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Abstract: The purpose of this study is to investigate the transfer behavior of oxygen during the
submerged arc welding process using CaF2-SiO2-CaO fluxes. In contrast to previous research that
only focused on the final oxygen content in the final weld metal, this study introduces two new
parameters, ∆dO and ∆wO, to quantify the oxygen transfer in essential regions: the droplet and weld
pool zones, respectively. The transfer behavior of oxygen is analyzed by using typical Multi-Zone
and equilibrium models. The results indicate that the Multi-Zone model is capable of capturing the
metallurgical processes of oxidation and subsequent reduction during the submerged arc welding
process. Moreover, the Multi-Zone model demonstrates superior predictive accuracy in estimating
oxygen content in the metal compared to the equilibrium model. Based on measured values and
metallurgical data, this article analyzes the oxygen transfer mechanism and non-equilibrium state
in the submerged arc welding process from both thermodynamic and kinetic perspectives. Then,
scientific hypotheses previously put forward are validated and discussed, which may offer valuable
insights and practical guidance for flux design.

Keywords: submerged arc welding (SAW); flux; oxygen transfer; weld metal composition; welding
metallurgy; oxygen content; thermodynamic equilibrium; multi-zone model

1. Introduction

Lately, due to its high deposition rate and consistent welding quality, submerged
arc welding (SAW) has emerged as the foremost technique for joining steels in heavy
production fields [1]. During such welding process, the arc plasma and weld pool remain
hidden as they are covered by a layer of flux and slag [2]. Flux serves multiple functions in
the SAW process [2]. Specifically, the chemical interactions among the arc plasma, flux, and
weld pool have a profound influence on the metal’s composition, subsequently altering the
mechanical properties of the weld metal (WM) [3].

Oxygen (O) is an essential element that markedly affects the microstructure and me-
chanical characteristics of the weldment [4]. Excessive O content tends to result in reduced
toughness and/or diminished hardenability [5]. On the other hand, WM possessing low O
levels displays subpar mechanical characteristics, particularly regarding toughness, because
of insufficient inclusions that promote the development of acicular ferrite (a microstructure
known for its interlocking features that effectively prevent crack spread via cleavage) [6].

The primary function of flux is to form a slag layer during the SAW process, protecting
the weld pool from the atmosphere [7]. Additionally, flux helps to control the chemical
composition of WM, thereby improving the quality and performance of the weldment [8].
It’s commonly understood that the flux acts as the primary supplier of O to the metal
in the SAW process [9]. Within welding metallurgy, the idea of flux O potential is used
to elucidate the driving force for the O transition from the flux to the metal [4,10]. Flux
primarily consists of oxides and CaF2. SiO2, as an essential component, plays a crucial
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role in forming the network structure of the molten slag [3]. However, due to its inherent
susceptibility to decomposition, SiO2 tends to release O2, consequently elevating the O
content within the droplet and weld pool via Reaction (1) [4,11,12].

(SiO 2) = SiO(g)+
1
2

O2(g) (1)

To prevent excessive O absorption from the flux, CaF2 and CaO are commonly incor-
porated into the flux due to the fact that [11]:

1. CaF2 is the flux component free of O.
2. The addition of CaO can effectively decrease the activity of SiO2.

Based on the above design concept, the CaF2-CaO-SiO2 system has become a classic
flux system [4,13]. The characteristic of this flux system is that it can avoid excessively high
flux O potential while ensuring good welding processability, which has been documented
in previous studies [4,13].

Nonetheless, as highlighted in earlier research, a significant scientific challenge re-
volves around the intricacy of estimating the oxygen potential within the CaF2-CaO-SiO2
flux system [13]. It is well known that the basicity index (BI) model has been widely applied
in SAW engineering to estimate the flux O potential [7,14]. The BI, as illustrated by Equation
(2) (wt pct), is a practical measurement used to approximate the flux O potential, with a
tendency for lower O content in submerged arc welded metal as the BI value increases [2].
The flux O potential can be estimated based on the BI value, allowing for a predictive
relationship between the two variables [15].

