' Aalto University

Paek, Min-Kyu; Lindberg, Daniel; Pak, Jong-Jin
Solubility limit of nitrogen in Fe—~Cr—C-N alloy melt under reduced N2 partial pressure

Published in:
Vacuum

DOI:
10.1016/j.vacuum.2020.109726

Published: 01/12/2020

Document Version
Peer reviewed version

Published under the following license:
CC BY-NC-ND

Please cite the original version:
Paek, M-K., Lindberg, D., & Pak, J-J. (2020). Solubility limit of nitrogen in Fe—Cr—C—-N alloy melt under reduced
N2 partial pressure. Vacuum, 182, [109726]. https://doi.org/10.1016/j.vacuum.2020.109726

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.vacuum.2020.109726
https://doi.org/10.1016/j.vacuum.2020.109726

Journal Pre-proof

VACUUM

Solubility limit of nitrogen in Fe-Cr—C-N alloy melt under reduced N2 partial pressure

Min-Kyu Paek, Daniel Linberg, Jong-Jin Pak

PII: S0042-207X(20)30587-X
DOI: https://doi.org/10.1016/j.vacuum.2020.109726
Reference: VAC 109726

To appearin:  Vacuum

Received Date: 16 June 2020
Revised Date: 23 July 2020
Accepted Date: 19 August 2020

Please cite this article as: Paek M-K, Linberg D, Pak J-J, Solubility limit of nitrogen in Fe-Cr—
C-N alloy melt under reduced N2 partial pressure, Vacuum (2020), doi: https://doi.org/10.1016/

j-vacuum.2020.109726.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.vacuum.2020.109726
https://doi.org/10.1016/j.vacuum.2020.109726
https://doi.org/10.1016/j.vacuum.2020.109726

Solubility Limit of Nitrogen in Fe-Cr-C-N Alloy Melt under
Reduced N, Partial Pressure

Min-Kyu Paek,' Daniel Linberg,' Jong-Jin Pak””

' Department of Chemical and Metallurgical Engineering, Aalto University, Espoo, 02150, Finland

*Department of Materials Science and Chemical Engineering, Hanyang University, ERICA, Ansan,
15588, Korea

e-mail: jjpak@hanyang.ac.kr

Abstract:

The N solubility in Fe-Cr-C-N melt was measured by the addition of Cr and C in liquid iron
using the metal/gas equilibration technique at 1600 °C under a reduced N, partial pressure. Cr
increased the N solubility by the attraction force between Cr and N, while C showed the opposite
effect on N in liquid iron. The present experimental results were thermodynamically analyzed by
Wagner’s interaction parameter formalism. The existence of the simultaneous effect of Cr and C
on the N solubility was confirmed, which was determined as the second-order cross-product
parameter of Cr and C on N in liquid iron. This parameter set in the multicomponent Fe-Cr-C-N
system can be used to predict the solubility limit of N in the degassing process of stainless

steelmaking.
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Degassing technology is crucial for the production of low C and N ferritic stainless steel having
high formability as well as excellent corrosion resistance. The C content dissolved during an
Electrical Arc Furnace (EAF) melting can be preferentially removed from Fe-Cr melts by Argon
Oxygen Decarburization (AOD) process [1]. The blowing of Ar with O, gas enhances the
decarburization reaction by diluting the CO partial pressure on the melt surface. Further
decarburization can be achieved under vacuum because Vacuum Oxygen Decarburization (VOD)
process can reach even lower total pressure than the CO partial pressure obtained in the AOD
process [2]. The vacuum treatment during the VOD process additionally results in the removal of
N from the stainless steel melt when the total pressure in the system is lower than the equilibrium
N, partial pressure exerted by the N content in the melt [3]. The N solubility in liquid iron
depends on N, partial pressure at the melt surface, melt composition, and temperature. Therefore,
to accurately predict the refining limit of N during the vacuum decarburization processes of
stainless steelmaking, it is critical to understand the thermodynamic behavior of N in Fe-Cr-C

melts under reduced pressures.

