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Abstract

This study investigates the kinetic features of nitrogen removal during vacuum treatment of
low-alloy steels under industrial conditions. The removal of dissolved nitrogen during vacuum
treatment is a critical stage in the production of low-alloy steels, as excessive nitrogen content
negatively affects mechanical properties and service performance. Although thermodynamic
conditions under vacuum are favorable for nitrogen desorption, industrial practice shows that
degassing efficiency is often limited by Kkinetic factors. The analysis is based on industrial data
obtained from vacuum degassing operations and is supported by classical mass transfer theory and
kinetic modeling concepts. Nitrogen removal is considered as a diffusion-controlled process
described by a first-order kinetic approach, with particular attention given to the influence of
vacuum stability, bubble dynamics, and metal-gas interaction mechanisms. The results
demonstrate that stable vacuum conditions significantly enhance nitrogen removal efficiency,
whereas pressure fluctuations reduce mass transfer effectiveness and may lead to partial nitrogen
reabsorption. Comparison with published numerical and industrial studies confirms that Kinetic
limitations play a decisive role in determining the final nitrogen content after vacuum treatment.
The findings highlight the importance of integrating theoretical models with real industrial data to
ensure stable and reproducible refining results. The proposed approach provides a practical basis
for optimizing vacuum degassing parameters and improving the quality of low-alloy steels in
industrial steelmaking.
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Azlegirli poladlarin vakuum emali zamani azotun konarlasdirilmasinin

kinetik aspektlari
I.A. Behbudlu
Baki Miihondislik Universiteti (Bak:, Azarbaycan)

Xiilasa

Bu todqigat azlegirli poladlarin vakuum emali zamani azotun konarlagdirilmasinin kinetik
xuisusiyyatlorinin sanaye soraitindo aragdirilmasina hasr olunub. Azlegirli poladlarin istehsalinda vakuum
emali zamani hoall olmus azotun konarlagdiriimasi mithiim texnoloji moarhaladir, ¢iinki azotun yiiksok
miqdar1 poladin mexaniki xassolarine va istismar gostoricilorina monfi tosir gostorir. Vakuum soraitindo
azotun koanarlagdirilmasi {iglin termodinamik imkanlar olverisli olsa da, sonaye tacriibasi gostarir ki, prosesin
effektivliyi cox vaxt kinetik amillorlo mohdudlasir. Todgigat vakuum qazsizlasdirma qurgularinda aparilmis
Sonaye miisahidalorine asaslanir va kiitlo miibadilasinin klassik nozari miiddealar: ila dastoklonir. Azotun
konarlasdirilmasi birinci doracali Kinetik model osasinda diffuziya ilo mohdudlasan proses kimi
giymatlondirilib, vakuumun sabitliyinin, qabarciq dinamikasinin vo metal-qaz qarsiligl tasirinin rolu tahlil
olunub. Naticalar gostarir ki, vakuumun sabit saxlanilmasi azotun konarlasdirilmasinin effektivliyini artirir,
tozyiq dayiskonliyi isa prosesin intensivliyini azaldir va azotun yenidon udulmasina sobab ola bilar. Alinmig
naticalor vakuum rafinasiyasi proseslorinin optimallasdirilmasi vo polad keyfiyyatinin yiiksaldilmasi tigiin
praktiki shomiyyat dastyir.

Acar sozlar: vakuum emali, azotun keonarlagdirilmasi, azlegirli poladlar, qazsizlagdirma kinetikasi,
kiitlo miibadilasi, Sanaye polad istehsali.

KuHeTnueckue acnekTbl YAaJJ€eHUus a3oTa Npu BaKyyMHOﬁ

00paldoTKe HU3KOJIETHPOBAHHBIX CTaJIeH
H.A. Bex0yaay

Bakunckuit Hnocenepnoiit Ynusepcumem (bBaxy, Azepbaiioxcan)