BI =
CaO + CaF2+0.5× (MnO + FeO)

SiO2+1/2(Al 2O3+TiO2)
(2)

However, it should be noted that the BI model is essentially an empirical model and
cannot accurately represent the chemical characteristics of flux O potential [7]. As shown
in Equation (2), the flux BI model assumes that the effects of CaF2 and CaO on flux O
potential are the same [14]. In subsequent work, Eagar [16] considered CaF2 as a neutral
substance and suggested that it only plays a dilution role in flux O potential [16]. Later,
with the development of Calphad technology, researchers combined the assumption of
local thermodynamic equilibrium within the weld pool in SAW to propose thermodynamic
equilibrium models [4]. However, when these equilibrium models are used for predicting
the O potential of CaF2-SiO2-CaO flux, they still produce significant prediction errors [4].

The CaF2-SiO2-CaO flux system for SAW was initially proposed by Dallam et al. [13]
They combined design principles of flux composition with the CaF2-SiO2-CaO ternary
phase diagram to demonstrate that the flux in such system is able to provide suitable O
potential yet ensure good weldability. However, Dallam et al. [13] also concluded that it
is not feasible to predict the O potential of the CaF2-SiO2-CaO flux using the BI model.
Therefore, despite their extensive research on the CaF2-SiO2-CaO flux system, they still
didn’t provide an in-depth explanation for the transfer mechanism of O element induced
by the flux due to technological limitations at that time.

Given the significance of the CaF2-SiO2-CaO flux system in SAW metallurgy, this
study aims to conduct an in-depth investigation into the O transfer mechanisms when
CaF2-SiO2-CaO fluxes are utilized. The transfer behavior of the O element is evaluated
and predicted using both equilibrium and Multi-Zone models. Moreover, the study en-
deavors to meticulously analyze the mechanism governing the transfer behavior of O
induced by the CaF2-CaO-SiO2 flux. In this research on SAW, the study goes beyond
traditional methodologies by introducing two novel parameters, ∆dO and ∆wO, to quantify
O transfer in crucial zones, namely the droplet and weld pool zones. By adopting such
an approach, the research not only enhances the understanding of the O transfer mecha-
nisms induced by the CaF2-SiO2-CaO flux system but also addresses the limitations of the
prevailing BI model. Moreover, through the integration of equilibrium and Multi-Zone
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models, this study aims to enhance the understanding of the complex interactions between
elements within the SAW process, further improving predictions and the efficiency of the
welding process.

2. Materials and Methods

In order to minimize the influence of binders and ensure the uniformity of the overall
flux, this study focuses on the investigation of the fused flux [4]. To facilitate the quantifica-
tion of element transition behaviors, this study employs the bead-on-plate SAW method
for experimentation. Specific experimental details, including welding parameter settings,
composition detection methods, and composition detection results, can be found in the
previous literature, which will be used for model validation in this article [17].

2.1. Modeling Tools

In the field of SAW engineering, it is frequently assumed that local thermodynamic
equilibrium is achieved [5,11,12,18,19]. Utilizing this insight into thermodynamic equi-
librium, one may explore chemical interactions in the SAW process, such as elemental
transfer and predicting composition [4]. Calphad, which stands for “computer coupling
of phase diagrams and thermochemistry,” is an approach that employs thermodynamic
models to predict material system properties. It relies on fundamental thermodynamic
data from binary and/or ternary material systems to achieve this forecasting [20]. Since
the temperatures during SAW exceed 1900 ◦C, direct measurement of thermodynamic
data is unfeasible [4]. Nevertheless, the thermodynamic models employed in the Calphad
approach have demonstrated their reliability in acquiring thermodynamic data at high
temperatures surpassing 1900 ◦C [21]. Considering that SAW involves multiple phases
and extremely high temperatures, the Calphad technique is employed in this research to
simulate the chemical interactions within the SAW process.

In this work, thermodynamic modeling will be performed using Factsage, which
is a widely recognized thermodynamic software based on the Calphad technique [22].
Factsage, known for its reliability and accuracy, offers a comprehensive set of calculation
and manipulation modules. These modules allow access to various databases containing
information on pure substances and solutions [20,22]. Data from the study of Polar et al. [17]
will be used for modeling and result verification. The fluxes to be investigated have been
summarized in Tables 1 and 2 [17].