In the authors’ recent studies, the effects of Cr and C on N in liquid iron have been determined
by measuring the N solubility in Fe-Cr-N [4] and Fe-C-N melts [5], respectively, at the various
N, partial pressures and temperatures. However, the studies on the N behavior in Fe-Cr-C-N melt
are very scarce until now [6]. In the Fe-Cr-C-N system, Cr has different affinities with C and N
in liquid iron, and the interaction between C and N exhibits a strong repulsive force in liquid iron
[5]. The experimental results were thermodynamically analyzed by Wagner’s interaction
parameter formalism [7]. In the multicomponent systems containing C [8, 9] in liquid iron, it has
been found that the simultaneous effect of C and other alloying elements on N was significant,
and it can affect the N solubility. In order to clarify such complex relations among Cr, C, and N
in liquid iron, in the present study, the N solubility was measured with increasing Cr and C in

liquid iron under the reduced N, partial pressure.

The N solubility in the Fe-Cr-C-N melt was measured by the sampling method under the
reduced N, partial pressure of 16.21 kPa at 1600 °C. Five hundred grams of electrolytic Fe
(99.99 %purity) and Cr shot (99.95 %purity) were melted in an Al,O3 crucible (outer diameter
(OD): 56 mm, inner diameter (ID): 50 mm, height (H): 96 mm) using a high-frequency induction



furnace (15 kW/30 kHz). The melt temperature was directly measured by immersing the R-type
(Pt/Pt—13 mass% Rh) thermocouple sheathed with the closed one end alumina tube (OD 6 mm).
After melting, the initial O content in the Fe-Cr melt was forcibly controlled below 40 mass ppm
by blowing Ar-10 vol%H; gas onto the melt surface at a high flow rate of 2 L/min for 4 hours.
Then, N, gas was mixed with the Ar-10 vol%H, to have a reduced N, partial pressure. The flow
rate of the gas mixture was adjusted to 1 L/min by a mass flow controller. Then, the variation of
the N content in the melt was measured by the addition of the Cr shots and graphite powder
(99.9995 %purity). The addition of Cr and graphite was repeated up to the desired composition
of 18 wt%Cr and 2 %C relative to the total weight of melt. After each addition, the melt was
equilibrated with the gas mixture for 1 hour and sampled using a 4 mm ID quartz tube connected
to a syringe (10 mL) and quenched in ice water. The extracted pin samples were cut and polished
to remove the excess graphite or oxide layer formed during solidification. The equilibrium N
content was attained within 1 hour, which was confirmed by the in-sifu analysis using the
nitrogen analyzer (LECO TC-600) with an accuracy of *2 mass ppm. The C content was
analyzed by the C/S analyzer (Eltra CS-800) within an error range of 1 %. The Cr content was
analyzed by the Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES,
SPECTRO ARCOS). 0.2 g of the metallic samples was dissolved in hydrochloric acid (1:1 HCL)
and transferred to the measuring flask (100 mL). The standard solution containing the same
amount of Fe (2000 mass ppm) was used to avoid any ionic interference effect during the

analysis. The analytical limit of Cr in the metal sample was 51 mass ppm.

The experimental results of the N solubility in Fe-Cr-C-N melt were summarized in Table 1.
The variation of measured N solubility result by the addition of graphite and Cr under the
reduced N, partial pressure of 16.21 kPa at 1600 °C was also plotted as shown in Fig. 1. The
graphite was first added up to 0.52 wt% in Fe-9.23 wt%Cr melt, and then the Cr content was
increased to 12.13 wt% by the addition of Cr shots. Such sequential additions of the C and Cr
sources were repeated up to 17.11 wt%Cr and 1.74 wt%C as shown in the figure. The N
solubility linearly decreased with the addition of graphite, while the Cr addition significantly
increased the N solubility.



Table 1. Experimental results of N solubility in Fe-Cr-C melts.

Temp. PN ) ) ) 0,

System o | arh [%Cr] [%C] [%N] [%0]

9.23 0 0.0556 0.0042

9.19 0.21 0.0534 0.0026

9.28 0.39 0.0508 0.0021

9.12 0.52 0.0487 0.0019

12.13 0.50 0.0651 0.0014

Fe-Cr-C-N 1600 16.21 12.06 0.70 0.0612 0.0015

12.29 0.90 0.0577 0.0024

12.30 1.15 0.0543 0.0027

11.81 1.33 0.0507 0.0017

17.21 1.25 0.0781 0.0019

17.11 1.74 0.0659 0.0048
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Fig. 1. Comparison between the present experimental data and calculated N solubility in Fe-Cr-
C-N melt under 16.21 kPa at 1600 °C with/without considering the rNcr’C value.



