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Bond Characteristic-Dependent Viscosity Variations
in CaF,-Si0,-Al,0.-MgO Welding Fluxes

The effect of oxygen/fluorine-related bond characteristics on the viscosity of
CaF,-Si0,-Al,0_,—MgO submerged arc welding fluxes is evaluated

BY H. YUAN, Y. ZHANG, H. LIU, Z. LI, AND C. WANG

Abstract

Viscosity is critical in welding fluxes as it could
affect weldability and alloying element transfer
behaviors during submerged arc welding. It is
widely accepted that viscosity is intrinsic to
bonding structures. However, it is unclear how such
structures could modify viscosity in commercial
CaF,-Si0,-Al,0,-MgO fluxes. In this study,
structure-viscosity correlations have been revealed
by employing molecular dynamics calculations
coupled with viscosity measurements. The results
show that viscosity at 1300°C reaches maximum
(1.99 Pa-s) and minimum values (0.10 Pa-s) at
the highest SiO, and MgO levels, respectively.
Furthermore, bond stability and distribution could
indicate the structural degree of polymerization.
Specifically, the proportion of stabilized bridging
oxygen and bonded F (Si-F and Al-F) correlates
positively with the activation energy of viscous
flow. Due to the dilution effect of free F and
the depolymerization effect of bonded F, the
activation energy of viscous flow in the targeted
system (60-130 kJ/mol) is significantly lower
than in fluorine-free ones (160-240 kJ/mol). The
current investigation establishes a relationship
between bond stability and viscous flow activation
energy, demonstrating a stronger correlation than
considering O-related structural parameters alone.
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Introduction

High heat input submerged arc welding (SAW) is one of
the most popular techniques for joining oil and gas pipelines
and shipbuilding steels (Refs. 1-3). However, successfully
demonstrating such a technique relies heavily on selecting
suitable welding fluxes (Ref. 4). Commercial fluxes such as
those based on CaF-SiO,-Al,0_,-MgO possess necessary
physicochemical properties in protecting the weld pool from
the atmosphere, refining the weld metal (WM) via element
transfer,and minimizing heat loss through thermal insulation
(Refs.1, 5, 6).

Viscosity is one of the most important properties of
welding fluxes. It could dictate mass and heat transport,
significantly affecting weld bead morphology and alloying
elements transfer behaviors between the slag and the WM
(Refs. 7, 8). Schwemmer et al. (Ref. 8) reported that weld
bead penetration increased with flux viscosity. Specifically,
high viscosity will prevent the weld pool from spreading,
reducing the heat region and resulting in deeper penetra-
tion and narrower bead width (Refs. 8, 9). Furthermore, low
viscosity will facilitate bulk diffusion rates and accelerate the
reaction rates at the metal-slag interface (Refs. 8, 9). Thus,
accurately quantifying and controlling viscosity is crucial for
achieving desirable weld metal morphology and composition.
However, viscosity could fluctuate at varied temperatures
and compositions (Refs.10,11). Such property is linked to the
atomic structure of molten fluxes and is governed by internal
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structural characteristics (Refs. 12-14). Hence, numerous

experimental and simulation efforts have sought to determine 0
the relationship between viscosity and assorted structural Si0,-Al,0,-MgO
parameters (Ref.15). One commonly used structural param- (30% CaFy)

eter for describing the degree of polymerization (DOP) is
NBO/T, which represents the average number of nonbridging
oxygen per network former (Si“+, Al**) (Refs. 10, 16). Some
researchers prefer using the parameter Qi (i ranges from O
to 4,andirepresentsthe number of bridging oxygensin one
[SiO,] or [AIO,] tetrahedra) (Ref. 16). Both parameters can
reflect the DOP of fluxes but fail to differentiate the effects of
different cations on structural properties. In response, Zhang
etal. (Ref.17) pioneered a structural viscosity model, defin-
ing distinct categories of oxygenions and assigning varying
priorities to different metal cations in compensating Al**
ions. Recently, He et al. (Ref. 12) introduced a viscosity model

0
40 60 80 100
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pertinent to the SiO,-Ca0-K,0 biomass slag system based
on bond distribution, which is associated with the activation Fig. 1 — Chemical compositions of the welding fluxes
energy of viscous flow. Nevertheless, the bond distributions ~ (total mass fraction of Si0,, Al,0,, and Mg0 have
were approximations from the thermodynamic equilibrium been converted to 100% in the diagram).

