in the liquid necessary for gas nucleation. Therefore,
the effect of these two terms has been evaluated, adding
the ferrostatic pressure, the pressure of 0.35bar inside the
IM, and the pressure required by the formation of an inter-
face between steel and gas. For a spherical bubble with
curvature radius R, the latter is calculated as Aps =20+ /R,
where o is the liquid / gas interfacial energy. In Fig. 9, the
dotted lines represent the solidification behaviour of alloy
D in presence of a ferrostatic head of 2cm and a secondary
dendrite arm spacing of 70pm.

It is clearly visible that the nucleation conditions are
reached at a lower temperature with respect to the previ-
ous calculation, which corresponds to an higher level of
nitrogen content in the liquid phase. For instance, with a
ferrostatic head of 0.5m, gas nucleation is predicted to
shift to the last stages of solidification (fi<0.3), where the
surrounding solid phase can inhibit gas bubble coales-
cence and growth. This can justify the reason for the
absence of porosity far from the top surface of the ingot.
Concluding, the implemented model has shown that
nitrogen addiction in IM process is quite dangerous for
ingot integrity, because conditions for gas nucleation are
easily reached during the solidification process. Therefore,
if high nitrogen final contents are required, it would be a
better choice to demand the great part of the nitriding
process to the PESR stage.

PESR Process

The validation of the model for prediction of solidification
in high pressure conditions is still in progress. The absence
of porosity in the alloy E is predictable even with equilib-
rium calculations during solidification at 70bar. It is inter-
esting to note that the microsegregation model could be
useful to identify the proper operative pressure in PESR
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Predicted solidification behaviour of alloy D at
0.35 bar.
Previsione del comportamento in solidificazione della lega D
alla pressione di O.35bar.

for each ingot to nitride. For alloy E, it can be predicted a
value of 4bar as the threshold pressure to avoid thermody-
namic conditions for gas nucleation. Therefore, it could be
possible to carry on the nitriding process at a pressure far
from the operative limit of the plant, which is desirable for
the plant maintenance and safety.

CONCLUSIONS

In the present work, solidification of high nitrogen steel
(HNSS) by different processes has been investigated. In
particular the effect of pressure and composition on gas
pore formation due to supersaturation of nitrogen in the
liquid phase has been evaluated.

Since this aspect represents a severe problem for HNSS
producers, a microsegregation model has been imple-
mented in order to predict the evolution of liquid compo-
sition, and therefore the set up of conditions for gas phase
nucleations, during the solidification process of high
nitrogen steels. The model is interfaced with Thermocalc
code and takes into account the effect of back-diffusion in
the solid phase, which is treated separately for each solute;
this phenomenon is particularly relevant for interstitial
solute elements, like carbon and nitrogen, and should not

Stainless steels

be neglected in order to give reliable predictions of the
microsegregation patterns. Moreover, other inputs of the
model are the cooling rate and the pressure, which allow
to compare conditions relative to different processes.

The model has been applied to different solidification
processes of various HNSS grades, for pressure in the
range from 0.35 up to 70bar. The model predictions, in
terms of nitrogen pile-up in the liquid phase and gas
phase formation, are in agreement with experimental
results, and appear to be more accurate than those from
equilibrium calculations.

The application of the model allowed to individuate the
limitations in the solidification processes of different
grades of HNSS at low pressures. On the other hand, a
threshold value for the PESR process of a martensitic high
nitrogen steel, without gas formation, has been individu-
ated, which resulted lower than the operative limit of the
plant.

The model can be applied as a useful tool to orient produc-
tion of HNSS, since it as able to predict solidification con-
ditions, and therefore the proper casting process, to pre-
vent pore formation in the ingots. In addition, relevant
indications on effective pressure requirements for PESR
process can be evaluated, thus permitting a correct and
protective use of the plant.
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MODELLIZZAZIONE TERVMODINAMICA
DEI PROCESSI DI SOLIDIFICAZIONE A SUPPORTO
DELLA PRODUZIONE DI ACCIAI AD ALTO AZOTO.