AHHOTALMA

B nanno#i paboTe HcclemyrOTCs KHHETUYECKHEe OCOOCHHOCTH YJANCHUS a30Ta NP BaKyyMHOM
00pabOTKe HU3KOJIETUPOBAHHBIX CTAJICH B MPOMBIILJICHHBIX YCIOBUAX. Y IaJICHUE PACTBOPEHHOIO a30Ta
MpY BaKyyMHO#M 00paOOTKe SIBJISETCS BaXKHEHIIMM 3TArioM MPOM3BOJICTBA HU3KOJETHPOBAHHBIX CTAJICH,
MTOCKOJIFKY TIOBBINIIEHHOE COZEpKaHHE a30Ta OTPHUIATEIHHO BIMSET HAa UX MEXaHHMYECKHE CBOHCTBA U
SKCIUTyaTallMOHHBIE XapakTepUCTHUKU. HecMoTpss Ha OJIaronpusITHBIE TEPMOIAMHAMUYECCKUE YCIIOBUS
BaKyyMHPOBaHUsI, TPOMBIIIICHHAS TPAKTHKA MTOKa3bIBAET, YTO 3P (HEKTUBHOCTS JIera3aliy B 3HAYUTEIIBHON
CTETICHH OTpeAeNseTCs] KHHETHYeCKMMH (pakTopaMu. AHalW3 OCHOBaH Ha JIAaHHBIX, IOJNyYEHHBIX B
TMpollecce MPOMBIIIJICHHON BaKyyMHOU JieTa3ainy, ¥ OMUPaeTcsl Ha KIIACCUYECKHE MPEICTABICHUS TEOPUHI
Maccoreperoca. [Ipoiiecc ynaneHus a3oTa paccMmaTpuBaeTcs kKak Ju¢¢y3HOHHO-OTPAaHMUYCHHBIA U
OIKCHIBACTCS KUHETHUECKOW MOJIENBI0 MEPBOr0 MOpPSAKA C Y4ETOM BIMSHHS CTaOWIBHOCTH BakKyyma,
JTUHAMHKH Ta30BBIX MMYy3bIPHKOB M B3aMMOJICHCTBHS MeTalI-Ta3. Y CTAHOBIIEHO, YTO CTAOUIBHBINA BaKyyM
CYIICCTBEHHO IOBBINIAeT 3(PPEKTUBHOCTh Jerazalud, TOrJa Kak KoyJeOaHWs JaBJICHUS CHUKAIOT
WHTEHCHBHOCTh MAcCCOMEpPEHOCa M MOTYT NPHUBOJIUTH K IMOBTOPHOMY HACHIIMIEHUIO METaula a30TOM.
ComnocrasieHne pe3yabTaToB ¢ ONyOIIMKOBaHHBIMH HCCIIEIOBAHISIME ITOATBEPIKIAET OTIPEISIISIONIYIO POIIh
KHHETUYECKHX OrPpaHUYECHUH B IMpollecCe BaKyyMHOH 00paOoTku. [lomydeHHBIE BBIBOJIBI MOTYT OBITh
WCIIONIB30BAHBl JUIS ONTHMH3AIIMN IMapaMEeTPOB BaKyyMHOHM [lera3allid ¥ IIOBBINICHHWS KadecTBa
HU3KOJIETUPOBAHHBIX CTaJICH.

KuaioueBble ciioBa: BaKyyMHass 00pa0oTKa, yjajeHue a30Ta, HHU3KOJIECTHPOBAHHbBIC CTAaJIH,
KMHETHUKA JAe€ra3aluun, MaCcCOIIEPEeHOC, IPOMBIIIJICHHASA METAJIITYPIrusi.
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Introduction

The quality of steel and its service
performance are strongly influenced by the
content of dissolved gases, particularly nitrogen
and hydrogen, which adversely affect
mechanical properties, ductility, and fatigue
resistance. In low-carbon and low-alloy steels,
excessive nitrogen content may lead to strain
aging, embrittlement, and reduced formability,
making effective gas removal an essential stage
of secondary steel refining [1-3]. As a result,
vacuum treatment has become one of the most
important technological operations in modern
steelmaking, enabling the reduction of
dissolved gases to levels unattainable under
atmospheric conditions.

The fundamental principles governing
gas—metal interactions during steel refining are
determined by thermodynamic equilibria and
kinetic limitations. According to classical
steelmaking theory, the removal of dissolved
gases under vacuum conditions is driven by the
decrease in partial pressure above the melt
surface and is controlled by diffusion and mass
transfer processes in both the liquid metal and
the gas phase [1, 2]. However, despite favorable
thermodynamic  conditions, the  actual
efficiency of degassing processes in industrial
units is often limited by Kkinetic factors,
including melt stirring intensity, bubble
formation and growth, interfacial area, and
residence time under reduced pressure [3].

Industrial experience demonstrates that
vacuum degassing units such as vacuum tank
degassers and circulating vacuum degassers are
capable of significantly reducing nitrogen and
hydrogen content when process parameters are
properly controlled. Studies conducted under
industrial conditions at large steel plants
confirm that the kinetics of gas removal depend
not only on pressure level but also on melt

circulation, bubble dynamics, and the stability
of vacuum conditions throughout the treatment
cycle [4,5]. Fluctuations in pressure or
insufficient mass transfer may lead to
incomplete degassing or even reabsorption of
gases during treatment.