Table 1 — Chemical Compositions (wt-%) of the Welding Fluxes

Component

No. Sio, ALO, MgO CaF,

Pre Post Pre Post Pre Post Pre Post
Al 31.5 3210 7.00 747 31.5 31.65 30.0 29.08
A2 31.5 3212 13.0 12.75 25.5 25.34 30.0 29.79
A3 31.5 32.08 19.0 18.31 19.5 19.63 30.0 29.98
A4 31.5 31.79 25.0 23.99 13.5 15.04 30.0 29.18
A5 31.5 31.74 31.0 30.20 7.50 818 30.0 29.88
A6 36.0 36.13 26.5 26.18 7.50 814 30.0 29.55
A7 36.0 35.22 20.5 19.9 13.5 15.2 30.0 29.68
A8 36.0 36.43 14.5 14.9 19.5 18.9 30.0 29.77
A9 36.0 36.11 8.50 8.43 25.5 26.6 30.0 28.86
A10 40.5 40.47 10.0 9.76 19.5 21.5 30.0 28.27
A1 40.5 40.51 16.0 16.22 13.5 13.72 30.0 29.55
A12 40.5 41.05 22.0 2211 7.50 7.76 30.0 29.08
A13 45.0 45,52 17.5 17.28 7.50 7.99 30.0 29.21
Al4 45.0 44.76 1.5 11.90 13.5 13.81 30.0 29.53
A15 49,5 49,89 13.0 13.61 7.50 7.44 30.0 29.06
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Fig. 2 — Viscosity values of fluxes: A — 31.5% Si0O,; B — 36.0% SiO,; C — 40.5%, 45.0%, 49.5% Si0,; D — 7.5%
MgO; E — 13.5% MgO; F — 31.5%, 25.5%, 19.5% MgO, where the points in dark grey are lower than the liquidus

temperatures calculated by the FactSage software.

state within the FactSage database. Based on the DOP and
bond energy, Xuan et al. (Ref. 13) advanced the structural
parameter relative stability (RS), offering insight into the
network stability of silicate slag melts through molecular
dynamics (MD) simulations. Such a method has the advantage
of quantifying the influence of all bonds and can differentiate
the contributions of oxygen-related bonds from an atomic
scale (Ref. 6). These models cater to industrial and geological
applications composed of oxide components. In typical weld-
ing flux systems, CaF, is widely applied as it can efficiently
decrease O chemical potential and modify flux viscosity while
significantly complicating the structural bonding features of

oxide systems (Refs. 7,18-20). However, the extent to which
F-related bonds contribute to flux viscosity quantitatively
remains poorly understood, preventing the tuning of viscosity
for targeted fluxes. Consequently, a comprehensive under-
standing of the atomic structures of the CaF -based fluxes
holds significance for viscosity adjustments and reveals how
CaF, influences oxide system structures.

In this work, viscosity trials and MD simulations have
established a relationship between the viscosity and bond
characteristics of CaF,-SiO,-Al,0,-MgO fluxes. Structural
roles of O and F-related species and the corresponding
distributions in the targeted system have been elucidated.
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Current findings may facilitate a fundamental understand-
ing of bond-induced viscous behaviors and offer a viable
strategy to design flux viscosity from an intrinsic structural
perspective.