The N solubility data measured in the present study can be thermodynamically analyzed based

on the following N dissolution reaction:

1
ENz(g) =N (1)
_ hn _ fnI[%N]

KN - P:Iéz - PI%I/ZZ (2)

where Ky is the equilibrium constant of the reaction, and Py, is the controlled N, partial pressure
in atm unit. hy, fy, and [%N] are the Henrian activity, Henrian activity coefficient, and the
equilibrium concentration of N in wt%, respectively. The value of log Ky (= —188/T — 1.25)

determined by Pehlke and Elliott [10] was adopted in the present study.

In the multicomponent Fe-Cr-C-N system, the fy can be expressed as the following relations

using Wagner’s formalism [7]:

1
logfy = log Ky — log[%N] + Elog Py,

= e{ [%Cr] + n{T[%Cr]? + e§[%C] + 1S [%C]% + 1" C[%Cr] [%C] 3)

where ef; and ry are the first- and second-order interaction parameters of i on N in liquid iron in

mass%. In the Fe-N system, it is well known that the N solubility is directly proportional to the
square root of N, partial pressure, Pl\}z/ % as reported by Sievert e al. [11]. Such relation has been
described as “Sieverts’ law”. When the dissolution of a gaseous element, i in liquid alloys obeys

the Sieverts’ law, the first- and second-order self-interaction parameters, ef and 7} can be
neglected. Therefore, in the present experimental condition, the self-interaction between N atoms

in liquid iron was considered negligibly small, and the e and 7y values were assumed as zero.



On the other hand, Cr and C have significant interaction with N in liquid iron. As shown in Fig.
2, Cr decreases the logfy value (attraction), while C increases it (repulsion) in liquid iron. In the
authors’ recent study [4], the first- and second-order interaction parameters of Cr on N, e and
ns", were determined by measuring the N solubility in liquid Fe-Cr alloys over the wide Cr
concentration range up to 30 wt% under various N, partial pressures from 1.52 to 98.29 kPa. The
temperature dependence was observed for both e’ and 7" values as -147.8/T+0.019 and -
2.58/T+0.0021, respectively, at 1600-1700 °C. In the Fe-C-N system [5], the interaction
parameters of C on N, eﬁ and rI\?, were determined as 0.08 and 0.014, respectively, from the
dilute C concentration to the graphite saturated condition. The e$ and r values were not
dependent on the temperature at 1300-1600 °C [12]. The interaction parameter values in Fe-Cr-N
and Fe-C-N systems determined over the wide range of melt composition, temperatures, and N,

partial pressures [4,5] were adopted in the present study.
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Fig. 2. Effects of Cr and C on the activity coefficient of N in liquid iron at 1600 °C. [4,5]



In Figure 1, the N solubility data in Fe-Cr-C-N melt measured in the present study are shown
together with the calculated solubility lines using Eqgs. (1) through (3). The dashed solubility
lines were calculated without considering the simultaneous effect of Cr and C on N in liquid iron,
rNcr’C, and they show higher values compared to the measured N solubility. The difference
between the measured and calculated N solubility values becomes more significant at higher Cr

and C concentrations. This result indicates that the cross-product effect of Cr and C on N in

liquid iron is very important to determine in predicting the N solubility in the Fe-Cr-C-N system.

As can be seen in Eq. (3), the rl\(f "C value is the coefficient of the cross-product of Cr and C,
[%Cr][%C]. Hence, rearranging Eq. (3), the second-order cross-product parameter can be

determined by the following equation:

logfy — (e [%Cr] + 1§ [%Cr]? + e§[%C] + 1$[%C)?) = ne" [%Cr][%C] (4)

The left-hand side parameters of Eq. (4) are the known values such as the analyzed Cr and C
contents, interaction parameters determined in the Fe-Cr-N and Fe-C-N systems, and calculated
logfy value from logKy, Py, and the N content of the melt. They were plotted against
[%Cr][%C], as shown in Fig. 3. The data points show an excellent linear relationship. Thus the

rNC "C value can be determined from the slope of the data by the linear regression analysis. The

"€ value was determined as 0.0024 at 1600 °C.

Therefore, the N solubility can be calculated by the following relation based on Eq. (3) as
functions of melt temperature, composition and N, partial pressure at the melt surface for the Fe-

Cr-C-N system:

—188 1
log[%N] = — - 1.25 + zlog Py, —

—147.8 —2.58
(—— + 0.019)[%Cr] — (—— + 0.0021)[%Cr]?