Keywords: acc.inox, solidificazione, fonderia, metallurgia
fisica, modellazione

Gli acciai inossidabili ad alto tenore di azoto stanno acquisendo sempre mag-
gior interesse in un vasto campo di applicazioni, poiché abbinano interessan-
ti proprieta d’impiego, variabili in funzione della composizione chimica, alla
possibilita di fabbricazione attraverso diversi processi produttivi [1-4].

La fusione degli acciai inossidabili ad alto azoto (high nitrogen stainless
steels: HNSS) pone tuttavia il problema di come ottenere elevati tenori di
azoto nel bagno, e soprattutto di come mantenere tale elemento in soluzione
durante il processo di solidificazione. A causa della modesta solubiliti dell’a-
zoto nella fase ferritica, infatti, tale elemento segrega fortemente in fase lig-
uida, con il conseguente rischio di formazione di bolle di azoto gassoso
durante la solidificazione. Vi sono due modi per superare tale inconveniente:
aggiungere elementi di lega che riducano I'attivita dell’azoto nel bagno (Cr,
Mn, etc.) o fabbricare I'acciaio in un ambiente ad elevata pressione. Proprio
per questa ultima ragione, la tecnologia di rifusione sotto scoria ad alta pres-
sione (pressure electroslag remelting: PESR) sta divenendo di enorme inter-
esse per la produzione di acciai con tenori di azoto largamente superiori al
limite di solubilita a pressione atmosferica.

E’ quindi necessario lo sviluppo di modelli in grado di prevedere il limite di
solubilita dell’azoto nelle diverse condizioni, cosi da poter selezionare il
processo produttivo ed il limite di pressione appropriati in funzione della
composizione chimica desiderata.

Nel presente lavoro, e descritto lo sviluppo di un modello in grado di
affrontare i diversi aspetti della solidificazione degli HNSS; e stato sviluppa-
to un algoritmo di calcolo, interfacciato al codice Thermo-Calc, in grado di
determinare I'arricchimento di azoto nel liquido residuo in funzione della
pressione, della composizione, e della velocita di raffreddamento: tale algorit-
mo consente di determinare a quale stadio della solidificazione puo verificar-
si la nucleazione di bolle di gas.

L'algoritmo é basato sul modello di Clyne-Kurz [5], che descrive la microseg-
regazione durante l'avanzamento del fronte di solidificazione in un elemen-
to di volume rappresentativo della spaziatura interdendritica secondaria
(fig.1). Attraverso l'interfaccia con il codice Thermo-Calc, che permette di
studiare gli equilibri termodinamici in sistemi multicomponente [6-7], il
modello sviluppato tiene conto sia dell’effetto della pressione, sia della par-
tizione solido/liquido di ciascun soluto in funzione della temperatura e della
concentrazione.

L'algoritmo di calcolo determina, per una data temperatura, l'incremento
della concentrazione dei soluti nel liquido residuo per effetto dell’avanza-
mento unitario ds del fronte di solidificazione (fig.2); tale incremento & dato
dalla partizione dei soluti nel liquido, al netto della frazione che re-diffonde
nel solido [8-9]. La capacita di ciascun soluto di re-diffondere nel solido e
determinata dal rispettivo numero di Fourier, dato dal rapporto tra il tempo
di solidificazione tf ed il tempo necessario alla diffusione in fase solida , sti-
mato in base ai parametri di tab.I [10]. La concentrazione del liquido resid-
uo, cosi determinata, costituisce l'input per il successivo equilibrio, che viene
calcolato ad una temperatura inferiore alla precedente; il modello prevede la
ripetizione della procedura descritta dall’inizio della solidificazione sino
all’esaurimento della fase liquida residua. Se nel corso del raffreddamento
viene superato il limite di solubilita dell’azoto nel liquido, I'algoritmo tiene
conto di un nuova fase gas, con una propria composizione e frazione volu-
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metrica; al termine della solidificazione, il volume totale di gas é stimato in
base al cumulo delle frazioni formatesi nei diversi equilibri calcolati.