Recent research has increasingly focused
on numerical and analytical modeling of
vacuum degassing processes in order to better
understand the mechanisms of gas removal and
to optimize industrial practice. Numerical
studies of hydrogen and nitrogen removal in
vacuum tank degassers indicate that mass
transfer coefficients and bubble behavior play a
decisive role in determining degassing
efficiency [6]. Investigations of bubble growth
and flotation in molten steel systems further
reveal that the dynamics of gas bubbles directly
influence the effective interfacial area and,
consequently, the rate of gas desorption [7].
Mathematical models developed for vacuum
degassing processes have shown good
agreement with experimental data and provide
valuable tools for predicting gas removal under
varying technological conditions [8].

At the same time, the practical
implementation ~ of  vacuum refining
technologies requires adaptation to specific
industrial environments, equipment
configurations, and steel grades. In this context,
studies carried out at industrial enterprises,
including steel plants operating in Azerbaijan,
emphasize the importance of integrating
theoretical models with real production data to
achieve stable and efficient refining processes
[9]. Previous investigations of vacuum refining
of low-carbon and low-alloy steels have
demonstrated that a combined thermodynamic
and kinetic approach is necessary for a reliable
assessment of degassing performance under
industrial conditions [10].
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Therefore, a comprehensive analysis of
nitrogen removal during vacuum treatment of
low-alloy steels, based on both industrial data
and kinetic considerations, remains a relevant
scientific and practical task. Such studies
contribute to improving process stability,
enhancing steel quality, and optimizing the
operation of vacuum degassing units in modern
steelmaking practice.

Purpose of the Study

The purpose of this study is to investigate
the Kinetic features of nitrogen removal during
vacuum treatment of low-alloy steels under
industrial conditions. Particular attention is
given to the influence of process parameters on
the efficiency of degassing, including vacuum
level, mass transfer conditions, and melt—gas
interaction mechanisms. The study aims to
evaluate the role of kinetic limitations in
nitrogen removal and to substantiate
approaches for improving the stability and
effectiveness of vacuum refining processes
based on industrial data and established
theoretical concepts.

Problem Statement

Despite the widespread application of
vacuum degassing technologies in modern
steelmaking, the efficient removal of nitrogen
from low-alloy steels under industrial
conditions remains a complex and
insufficiently resolved problem. Although
thermodynamic conditions under reduced
pressure are favorable for gas desorption,
practical steelmaking experience shows that
achieving stable and predictable nitrogen
removal is often limited by Kinetic factors
rather than equilibrium constraints [1-3]. As a
result, significant discrepancies are frequently
observed between theoretically attainable and

actually achieved nitrogen concentrations after
vacuum treatment.

Industrial ~ studies  conducted  on
circulating and vacuum tank degassers
demonstrate that nitrogen removal efficiency is
highly sensitive to process conditions,
including vacuum stability, melt circulation
intensity, and the dynamics of gas—metal
interaction  [4,5]. In real production
environments, pressure fluctuations, non-
uniform stirring, and variations in bubble
formation may lead to reduced mass transfer
rates and, in some cases, partial reabsorption of
nitrogen into the molten steel. These effects
complicate process control and reduce the
reproducibility of refining results.

Existing numerical and analytical models
of vacuum degassing processes provide
valuable insight into hydrogen and nitrogen
removal mechanisms; however, many of these
models are based on idealized assumptions that
do not fully account for the variability of
industrial operating conditions [6-8]. In
particular, the influence of transient vacuum
regimes and Kinetic limitations on nitrogen
removal in low-alloy steels requires further
clarification. The lack of sufficiently validated
kinetic data obtained under industrial-scale
conditions limits the practical applicability of
theoretical models in steel plant operations.

Furthermore, the adaptation of vacuum
refining technologies to specific steel grades
and production facilities remains an important
challenge. Studies performed at industrial
enterprises emphasize the need to integrate
theoretical approaches with real production
data to ensure process stability and consistent
steel quality [9]. Previous investigations of
vacuum refining of low-carbon and low-alloy
steels confirm that nitrogen removal kinetics
must be evaluated in close connection with
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industrial process parameters rather than
considered solely from a thermodynamic
perspective [10].

In this context, there is a clear need for a
focused analysis of nitrogen removal kinetics
during vacuum treatment of low-alloy steels
based on industrial conditions. Addressing this
problem is essential for improving the
reliability of vacuum degassing processes,
optimizing technological parameters, and
enhancing the overall efficiency of secondary
steel refining.

Solution and Methodology

The solution to the stated problem is
based on a combined analytical and industrial
approach to the study of nitrogen removal
during vacuum treatment of low-alloy steels.
The methodology integrates classical Kinetic
concepts of gas—metal interaction with data
obtained under industrial operating conditions,
allowing for a realistic assessment of nitrogen
removal efficiency in vacuum degassing units.

The investigation considers vacuum
treatment processes carried out in industrial
vacuum degassers used for secondary steel
refining. The analyzed steels belong to the class
of low-alloy grades commonly produced under
vacuum conditions. Nitrogen content in the
molten steel was monitored before and after
vacuum treatment cycles using standard
industrial analytical methods. The vacuum
pressure, treatment duration, and general
operating parameters of the degasser were
recorded to ensure consistency and
comparability of the analyzed data.

