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Structural Role of CaF, Upon Welding Flux Viscosity

Deciphering the role of CaF, in welding flux viscosity: a structural bonding

inquiry into polyhedra and clusters

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

Abstract

Flux viscosity affects weldability and alloying
element transfer behaviors during submerged
arc welding of grades of thick shipbuilding steel.
It is widely accepted that viscosity is intrinsic to
F-related bond structures. However, a validated
relationship of the interplay remains at large.
This investigation demonstrates the structure-
viscosity correlation by employing experimental
measurements coupled with molecular dynamics
calculations. The results showed that the maximum
viscosity at 1500°C decreased from 4.53 to 0.375
Pa-s as the CaF, content increased from 20 to 40
wt-%. Such a reduction could be partly attributed
to the structures’ dilution effect and the highly
polymerized units’ inhibition. Furthermore, CaF,
additions introduced Ca?* and F- with high migration
rates and promoted void formations among
polyhedra, thereby significantly enhancing the
overall diffusion coefficients from 0.25 to 2.47
A2/ns. It was also found that F- tends to be
incorporated into [AlO, ] polyhedra, with Ca®*
providing prominent structural compensation in
ALO,-rich environments. Moreover, CaF  clusters
were more favored than MgF  clusters across all
involved compositions. The findings corroborated
the relationship between structural features and
fluoride content. Such insights could enrich our
understanding of CaF -induced viscosity behaviors
and offer viable strategies for designing welding
fluxes from an intrinsic structural perspective.
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Introduction

High heat input submerged arc welding is one of the most
popularwelding techniques for joining oil and gas pipelinesand
shipbuilding steels (Refs. 1-3). However, successfully demon-
strating such a technique relies heavily on selecting suitable
welding fluxes (Refs. 4, 5). Commercial fluxes derived from
CaF,-SiO,~Al,0,~MgO systems possess physicochemical
properties to protect the weld pool from the atmosphere,
refine the weld metal (WM) via element transfer, and minimize
heatloss through thermalinsulation (Refs. 1,6, 7). Viscosity is
one of the most important properties of welding fluxes as it
can dictate weldability and the transfer behaviors of alloying
elements (Refs. 8,9). Such properties are directly linked to the
atomic structures of involved molten fluxes and are essentially
governed by internal bond characteristics (Refs. 10-12).

CaF, is one of the most employed components in fluxes,
serving as an effective agent to modify viscosity and limit
oxygen transferinto the WM (Ref. 13). However, incorporating
CaF, into the oxide system can cause wild fluctuations in vis-
cosity (Refs.14,15), and the specific structural characteristics
through which CaF, controls viscosity remain unclear. Previous
studies suggested that CaF, could form CaF_clusters, diluting
the oxide network structure and lowering overall viscosity (Ref.
8). In addition, F~ions might replace O ions or be embed-
deddirectly into polyhedral structures, incurring unexpected
structural distortions (Ref. 16). Nuclear magnetic resonance
(NMR) spectroscopy can determine bonding arrangements
because of high sensitivity to bond characteristics (Refs. 13,
16). Available "®F NMR experiments have shown that F~ typically
bonds with metal cations, such as Ca2* and Na*, rather than



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

Component
No.

Sio, AlLO, MgO CaF,
F20-Mg 36 36 20.0
F20-Al 36 35.4 8.6 20.0
F20-Si 56.5 14.9 8.6 20.0
F30-Mg 31.5 31.5 30.0
F30-Al 31.5 31.0 7.5 30.0
F30-Si 49.5 13.0 7.5 30.0
F40-Mg 27 27 40.0
F40-Al 27 26.6 6.4 40.0
F40-Si 42.4 1141 6.4 40.0

Si“* (Ref. 17). However, multiple NMR results have identified
Si-F bonds in F-rich regions (Refs. 16, 18). Recently, molec-
ular dynamics (MD) simulations, known for high efficiency
and quantitative precision, have been widely applied to probe
molten silicate structures (Refs. 19-21). By reproducing the
local environment of F~in bioactive glass, it has been suggested
that F- could replace 0% in [SiO,] tetrahedron to form [SiO,F]
tetrahedra (Ref. 22). With increasing temperature, F~is more
likely to integrate into high coordination silicate polyhedra ([Si-
(O, F),], n > 4) (Ref. 23). Furthermore, F~ has been shown to
mainly diffuse with Ca?* and occasionally bond with Si“+ and
Al%*in CaF,-containing flux systems (Refs. 7, 24). Findings so far
have demonstrated that the bonding patterns of F-vary across
different systems, warranting further systematic investigation.