—0.08[%C] — 0.014[%C]? — 0.0024[%Cr][%C] (5)



As can be seen in Fig. 1, the experimental results of the N solubility were reproduced very well

by considering the rl\?r'c value (solid lines).
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Fig. 3. Relation of Eq. (4) to determine the rl\?r’c value in Fe-Cr-C-N melt.

In order to check the validity of interaction parameters used and determined in the present study,
Figure 4 compares the predicted N solubility with available experimental data in the literature
and the present experimental results for Fe-Cr-C-N melt. As sub-systems for Fe-Cr-Ni-Mo-Mn-C
duplex stainless steels, Anson et al. [6] measured the N solubility in Fe-20 wt%Cr-N and Fe-20
wt%Cr-C-N melts under 101.325 kPa N, partial pressure at 1550-1650 °C. Their N solubility
data and the present results measured under the reduced Py, of 16.21 kPa show an excellent
correlation with the predicted N solubility up to 0.3 wt%N. However, at higher N solubility,
Anson et al’s data show lower values than the predicted ones. The author’s recent study [4]
indicated that a loss of soluble N content could be expected during the sampling and quenching

process by the supersaturation of N and the formation of N, bubbles in the metal sample.
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Therefore, the N equilibration under reduced Py, with the rapid quenching was effective in

keeping the soluble N content in the melt. Kim et al. [4] and Ishii ef al. [13] have measured the N

solubility in the Fe-Cr-N system by the rapid quenching technique under the wide range of N,

partial pressures at 1.52-98.29 and 4.17-99.40 kPa, respectively. Their results show an excellent

agreement with the predicted solubility as shown in Fig. 4. Anson et al. [6] also determined the

interaction parameters of various alloying elements on nitrogen in Fe-20 wt%Cr—i-N melt from

their experimental data using the same interaction parameter formalism for the prediction of N

solubility in duplex stainless steels. Therefore, their parameters can be used only for Fe-20

wt%Cr melt at fixed Cr content.

Measured [%N]
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Anson et al. (1996): 101.325kPa
[%Cr]=20, [%C]<1.9 o v
with C  without C 6 © $ |
1650°C & a %
1600°C ¢ o 6 v
1550°C v v
I A Fe-Cr-N 1
Kim et al. (2009)
o 1600°C, 17.1<[%Cr]<22.2
I Ishii et al. (1983) |
x 1700°C, 19.9<[%Cr]<28.3
o 1650°C, 17.8<[%Cr]<17.9
0.1 0.2 0.3 0.4 0.5

Calculated [%N]

Fig. 4. Correlation between calculated and measured N solubility in Fe-Cr-C-N melt [4,6,13].

In the present study, the cross-product effect of Cr and C on N in liquid iron was determined by

measuring the N solubility in Fe-Cr-C-N melt under the reduced N, partial pressure at 1600 °C.

The simultaneous effect of Cr and C on N identified in the present study can be used to predict



the solubility limit of N in liquid stainless steel over the wide range of Cr and C content under

various N, partial pressures from atmospheric to low vacuum pressures. The activity coefficient

of N in Fe-Cr-C-N melt can be expressed as:

—147. —2.58
logfy = ( + 0.019) [%Cr] + (T + 0.0021) [%Cr]? + 0.08[%C] + 0.014[%C]?
+ 0.0024[%Cr][%C]
(Cr<28.3 %, C<1.74 %, Py, < 101.325 kPa)
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Figure captions:

Fig. 1. Comparison between the present experimental data and calculated N solubility in Fe-Cr-
C-N melt under 16.21 kPa at 1600 °C with/without considering the rl\?r’c value.

Fig. 2. Effects of Cr and C on the activity coefficient of N in liquid iron at 1600 °C. [4,5]

Fig. 3. Relation of Eq. (4) to determine the rl\?r’c value in Fe-Cr-C-N melt.

Fig. 4. Correlation between calculated and measured N solubility in Fe-Cr-C-N melt [4,6,13].
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Table captions:

Table 1. Experimental results of N solubility in Fe-Cr-C melts.
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Cr exhibits a strong attraction with N in liquid iron, while C shows the opposite tendency.
The simultaneous effect of Cr and C on the N solubility in Fe-Cr-C-N melt was found.
The second-order cross-product parameter of Cr and C on N in liquid iron was determined using

Wagner’s formalism.
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