Table 1. Chemical composition of the fluxes utilized in this study (wt pct) [17].

Flux WM CaF2 SiO2 CaO

F-1 WM-1 10 40 50
F-2 WM-2 20 40 40
F-3 WM-3 30 40 30
F-4 WM-4 40 20 40
F-5 WM-5 50 20 30
F-6 WM-6 60 20 20
F-7 WM-7 70 20 10

Table 2. Compositions of base metal and electrode (wt pct) [17].

C O Si Mn Fe

Base metal
(BM) 0.04 0.005 0.03 0.37 Balanced

Electrode 0.09 0.02 0.58 1.18 Balanced
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2.2. Modeling Details

Based on the characteristics of chemical interactions, Figure 1 illustrates the division
of the SAW process into three zones: the Droplet Reaction Zone, the Weld Pool Reaction
Zone, and the Weld Pool Solidification Zone.
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Figure 1. Reaction zones responsible for controlling the O content in the metal during the SAW
process [10]: (a) Overall schematic diagram of the SAW process, (b) Droplet reaction zone, (c) Weld
pool reaction zone, and (d) Weld pool solidifying zone.

2.2.1. Droplet Reaction Zone

In this zone, the droplet separates from the electrode tip and then travels through the
arc cavity. The temperature within this region reaches an astounding 2500 ◦C [8,23,24].
It has been postulated that the O in the droplet metal is primarily attributed to the O2
generated from the decomposition of the oxide in flux [9,11]. Preliminary experiments
have shown that there is an insignificant transfer of alloy elements in this Zone [8,23,24].
Mitra et al. [8,23,24] presumed that a dynamic O layer forms at the metal-plasma interface,
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effectively preventing the alloy elements from reaching the interface, as illustrated in
Figure 1b. The plasma parameters, including temperature, have been well discussed in
previous findings [25,26].

The Equilib module is utilized for modeling purposes [21]:

1. The databases FToxid, Fstel, and FactPS were chosen. The molten slag and steel
phases were simulated by selecting the solution phases of ASlag-liq all oxides, S
(FToxid-SLAGH), and LIQUID (FStel-Liqu).

2. The equilibrium temperature for the SAW process was set at 2500 ◦C, which cor-
responds to the temperature of the arc plasma. The input metal chemistries were
obtained from the BM compositions.

3. To predict the O concentration in the droplet, an equilibrium calculation was con-
ducted using iron (Fe) and O as the input metal constituents. The PO2 value provided
in Table 3 was employed for this calculation. Table 3 presents the concentration of Oin
molten droplets and the corresponding partial pressure of O2 in equilibrium.

Table 3. Predated droplet O content and equilibrium O2 partial pressure within the arc.

WM PO2 (atm.) Droplet O Content (wt pct)

WM-1 9.39 × 10−7 0.128
WM-2 1.91 × 10−6 0.182
WM-3 3.66 × 10−6 0.252
WM-4 6.69 × 10−8 0.034
WM-5 1.99 × 10−7 0.059
WM-6 7.68 × 10−7 0.115
WM-7 2.96 × 10−6 0.227

2.2.2. Weld Pool Reactions

As depicted in Figure 1a, before the weld pool gets covered by the liquid slag, the arc
plasma causes the evaporation of Si and Mn. Since Si and Mn are foundational dioxides for
the weld pool, the depletion of these elements needs to be taken into account [5,12]. Multiple
studies have shown that depending solely on thermodynamics is not adequate to precisely
forecast the extent of alloy evaporation in this zone [2]. A recent contribution by Zhu
et al. [27] put forward models to forecast the loss of Si and Mn induced by evaporation at the
plasma-metal interface. The scientists found a significant link between the concentrations
of Si and Mn and the observed data, as illustrated by Equations (3) and (4) [21,27]. In
Equations (3) and (4), η represents the mass percentage, while M implies the contents of Si
and Mn after the dilution of the weld pool by the droplet.