Research Methodology

Sample Preparation

Reagent grade ( > 99.9%) chemicals of SiO,, CaF,, MgO,
and AlLO, (Sinopharm Chemical Reagent Co. Ltd., Shenyang,
China) were used for synthesizing the fluxes. The powders
were mixed and placed into a molybdenum crucible. The
mixed powder samples were pre-melted in a silicon-mo-
lybdenum resistance furnace under a high-purity argon
atmosphere by holding the sample at 1500°C for 30 min.
Afterward, the liquid fluxes were immediately quenched into
cold water. Quenched samples were dried at 150°C for 4 h
to remove any moisture and subsequently crushed for 30
min. The resulting powders were further sieved to obtain
particle size < 74 um. X-ray fluorescence determined the
fluxes’ compositions (XRF, ZSX Primus IV, Rigaku, Japan).
Chemical compositions of the targeted fluxes are shown
in Table 1 and Fig. 1. Slag liquidus temperatures (7, ) were
calculated using the FactSage software (Equilib-module,
Version 8.1 with FactPS and FToxid databases).

Viscosity Measurements

Viscosity was measured using the rotary cylinder method
according to the YB/T185-2017 standard. The experimental
apparatus for viscosity measurement consisted of a MoSi,
resistance heating vertical tube furnace and a melt physical
property comprehensive testing instrument (VDR-16000,
Chongqing University, China) equipped with a Brookfield
digital viscometer (mold DV2T, Brookfield Engineering Lab-
oratories, USA). Before the viscosity test, the viscometer
was calibrated with standard silicone oils (0.0967 Pa-s)
at 25°C. The experimental procedure for viscosity mea-
surement was described as follows. First, the molybdenum
crucible containing 150 g of flux was placed in the uniform
temperature zone of the vertical resistance furnace, which
was calibrated using a reference B-type thermocouple and
controlled within + 2°C. To protect the molybdenum crucible
(@48 x H100 mm) from oxidation, high-purity Ar gas flow
(99.999 vol-%, 0.7 L/min) was injected from the bottom of
an aluminatube. The furnace was then heated to1600°C and
maintained for 15 min to ensure homogeneity. Subsequently,
amolybdenum spindle (@15 mm x H20 mm; taper degree:
120 deg; shaft diameter: 3 mm) was slowly sunk into the
molten fluxes and kept at 15 mm above the crucible bottom.
Flux viscosity was measured in the temperature range of
1500°t01300°C at 25°C intervals after being held at each
temperature for 15 min to ensure thermal equilibrium. The
viscosity values at the target temperature were the average
results obtained at three rotation speeds (10, 20, and 30
rpm), and the deviation of all measured experimental data
from the average value is less than 3%.
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Table 2 — BMH Function Parameters

Atom1  Atom2 A, (eV) p, B ¢, (eV-A®)
Ca Ca 329193.3 016  4.3369
Ca Mg 67720.91 016  0.8674
Ca F 4961916  0.165 8.67
Ca 0 717827 0165  8.6737
Ca Si 2668616  0.16 0
Ca Al 36934.4 0.6 0
Mg Mg 13931.4 016 04735
Mg F 107066.695 0165  1.7347
Mg 0 154984.64 0165  1.7347
Mg Si 5489.82 0.6 0
Mg Al 7594.81 0.16 0

F F 730722.8 047 17.35
F 0 1046135 047 17.35
F Si 43406 0.165 0
F Al 59486.5  0.165 0
0 0 1497693.51 047 17.35
o} Si 62821.41  0.165 0
0 Al 86094.6  0.165 0
Si Si 2163.32 0.16 0
Si Al 29941 0.16 0
Al Al 4143.9 016 0

Molecular Dynamic Simulations

Simulation Method

Molecular dynamics simulations were conducted using
the LAMMPS package (Ref. 21). Software PACKMOL (Version
20.3.0) was used to obtain different random initial config-
urations of the targeted system (Ref. 22). Approximately
4,000 atoms were subjected to a simulated melt-quench
process within a cubic box, the size of which was dictated by
flux density. Interaction between atoms was characterized by
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Fig. 3 — Proportions of: A — Bridging oxygen (BO); B — nonbridging oxygen (NBO); C — free oxygen (FO);

D — oxygen triclusters (TO) at 1500°C.