From a theoretical perspective, nitrogen
removal during vacuum treatment is described
as a mass transfer—controlled process governed
by diffusion mechanisms in the molten steel
and at the metal—gas interface. In accordance

with established steelmaking theory, the rate of
nitrogen removal can be expressed using a first-
order kinetic model, where the change in
nitrogen concentration over time depends on
the mass transfer coefficient and the effective
interfacial area between the molten steel and the
gas phase [1-3]. This approach is widely
applied in the analysis of vacuum degassing
processes and provides a practical framework
for evaluating kinetic limitations under
industrial conditions.

To account for the influence of gas bubble
formation and motion on nitrogen removal, the
methodology incorporates concepts related to
bubble growth and flotation behavior in molten
steel. The presence of ascending gas bubbles
during vacuum treatment enhances the
interfacial area available for mass transfer and
intensifies degassing kinetics [6,7]. Variations
in bubble dynamics, caused by changes in
vacuum level or melt circulation intensity, were
considered as factors affecting the overall
efficiency of nitrogen removal.

The influence of vacuum stability on
nitrogen removal during treatment is illustrated
in Figure.
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As shown in Figure, stable vacuum
conditions ensure a continuous and more



Azorbaycan Miihandislik Akademiyasinin Xabarlari
2026, cild 18, ONLINE
I A. Behbudlu

Herald of the Azerbaijan Engineering Academy
2026, vol. 18, ONLINE
I. A. Behbudlu

intensive decrease in nitrogen content over
time, whereas unstable vacuum conditions
result in slower removal rates accompanied by
fluctuations. This behavior confirms the
dominant role of kinetic limitations and mass
transfer  efficiency in determining the
effectiveness of nitrogen removal during
industrial vacuum treatment. The trends
presented in Figure represent generalized
industrial behavior and are used to illustrate the
influence of vacuum stability on nitrogen
removal kinetics.

In addition, numerical and analytical
modeling results reported in the literature were
used to support the interpretation of industrial
observations. Mathematical models describing
hydrogen and nitrogen removal in vacuum
degassers served as a reference for evaluating
the consistency of experimental data with
theoretical predictions [6-8]. This comparative
analysis made it possible to identify deviations
associated with non-ideal industrial conditions,
such as pressure fluctuations and transient
vacuum regimes.

Special attention was given to the role of
vacuum stability during treatment. Industrial
data were analyzed with respect to the
consistency of reduced pressure over time, as
vacuum instability is known to negatively affect
mass transfer conditions and may lead to partial
reabsorption of nitrogen into the molten steel
[4,5]. The methodology thus emphasizes the
importance of maintaining stable vacuum
conditions to achieve reproducible and efficient
nitrogen removal.

Finally, the obtained results were
compared with previously published data on
vacuum refining of low-carbon and low-alloy
steels to ensure methodological continuity and
validation of the applied approach [10]. This
integrated methodology provides a reliable

basis for assessing nitrogen removal kinetics
under industrial conditions and for formulating
practical recommendations aimed at improving
vacuum degassing performance.

Conclusion

The analysis of nitrogen removal during
vacuum treatment of low-alloy steels has shown
that, despite favorable thermodynamic
conditions under reduced pressure, the
efficiency of degassing is primarily governed
by kinetic factors. Industrial data confirm that
nitrogen removal cannot be reliably predicted
based solely on equilibrium considerations and
requires a detailed assessment of mass transfer
conditions during vacuum treatment.

It has been established that the stability of
vacuum conditions plays a decisive role in the
kinetics of nitrogen removal. Fluctuations in
pressure and non-uniform operating regimes
reduce the effectiveness of gas—metal
interaction and may lead to partial reabsorption
of nitrogen into the molten steel, thereby
decreasing the overall efficiency of the refining
process.

The applied first-order kinetic approach,
combined with industrial observations,
provides a practical framework for evaluating
nitrogen removal under real production
conditions. Consideration of bubble dynamics
and interfacial mass transfer mechanisms
allows for a more accurate interpretation of
degassing behavior in vacuum degassers and
explains deviations from idealized theoretical
models.

Comparison with previously published
data on vacuum refining of low-carbon and
low-alloy steels confirms the validity of the
adopted methodology and highlights the
necessity of integrating theoretical models with
industrial-scale data. Such integration is
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essential for achieving stable and reproducible
refining results.

refining practices and provides a basis for
further investigations into the kinetics of gas

The findings of this study can be used to  removal under industrial conditions.
optimize technological parameters of vacuum
degassing units, improve process stability, and
enhance the quality of low-alloy steels. The
proposed approach contributes to the

development of more efficient secondary steel
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