ηSi = 38.55− 0.33MMn − 0.58MSi (3)

ηMn = 49.04− 0.23MMn − 0.49MSi (4)

As such, considering the evaporation of Si and Mn and the dilution effect, the com-
positions given in Table 4 are set as input for the thermodynamic equilibrium model. For
the purpose of comparing with the previous model, the O content is also predicted by
using the gas-slag-metal equilibrium model reported in previous studies, with the metal
compositions in Table 5 as input stream [10,21].

The Equilib module was employed for modeling purposes [10]:

1. To simulate the molten slag and steel phases, the FToxid, Fstel, and FactPS databases
were utilized, selecting the solution phases of ASlag-liq for all oxides, S (FTox-id-
SLAGH) for slag, and LIQUID (FStel-Liqu) for steel.

2. The input metal compositions were configured based on the contents presented in
Table 4, while the flux compositions were derived from those specified in Table 1.

3. A modeling temperature of 2000 ◦C was chosen.
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Table 4. Compositional input of thermodynamic equilibrium model (wt pct).

WM C Si Mn O Fe

WM-1 0.065 0.19 0.4 0.064 Balanced
WM-2 0.065 0.19 0.4 0.091 Balanced
WM-3 0.065 0.19 0.4 0.126 Balanced
WM-4 0.065 0.19 0.4 0.017 Balanced
WM-5 0.065 0.19 0.4 0.030 Balanced
WM-6 0.065 0.19 0.4 0.058 Balanced
WM-7 0.065 0.19 0.4 0.113 Balanced

Table 5. Compositional input of gas-slag-metal equilibrium model (wt pct).

WM C Si Mn O Fe

WM-1 0.07 0.31 0.78 0.01 Balanced
WM-2 0.07 0.31 0.78 0.01 Balanced
WM-3 0.07 0.31 0.78 0.01 Balanced
WM-4 0.07 0.31 0.78 0.01 Balanced
WM-5 0.07 0.31 0.78 0.01 Balanced
WM-6 0.07 0.31 0.78 0.01 Balanced
WM-7 0.07 0.31 0.78 0.01 Balanced

2.2.3. Solidification Zone

In the zone of solidification, the hot weld pool undergoes cooling and solidification.
As oxides become more stable at lower temperatures, there is a slight reduction in the
O content near the slag-metal interface [23,24]. Since the O content in SAW engineering
refers to the bulk composition of the submerged arc welded metal, such slight reduction is
ignored during modeling [10].

2.2.4. Viscosity Simulation

Taking into account that all SAW experiments were carried out under identical circum-
stances except for the flux, the primary emphasis of this investigation lies in analyzing the
impact of flux composition on O content. More precisely, the study delves into the transfer
characteristics of the O element [17]. It is well known that the viscosity of the flux is an
essential factor determining the transfer behavior of the elements [7]. However, from a
technical perspective, it is not possible for people to directly measure the viscosity of the
flux at temperatures as high as 2000 ◦C [4].

Herein, the Viscosity module in FactSage is employed to simulate the high-temperature
viscosity of the flux, in order to assist in the analysis [20,22]. The Viscosity module in Fact-
Sage computes the viscosity of a glass or slag solution based on the provided temperature
and composition [20,22]. Due to the high temperature attained in SAW, the database of
“Glasses” is selected. The temperature of 2000 ◦C is set, which is the effective temperature
subject to the weld pool zone in SAW. The simulated data is summarized in Table 6.

Table 6. Simulated viscosity of the molten flux at 2000 ◦C (poise).

Flux CaF2 SiO2 CaO Viscosity

F-1 10 40 50 0.064
F-2 20 40 40 0.059
F-3 30 40 30 0.056
F-4 40 20 40 0.02
F-5 50 20 30 0.019
F-6 60 20 20 0.018
F-7 70 20 10 0.017
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3. Results and Discussion
3.1. Transfer Behavior of O

SAW is a semi-enclosed yet high-temperature metallurgical system [1]. During the
welding process, the slag, molten pool, and plasma arc are all covered under the flux
particles, which makes it difficult for researchers to conduct in-depth observation and study
of its physical and chemical processes.