Born-Mayer-Huggins (BMH) interatomic potential. The BMH
function is expressed as follows:

q: 'ioo¢. D
Uy(r) = ql_‘.h +Aje Pi——g 45 M
3] ij

In Equation 1, U, is the interatomic-pair potential. C is
an energy-conversion constant. g,and g, are the charges
for different ions, € is the dielectric constant, and r,is the
interatomic distance between iatomand jatom. p, isanion-
ic-pair-dependent length parameter. A, Cp and Dare energy
parameters of the atom jj pair. BMH function parameters,
which have been proven valid through considerable trials
(Refs. 23-25), are provided in Table 2. The bond distance
was calculated and compared with the experimental values
to verify the MD simulations. This parameter was derived
from the abscissa of the major peak of the radial distribution

functions (RDF) curves. Detailed simulation information can
be found elsewhere (Ref. 6).

Diffusion Coefficient Calculation

To calculate the transport properties of the flux systems,
the mean square displacement (MSD) curves of each atom
are obtained using the following formula:

MSD = (|r(®) —r(0)[?) @

In this equation, r(t) represents the location of an atom at

time t,and r(0) means the starting location of this atom. Then,
based on the Einstein’s Equation, self-diffusion coefficients
for varied atoms are calculated as:
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Fig. 4 — Proportions of: A — F-Si; B — F-Al; C — F-Ca; D — F-Mg bonds at 1500°C.

by =27 ®

where D(t) is the diffusion coefficient.

Bond and Energy Calculation

Oxygen and fluorine species distributions were calculated
using MATLAB based on the output trajectory profiles from
MD simulations. The last frame of trajectory, consisting of
involved atom coordinates, was extracted. Specifically, the
first step was to assess whether the bond could be formed.
This was determined by comparing the cut-off distance (Rc)
with the calculated bond distance. Rc was determined from
RDF curves based on the trajectory file. The bond was consid-
ered successful if the calculated bond distance was shorter
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than Rc. Then, the bonding features of the oxygen atoms
can be revealed by performing the loop statements in the
MATLAB code. Atom energy data were the sum of potential
and kinetic energy extracted from the last 0.5 ns period of
the simulation.

Results

Viscous Behavior Evaluation

Figures 2A-C illustrate the measured viscosity variation
for fixed SiO, contents of 31.5%; 36.0%; and 40%, 45.0%,
49.5%, respectively. It is observed that viscosity values
increase as expected with higher SiO, content. Specifically,
at1300°C, viscosity values escalate from 0.39 Pa-s (A5) to
0.70 Pas (A6) and further to 1.99 Pa-s (A15). Higher AL,O_/
MgO ratios induce a monotonically increasing trend in vis-
cosity (AM—A5, A9—AG, A10—A12, and A14—A13).
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Table 3 — Comparison of Bond Distances from
MD with Experimental Values

Bond Distance from RDF  Experimental Data

Pair (A, this work) (A, references)

. 1.61-1.64
Si-0 1.62 [Refs. 26-28]

1.74-1.77

Sl 175 [Refs. 26-28]
Mg-0 1.99 ~2.00 [Ref. 29]
Ca-0 2.32 2.32 [Refs. 26, 28]
Si-F 1.68 1.67 [Ref. 29]
Al-F 1.94 1.81-1.92 [Ref. 30]
Ca-F 2.32 2.29 [Ref. 31]
Mg-F 2.05 2.0 [Ref. 31]

Figures 2D-F plot the viscosity values for fixed MgO con-
tents of 7.5%; 13.5%; and 31.5%, 25.5%, 19.5%, respectively.
MgO significantly reduces the flux viscosity, as expected.
However, viscosity variations induced by different Al,0,/SiO,
ratios could entail intricate ramifications. An increase in the
AlL0,/SiO, ratio primarily tends to reduce the viscosity of
most fluxes. Nevertheless, the viscosity values of A11 and
A12, with higher SiO, contents, are lower than those of A7
and A6, respectively.