Per wverificare affidabilita del modello nel prevedere il comportamento in
solidificazione degli HNSS, sono stati eseguiti dei test di laboratorio, attra-
verso la fabbricazione di lingotti di diversi gradi di tali acciai in condizioni
variabili dalla bassa pressione (0.35bar) sino ad elevate pressione (70 bar in
un impianto PESR), secondo quanto riepilogato in tab.Il. I lingotti sono
stati sezionati per verificare la presenza di porosita nelle macrostrutture; i
risultati hanno evidenziato la presenza di porosita da bolle di azoto nei lin-
gotti prodotti in condizioni di bassa e media pressione, prevalentemente dis-
tribuita nella zona alta ed interna (figg.3-5).

Il modello sviluppato ha permesso di interpretare i risultati sperimentali
ottenuti, con un’accuratezza migliore rispetto ai calcoli all’equilibrio. E
stato anche possibile tener conto dell’effetto delle dimensioni della
microstruttura e del battente ferrostatico, fattori che possono concorrere a
limitare fisicamente la condizione di nucleazione delle bolle; affinché una
bolla di gas nuclei e si accresca, € infatti necessario che la pressione del gas
al suo interno sia superiore a quella del liquido circostante, e che sia supera-
to il termine di pressione legato alla tensione superficiale, funzione decres-
cente del raggio di curvatura della bolla stessa.

La porosita nella struttura del lingotto B, prodotto attraverso processo di
fusione per induzione ad alta frequenza (HF) alla pressione di 0.9bar, & risul-
tata contenuta e disposta nella parte centrale e superiore del lingotto.
Secondo il modello, & prevedibile la formazione della fase gas soltanto ad un
certo stadio della solidificazione, corrispondente ad una frazione di liquido
residuo del 70%, appena prima dell'inizio della reazione peritettica (fig.7).
Poiché la successiva formazione di austenite all'interfaccia liquido/ferrite-Joo
riduce la partizione di azoto verso il liquido (fig.8), I'accrescimento della
frazione di fase gas e quindi limitato; la nucleazione delle bolle d’azoto puo
essere del tutto impedita nelle zone corticali del lingotto, dove gli spazi inter-
dendritici sono pitl stretti per via della maggior velocita di raffreddamento
[11] e quindi il raggio di curvatura delle bolle deve necessariamente essere
piccolo, e nelle parti inferiori, dove il battente ferrostatico ¢ piit elevato.

Il lingotto D ¢ stato fabbricato attraverso processo di induction melting (IM)
alla pressione di 0.35bar, ed ¢ stata osservata una porosita nella parte alta
della struttura; tale zona e stata asportata meccanicamente, poiché tale lin-
gotto era destinato a fungere da elettrodo in un processo PESR, ed i pori
avrebbero rappresentato una causa di instabilita nelle fasi di saldatura e rifu-
sione. In base al modello, & prevedibile la formazione della fase gas nei primi
stadi della solidificazione, in cui le bolle possono facilmente formarsi ed
accrescersi, come effettivamente avvenuto. All’aumentare del battente ferro-
statico, la fase gas compare verso gli ultimi stadi della solidificazione, in cui
I'accrescimento delle bolle risulta sfavorito o del tutto impedito dalla fase sol-
ida circostante (fig.9); tale previsione ¢ coerente con il fatto che non sia stata
osservata alcuna porositi lontano dalla sommita del lingotto.

Per quanto riguarda il lingotto E fabbricato attraverso processo PESR, risul-
tato del tutto privo di porosita, la condizione per la formazione della fase gas
non & mai verificata alla pressione di 70bar; e tuttavia prevedibile che gin alla
pressione di 4 bar non sussistano le condizioni termodinamiche per la for-
mazione di porosita.

Il modello sviluppato rappresenta quindi un utile strumento per orientare la
produzione degli acciai HNSS, poiché consente di prevedere le condizioni in
cui evitare la formazione di porosita nei lingotti, e selezionare quindi il
processo di fabbricazione piii adatto. Applicato al processo PESR, il modello
consente, inoltre, di regolare la pressione di lavoro in modo da consentire un
esercizio corretto e conservativo dell'impianto.
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