Within this framework, ∆dO and ∆wO are employed to quantify the transfer level of
O within the droplet and weld pool zones. Values of ∆dO and ∆wO are calculated from
Equations (5) and (6), where ∆D presents the level of elemental transfer in the droplet
zone, MD presents the content in the droplet, ∆W presents the level of elemental transfer
in the weld pool zone, MW presents the content in the WM, MN presents the nominal
composition.

∆dO and ∆wO are utilized to assess the extent of O transfer in the droplet zone and
weld pool zone. The values of ∆dO and ∆wO are determined by using Equations (5) and (6)
respectively. ∆dO implies the level of O transfer in the droplet zone, while MDO represents
the content within the droplet. Similarly, ∆wO represents the level of O transfer in the
weld pool zone, with MWO representing the O content in the WM, and MNO denoting the
nominal O content. The quantified data subject transfer of O at various reaction zones has
been summarized in Table 7.

∆DO = MDO − MNO (5)

∆WO = MWO − MDO (6)

Table 7. Quantified data subject O transfer at various reaction zones (ppm).

WM
Multi-Zone Model Equilibrium Model Real Data

∆DO ∆WO ∆DO ∆WO ∆DO ∆WO

WM-1 1275 −1061 0 199 1700 −1307
WM-2 1819 −1592 0 217 1268 −854
WM-3 2519 −2248 0 258 1875 −1507
WM-4 340 −305 0 33 667 −516
WM-5 590 −455 0 127 698 −524
WM-6 1153 −886 0 291 499 −262
WM-7 1265 −1033 0 339 529 −321

For the SAW process, a profound understanding of the O transfer mechanism is
essential since it serves as an essential parameter influencing the mechanical properties
of the weld joint [4]. In the early stages, people drew on the concept of BI in steelmaking
to assess the O potential of flux in SAW [16]. However, such an evaluation method is
empirical and does not reflect the thermodynamic relationship between the flux O potential
and flux formulas [2]. In the following research, Indacochea et al. [18] proposed that flux O
potential, which suggests that the O content in the submerged arc welded metal, should be
controlled by the partial pressure of O2 in the arc cavity. Lau et al. [9,28], on the other hand,
discovered that the O content in the molten droplets is an order of magnitude higher than
the O content in the submerged arc welded metal. Even though Lau et al. [9,28] did not
present thermodynamic evidence, they believe that during the molten droplet stage, there
is a significant increase in O content; however, during the molten pool stage, it is essentially
a deoxidation process for the molten metal.

To elucidate the scientific hypotheses stated above, the O content levels have been
plotted in Figure 2. This figure illustrates the variation in O content within the metal as it
undergoes distinct reaction zones during SAW process.
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Specifically, Figure 2a presents the actual measured O content values, while Figure 2b
portrays the O content values predicted through the conventional thermodynamic equi-
librium model. Additionally, Figure 2c displays the anticipated O content values derived
from the Multi-Zone model.

In summary, Figure 2a illustrates the O content variation trend across different SAW
stages. Notably, a significant increase in O content within the droplet indicates a prominent
oxidation process in the droplet reaction zone. During the weld pool reaction zone, deox-
idation primarily occurs through the presence of alloying elements in the weld pool. In
essence, the metallurgical SAW process involves two distinct steps: a substantial oxidation
phase followed by a minor deoxidation phase.

Moving to Figure 2b, it demonstrates the O content variation trend assessed via the
thermodynamic equilibrium model. This model confines its analysis to chemical reactions
within the weld pool zone, assuming the O content is determined by local thermodynamic
equilibrium reactions at the gas-slag-metal interface. Considering the flux’s oxidation effect
during the weld pool reaction zone, the model predicts O content increases solely within
this region.