Fig. 6 — Total self-diffusion coefficient values for
targeted fluxes.

MD Verification

Table 3 provides the calculated bond length and the cor-
responding experimental value for various bond pairs. It can
be observed that the average bond lengths of Si-O, Al-O,
Mg-0, Ca-O0, Si-F, Al-F, Ca-F, and Mg-F are around 1.62A,
1.75A,1.994, 2.32A, 1.68A, 1.94A, 2.32A, 2.05A4, respec-
tively. It gives an excellent agreement between the calculated
results and the experimental values (Refs. 26-31). Thus, the
present calculations can reproduce a short-range structure
in reasonable agreement with the experimental data.

Medium Range Structure

The type and distribution of bonds could dictate viscos-
ity values. Oxygen bonds are classified into four categories
based on connectivity: bridging oxygen (BO), nonbridging
oxygen (NBO), free oxygen (FO), and oxygen tricluster (TO),
where TO serves as charge compensators in aluminosilicates
(Ref. 23). Such distribution calculated by MD simulations is
shown in Fig. 3. 1t can be observed that the TO contentis the
highest in Al,O_-rich compositions (A5). As the concentra-
tion of network formers (AL,O, and SiO,) increases, a higher
Al coordination is required to balance the overall charge.
Moreover, BO bonds are mostly concentrated in Al,O_-rich
compositions (A5) while leastin MgO-rich regions (A1). The
color shifts from red to blue with increasing MgO content,
while NBO and FO show the opposite trend.

Figure 4 presents F-related bond distributions. In most
cases, Si hardly connects with F, followed by Al (Figs. 4A and
B). Si-F bonds are found in SiO,-rich compositions (A12-A15)
(Fig. 4A), while other compositions show Si-F bond propor-
tions below 2%. Conversely, Al-F bonds range from 2.9% to
32.8%, with higher concentrations observed in Al,O_-rich
compositions (A5, A6, and A12), peaking at A5 (Fig. 4B). Fig.
4C shows that Ca-F bonds exhibit the highest proportions
(31.9-54.0%), suggesting that F tends to bond with Ca to
form CaF, clusters, thereby diluting the O-related network.
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Discussion

Composition and Temperature-Induced
Viscosity Variations

SiO, content insilicate systemsis a key indicator of structural
DOP, representing the relative proportion of [SiO, ] tetrahe-
dra. Typically, a higher SiO, content corresponds to enhanced
structural polymerization (Ref. 32). Higher Al,O,/MgO ratios
facilitate [AlO,] tetrahedra formation while impeding active
site migration, thus resulting in an increased viscosity. Figure
2 demonstrates the predominant influence of Si0, and Al,O,
over MgO on viscosity. It is acknowledged that the flux vis-
cosity at 1500°C should be maintained within 0.08-0.3 Pa-s
during welding processes (Ref. 33). Consequently, A1and A9
with low viscosity values may result in inadequate weld pool
coverage, whereas excessively high viscosity values observed
in A15 could deteriorate the weldability. It is recommended to
avoid such extremes when formulating flux compositions. It
has been elucidated that incorporating Al,O, into the silicate
network generates a substantial amount of Si-O-Al bonds,
thereby enhancing the connectivity of the tetrahedral network
(Refs. 29, 34). However, such enhancement does not lead to
a continuous increase in viscosity. This is attributed to the
fact that Al*+ions have a lower valence state than Si**, which
enables some cations to compensate for charge in the network
(Ref.34). Asmore Al,O, is added, some Al will possess a higher
valance state and function as network modifiers, lowering the
overall viscosity.
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Viscosity always increases as the temperature decreases,
as demonstrated in Fig. 2. Thermal vibrations of particles are
weakened, which could stabilize large clusters and inhibit
viscous flow behaviors (Ref. 35). Subsequently, more solid
particles could precipitate as the temperature falls below
liquidus. This transition from liquid to heterogeneous system
accelerates the increase in viscosity at lower temperatures,
especially for A15 (Fig. 2C).

The activation energy for viscous flow (En) represents the
energy barrier the flow units must overcome to move (Refs.
11, 30). Such parameters can indicate flux fluidity and reflect
viscous flow’s sensitivity to temperature changes (Refs. 7,
36). This means the temperature-induced viscosity response
would be drastic for the liquid with a high £ value. The rela-
tionship between viscosity and temperature can be derived
using the Arrhenius equation (Ref. 37):

Inn=mA+E

mRT @)

wherenand Tare viscosity and absolute temperature, respec-
tively. A and R are the pre-exponential factor and universal
gas constant, respectively.

E, values are determined by linearly fitting Inn against 1/RT.
Fig. 5illustrates the contour plot of E for targeted fluxes. Itis
observed that £ peaks at130.2 kJ/mol in SiO,-rich regions
(A15) and reaches a minimum of 65.40 kJ/moI in MgO-rich
regions (A1). This indicates that the atom diffusion rate
decreases as more MgO is added, thus improving flux fluid-
ity (Ref. 38), consistent with viscosity measurements in Fig.
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2. Importantly, the viscosity data selected for Encalculations
fall within the Newtonian fluid range.

Based on the Einstein-Stokes equation, migration
behaviors can be described by calculating the self-diffu-
sion coefficients of involved particles. Figure 6 utilizes MD
simulations to determine the total diffusion coefficients.
The highest diffusion coefficient is observed at A9 (3.07 A/
ns), indicating minimal resistance to flow unit diffusion and,
consequently, the least viscosity. This may account for the
significantly lowered viscosity of A9 compared to others,
with only a slight elevation over A1. However, the lowest dif-
fusion coefficient at A5 (0160 ,&/ns) does not necessarily
indicate the highest viscosity, as viscosity may depend on
bond stability. Given that Si-O bonds are more stable than
Al-Obonds, fluxes abundant in SiO, are expected to generate
higher viscosity (Ref. 39). The effect of bonds on viscosity
will be further explored in subsequent sections.

O/F-Related Bond Structure

Previous studies indicated that a higher proportion of BO
correlates with higher DOP and thus higher viscosity (Ref. 40).
However, despite A5 having the highest BO and the lowest
NBO and FO, its viscosity is lower than that of A15, rich in SiO,,.
Therefore, this phenomenon may be related to the presence
of F-related structures rather than focusing only on O-related
structures. Furthermore, the bond contributions on viscosity
need to be further dissected rather than simply categorizing
them as BO or NBO, as outlined below.

For the targeted system, fluorine (F) bonding informa-
tion could enhance our understanding of the relationship
between structure and viscosity rather than merely focusing
on O-related ones. Figure 4 shows limited F incorporation
into [SiO,] tetrahedral networks and a substantial presence
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in [AIO,] ones. Consequently, it may be inferred that [SiO,]
tetrahedra offers greater stability than [AlO,] tetrahedra.

As mentioned above, F tends to bond with Cato form CaF,
clusters. Notably, the propensity for forming CaF, clusters
varies with flux compositions. For example, Ca-F bonds are
relatively scarce in SiO_-rich fluxes (31.96%) and markedly
more prevalent in MgO-rich fluxes (563.93%). This confirms
the closer association between SiO, and overall structural
stability compared to AL,O,, which suggests that F tends to
bond with Ca when the overall O-related structure is more
stable. Conversely, F readily incorporates into the O-related
structure in scenarios with higher MgO content and looser
structures. In contrast, A8-A10 fluxes exhibit more Mg-F bonds
than A1, which is rich in MgO. Apart from bond distributions,
differencesin resistance to breakage also contribute to vari-
ations in overall viscosity.