Contrastingly, Figure 2c portrays the O content trend evaluated by the recently devel-
oped Multi-Zone model. Impressively, in contrast to thermodynamic equilibrium models,
the Multi-Zone model precisely captures the intricate metallurgical dynamics of SAW. It
adeptly illustrates the sequential pattern of oxidation followed by deoxidation. Further-
more, the Multi-Zone model’s predicted ∆ value, a quantitative measure of oxidation and
deoxidation levels, closely correlates with experimental findings, further substantiating
its reliability and effectiveness in comprehending the fundamental chemical reactions
governing the SAW process.

3.2. Prediction of O Content

In the early stages of academic research, attempts were made to approximate the O
content in submerged arc welded metal by adopting a concept similar to “basicity” from
steelmaking practices, despite the significant inherent inaccuracies associated with such
approach [14]. Subsequently, the basicity model was upgraded to a thermodynamic equi-
librium model. However, although the thermodynamic equilibrium model demonstrated
higher predictive accuracy compared to the basicity model, it still exhibited errors [2]. This
was primarily due to the model’s neglect of the chemical reactions occurring in the droplet
reaction zone of SAW [10].

Indeed, the prediction of O content is of utmost importance for weld flux design
and post-weld metal performance regulation, as it plays a critical role in determining
the mechanical properties of the submerged arc welded metal [4]. In order to assess the
predictive capabilities of the latest Multi-Zone model, the oxygen content predicted by the
thermodynamic equilibrium model and the Multi-Zone model is plotted in Figure 3.

Upon examination of Figure 3, it becomes apparent that the Multi-Zone Model demon-
strates superior precision when contrasted with the Equilibrium Model. As previously
highlighted, the Multi-Zone Model not only encompasses the chemical reactions within
the weld pool zone but also incorporates the chemical interactions engendered by the arc
plasma of the droplet zone [29]. Consequently, the Multi-Zone Model showcases elevated
accuracy in its prognostication of the O potential of the flux.

Even though there have been controversies among scholars in the past, it has always
been widely acknowledged that the partial pressure of O2 in the arc cavity is a crucial
parameter determining the flux O potential [4]. However, in the SAW process, the arc
cavity is covered by flux particles and molten slag, making it challenging for researchers to
directly measure the partial pressure of O2 [1]. Additionally, previous studies did not take
into account the measured O content in the molten droplets [4]. To investigate this scientific
inquiry, the equilibrium O2 partial pressure (derived through the Multi-Zone Model) has
been correlated with the measured O content in the metal in Figure 4.
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By observing Figure 4, it can be noticed that the O content in the metal increases with
the rise of O2 partial pressure in the arc cavity, both in the droplet reaction zone and the
weld pool zone. This validates the scientific hypothesis mentioned earlier. However, it
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should be pointed out that the relationship between O2 partial pressure and the O content
in the metal is not strictly proportional due to the non-equilibrium nature of the SAW
system, which affects this correlation [8,23,24,30].

3.3. Non-Equilibrium Status of O Transfer Behavior

The Non-equilibrium status of the overall SAW process has been extensively con-
firmed [31]. Conventionally, scholars perceive the non-equilibrium aspects within the SAW
process as an exploration into the kinetics of metallurgical processes [30]. Specifically,
Mitra et al. [8,23,24] conducted a systematic study on the metallurgical kinetics of the SAW
process. Based on Mitra’s research findings, the viscosity of the flux is a crucial factor
influencing the non-equilibrium behavior of O transfer during the SAW process [8,23,24].
This is because the experiments were conducted under constant welding parameters, except
for variations in the flux composition.

This study introduces a novel symbol, denoted as δ, to quantify the absolute discrep-
ancy between the equilibrium state (E) and the actual value (A). This discrepancy is defined
as Equation (7). This measure provides a magnitude of deviation from the equilibrium,
irrespective of the direction of change. This notation will maintain consistency across the
paper, serving to represent the absolute disparity between the current state and the state
of equilibrium.