Stability and Distribution of Bonds

Bond stability can be quantified through a comprehensive
assessment of atomic energy. O atoms are pivotal in silicate
networks, wherein lower energy corresponds to greater
bond stability (Ref.13). Consequently, more stable bonds are
anticipated to induce enhanced structural stability and, by
extension, higher viscosity (Ref. 32). Figure 7 shows detailed
bond energy values alongside respective distributions. It is
necessary to consider the O-related bond energy, F-related
bonds, and corresponding bonding patterns, as the targeted
system consists of fluoride and oxides. In Fig. 7A, O-related
bonds exhibit lower energies (< -20 eV) compared to F
counterparts (> -5 eV), indicating that F-related units are
more susceptible to transformation than O-related ones. The
Si-0O-Si bond emerges with the lowest energy (-26.7391 eV)
and epitomizes the greatest thermodynamic stability, consis-
tent with investigations elsewhere (Ref. 41). Conversely, FO
and Al-NBO bonds show higher energy values, contributing
less to structural polymerization. It is worth noting that the
Si-NBO (Si-O-Caand Si-O-Mg) bond energy is lower than that
of the Al-O-Al bond, indicating the superiority of Si-NBO in
terms of stability over its Al-O-Al counterpart. This observa-
tion demonstrates that relying solely upon the proportion of
NBO and BO is inadequate for deriving the overall viscosity.

Figure 7B shows that bonds predominantly consist of BO
bonds (Si-0-Si, Si-0-Al,and Al-O-Al) and NBO bonds (Si-O-Ca
and Si-O0-Mg) for all flux compositions. The bond statistics
were obtained by the MATLAB software based on trajectory
profiles from MD simulations. A higher DOP is observed under
conditions of high SiO,+ Al,O, contents. Specifically, the pro-
portion of Si-O-Al bonds reach its peak under enriched Al,O,
(A5, A6) conditions, indicating the most thorough mixing of
[SiO,] and [AIO, ] structures. The highest proportion of Si-O-Si
bonds (A15) correspond to the highest viscosity. As a result,
the variation in Si-O-Sibond proportion generates a more con-
sistent correlation with viscosity changes than Si-O-Al bonds.

Figure 7B also annotates corresponding primary phases, cal-
culated by the FactSage software with the Equilib module. The
primary phase types can reflect structural DOP, inheriting char-
acteristics from the high-temperature molten structure (Ref.
6). As the composition changes from A1to A5, Si-O-Si bonds
gradually transform into Al-O-Al bonds, thereby transitioning
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the primary phase from olivine (A1) to spinel (A2-A4) and to
corundum (A5). Conversely, as the Al,O, content decreases
(A6—>A9), the primary phase changes from corundum (A5) to
Mg, Si,F,0, (A9) due to the decrease in Al-related bonds. With
contlnuousaddltlonsof8|0 ,and AlLO_, the primary phases shift
towards those with hlgher proportions of network formers,
corresponding to a gradual increase in viscosity. Previous work
shows that the structural unit of primary phase change does
resultinan abrupt change of activation energy (Ref. 37). This
aligns with bond calculations here and the E, observations for
A1and A15in Fig. 5, where the structural unit changes (Si-O-
Si—Si-0-Al-Al-0-Al) cause drastic E, variations.

Relationship between Structure
Parameters and Viscosity

The bond distributions can be related to viscosity (Ref.12).
The main types in the structure include BO (Si-0-Si, Si-O-Al,
and Al-O-Al) and Si-NBO (Si-O-Caand Si-O-Mg), as depicted
in Fig. 7B. Thus, Fig. 8A summarizes the relationship between
E, and the mentioned parameters. It can be observed that
there is a positive correlation between E and BO. At around
40%BOcontent, £, stands at only 60 kd/mol. However, the E,
value sharply rises to 130 kd/mol when the BO content exceeds
70%. Conversely, Si—-NBO exhibits a negative correlation with
E, and shows a mirror distribution with BO. This suggests that
the variationsin the proportions of BO and Si—-NBO, as primary
bond types, can partially reflect the trend in E, variation.

Considering O-related bonding alone may overlookimpacts
incurred by CaF,, constituting 30% of the targeted system.
To assess the structural disparities with and without F addi-
tions, Fig. 8Billustrates the relationship between NBO/T and
E, alongside the experimental data from Ca0O-Al,0,-SiO,-
MgO (CASM) flux systems (Refs. 15, 42). In both scenarios,
an increase in NBO/T correlates with decreased E, values,
indicating lower viscosity with reduced structural polymeriza-
tion. Substituting CaF, for CaO drastically narrows the £ range
from160-240 kd/mol to 60-130 kd/mol, demonstrating that
F’'simpacton O-related structures cannot be ignored. Hence,
CaF,appears to be an effective agentin reducing flux viscosity.

NBO/T falls short of fully capturing the influence of F in
the overall network. Thus, it is imperative to consider F-re-
lated bonding information. In the targeted system, F primarily
engages in four bonding types: F-Si, F-Al, F-Ca, and F-Mg.
Similar to the O classification method, F-Si and F-Al can be
regarded as bonded F, while F-Ca and F-Mg are categorized
as free F. Therefore, it is suggested that the interaction of F
with network formers mimics NBO and thus causes structural
depolymerization. However, its association with network mod-
ifiersresultsin free F and dilutes the whole network. Figure 8C
illustrates the E variation with the ratio of free F to bonded F.
An increase in free F promotes a decrease in overall viscos-
ity, with the decreasing trend gradually slowing down. In Fig.
8B, most of the bonded F appears at Al,O_-rich regions (A5,
A6, and A12) and only depolymerizes the [AIO,] tetrahedra.
However, the free F could simultaneously dilute the [(Si, Al)
0,]tetrahedral structure and is more inclined to decrease the
overall viscosity values.

To quantify the bond influence on viscosity, relative stabil-
ity (RS) is proposed based on the ratio of oxygen energy to



Si-0-Si energy according to Xuan et al. (Equations 5 and 6)
(Ref.13). However, Fig. 7A demonstrates that the energies of
F atoms are significantly higher than O ones, which indicates
that considering the roles of F atoms is necessary for the tar-
geted system. Hence, the RS calculation could be modified
by incorporating the factors associated with F.

E;
RS; = —— ()
" Esi—o-si
m
RS = Z Xi* RSl (6)
=1

Here, RS, is the relative stability of the O/F type i, E, is the
average energy of O/F type i, E, . is the energy of O in
Si-O-Sibonds, RS is the relative stability of the system, x,is
the content of a specific O/F type, and mis the total number
of O/F atoms. Fig. 8D shows the linear fitting results of the £,
and RSvalues.The E, increases with anincrease in RSvalues,
which matches those observed in earlier studies (Ref. 13).
The positive functional relationship between them can be
expressed mathematically as Equation 7:

E, =1160-RS — 1166 @)

Compared with the NBO/T in Fig. 8B, the RS obtained by
the MD calculations could demonstrate excellent predict-
ability (R*> 0.97) of the E .

However, it should be mentioned that physical proper-
ties such as the interfacial tension and melting temperature
can also affect the final welding performance (Refs. 8, 9).
Therefore, designing an effective flux requires consideration
of multiple physical properties. Future research will further
develop a physical properties database and investigate flow
behaviors of welding pools under different fluxes.

Conclusions

The correlation between bonds and viscosity of the CaF -
Si0,-Al,0,-MgO fluxes has been investigated based on
experiments and theoretical calculations. Conclusions are
obtained as follows.

1. The joint effects of ionic diffusion and bond stability
resulted in viscosity fluctuations within the aluminosilicate
system, while MgO additions consistently lowered viscosity.
The maximum and minimum viscosity values were observed
at SiO,-rich and MgO-rich compositions.

2. Despite having the highest content of BO and TO, Al,O,
rich flux does not yield maximum viscosity. This is attributed
tothe depolymerized [AlO,] tetrahedra due to bonded F and
Al-related bonds’ lower bond stability than Si-related ones.

3. CaF, significantly decreased E because of the dilution
effect offree Fandthe depolymenzatlon effect of bonded F.

Therefore, the RS could offer a better method for reflecting
the viscosity changes than NBO/T.
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