δ = |A− E| (7)

In general, the viscosity of the flux plays a crucial role in determining the extent of
chemical reactions. Although the precise reaction mechanism of SAW remains unclear, it
is widely believed that increasing the flux viscosity leads to a greater deviation between
the actual observed values and the thermodynamic equilibrium point. To verify such a
scientific hypothesis, the relationship between δ and the viscosity of the flux (slag) was
depicted in Figure 5.
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As depicted in Figure 5, an escalation in viscosity results in greater deviations between
actual values and the thermodynamic equilibrium point. This observation resonates with



Processes 2023, 11, 2622 12 of 14

the earlier-mentioned scientific proposition. Consequently, from a flux design perspective,
it becomes imperative to factor in flux viscosity to estimate the magnitude of deviation
between actual and predicted compositions within the weld metal. This comprehensive
understanding bridges the gap between theoretical considerations and practical application,
offering valuable insights for optimizing SAW processes.

3.4. Scientific Explanation

1. SAW is a typical oxygen process. However, there has been debate about the oxy-
gen mechanism in the SAW process. From the perspective of the BI model or the
thermodynamic equilibrium model in the molten pool zone, O enhancement in the
SAW process primarily occurs within the molten pool zone. However, experimental
findings indicate that O enhancement in the SAW process predominantly takes place
in the droplet reaction zone, and the molten pool region is essentially a deoxidation
process [9,28]. Therefore, through comparative analysis with empirical data, this
model identifies shortcomings in the traditional BI model and thermodynamic equi-
librium model, revealing that the predicted O content trend of the Multi-Zone model
aligns with the observed trend. Furthermore, the Multi-Zone model demonstrates
higher accuracy in the ultimate prediction of O content composition.

2. Regarding the non-equilibrium aspects of the SAW process, a simulation of ultra-
high-temperature slag viscosity has been performed, validating the quantitative
relationship between high-temperature viscosity and the non-equilibrium nature of
the SAW process.

3. In terms of quantifying the elemental transfer behavior in SAW, the research findings
indicate that the traditional quantification method (∆) deviates from the actual O
transfer process in the droplet zone due to its neglect of chemical reactions occurring
there. Thus, it is necessary to separately consider O transfer in both the droplet and
the molten pool zones, thereby achieving a more accurate prediction and simulation
of the O transfer mechanism subject to the overall SAW process.

3.5. Plans for Further Research

Although the Multi-Zone model provides a more accurate assessment of the transi-
tional behavior of O than traditional models, further research is necessary to enhance the
predictive precision of the model in the following aspects:

1. Both the Multi-Zone model and thermodynamic models are based on chemical ther-
modynamics theory. However, they do not account for the influence of physical
factors on the transfer behavior of O, particularly the impact of physical slag entrap-
ment on composition. Therefore, incorporating essential physical models will further
enhance the overall predictive accuracy of the model.

2. Currently, the Multi-Zone model still relies on local thermodynamic equilibrium as
its modeling foundation. However, in reality, the SAW process exists in a global
non-equilibrium state. While Mitra et al. [8,23,24,30] have proposed a dynamic model
for the SAW process, this model only addresses the molten pool reaction zone. There-
fore, developing metallurgical dynamic models for the droplet reaction zone and
solidification reaction zone is imperative.

4. Conclusions

Within this framework, the transfer behavior of O has been qualified by a new method
and interpreted for CaF2-SiO2-CaO flux subject to the SAW process. Utilizing empirical
data and metallurgical insights, this study conducts a comprehensive examination of the O
transfer mechanism and the non-equilibrium state within the SAW process. This analysis
encompasses both thermodynamic and kinetic viewpoints. The key findings derived from
this investigation can be summarized as follows:

1. The O transfer mechanism in SAW is elucidated as a dual-stage process, involving an
initial oxidation in the droplet zone followed by deoxidation in the weld pool zone.
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Two new parameters, ∆dO and ∆wO, have been introduced to quantify the O transfer
in droplet and weld pool zones.

2. The Multi-Zone model is capable of capturing the metallurgical processes of oxida-
tion and subsequent deoxidation during the SAW process yet demonstrates superior
predictive accuracy in estimating the O content in the metal compared to the equilib-
rium model.

3. The role of flux viscosity in influencing the non-equilibrium O transfer behavior
has been emphasized, showing that an increase in flux viscosity leads to a greater
discrepancy from the equilibrium point.
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