Targeted structures are generally composed of rigid
frameworks of polyhedrainterspersed with wandering ionic
clusters. Theoretically, increasing rigid polyhedra should
raise viscosity, while a decrease should substantially lower
the corresponding value (Ref. 25). Previous investigations
have either focused on types and quantities of polyhedra or
qualitatively attributed viscosity reduction to the dilution
effect of clusters. However, it has been well suggested that
both factors jointly control viscosity variations (Ref. 24). For
example, network connectivity of polyhedra has been demon-
strated to alter the diffusion capability of cluster ions (Ref. 7).
The combined effect of polyhedra and cluster characteristics
on viscosity has not been systematically explored.

In our previous investigation (Ref. 24), we established a
quantitative relationship between the CaF,-SiO_-Al,O -
MgO flux structure and viscosity with constant CaF , fractions
through atomic energy calculations and bonding character-
istics. This study attempts to shed light on the effect of CaF,
fractions on structural evolutions in light of polyhedra and
cluster characteristics, thereby determining the exact rela-

tionship between flux viscosity and structure. To this end,
viscosity was first measured, followed by molecular dynamics
simulations for a quantitative structural analysis and diffusion
pattern of polyhedra and clusters. What sets this study apart
from earlier research is that we focused on the structural role
of CaF,and distinguished the unique viscosity contributions
from polyhedra and clusters.

Research Methodology

Sample Preparation

Reagent grade (> 99.9%) chemicals of SiO,, CaF,, MgO,
and AL,O, (Sinopharm Chemical Reagent Co. Ltd., Shenyang,
China) were used in the synthetization of the fluxes. The pow-
ders were mixed and placed into a molybdenum crucible.
Then, the mixed powder samples were premelted in a sil-
icon-molybdenum 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. The 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 sizes < 74 pm. The chemical compositions
of the targeted fluxes are shown in Table 1.

Notably, the CaF, contentin fluxes was generally less than
40 wt-% (unless otherwise stated, all component percent-
agesinthis work are by mass) to ensure adequate coverage
forthe weld pool. In addition, fluxes with less than 10% of CaF,
are difficult to fully melt at 1500-1600°C based on thermo-
dynamics calculations using FactSage software (Version 8.1
with FactPS and FToxid databases). Our recent investigation
showed that extremum viscosity values typically occur in
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compositions with the highest MgO, AL,O, or SiO, contents
inthe targeted compositional regions. Therefore, fluxes with
CaF,weight percentages of 20% (F20), 30% (F30),and 40%
(F40) were selected. Compositional points with the highest
contents of MgO, Al O, or SiO, were labeled -Mg, -Al, and

-Si, respectively.

37

Viscosity Measurements

Viscosity was measured using a melt physical property
comprehensive testing instrument (VDR-16000, Chongging
University, China) equipped with a Brookfield digital vis-
cometer (DV2T, Brookfield Engineering Laboratories, United
States). The viscometer was calibrated by standard silicone
oils (0.0967, 0.499, and 1.00 Pa:-s) at 25°C. To protect the
Mo 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 the alumina tube. The Mo crucible containing 150
g of fluxes was placed in the uniform temperature zone of a
MoSi, furnace, which was calibrated using a reference B-type
thermocouple and controlled within + 2°C. The furnace
was heated to 1500°C and maintained for 15 min to ensure
homogeneity. Subsequently, the furnace was cooled at 25°C
intervals and held at each temperature for 15 min. Viscos-
ity values at target temperatures were the average results
obtained at three rotation speeds (10, 20, and 30 r/min).

Molecular Dynamic Simulations

Simulation Method

Molecular dynamics simulations were carried out using
the LAMMPS package (Ref. 26). The software PACKMOL
(Version 20.3.0) was used to obtain different random
initial configurations of the targeted system (Ref. 27).
Approximately 4000 atoms were subjected to a simulated
melt-quench process within a cubic box, the size of which
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Fig. 1 — Flux viscosity as a function of: A — 20%
CaF,; B — 30% CaF,; C — 40% CaF, at various
temperatures.

was dictated by flux density. Interaction between atoms
was characterized by the Born-Mayer-Huggins (BMH) inter-
atomic potential. The BMH function is expressed as follows:

In Equation 1, U, is the interatomic-pair potential; Cis
an energy-conversion constant; g,and g, are the selected
charges; e is the dielectric constant; r, is the interatomic dis-
tance between the iatom and jatom; and p,is anionic-pair
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Fig. 2 — Diffusion coefficients of: A — MgO-rich; B — AL,O,-rich; C — SiO,-rich; D — total values at 1500°C.

dependentlength parameter. A, C and D, are energy param-
eters of the atom pair. BMH function parameters, which have
been proven to be valid through considerable trials, can be
found elsewhere (Refs. 21, 28), as can detailed simulation
information (Ref. 12). Three parallel simulations were per-
formed for each composition, starting from different initial
configurations to ensure statistical reliability.

Diffusion Coefficient Calculation

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

MSD = (|r(t) —r(0)*) @

In this equation, r(t) represents the location of an atom at
time t, and r(0) is the starting location of this atom. Then,
based on Einstein’s Equation, self-diffusion coefficients for
varied atoms were calculated as:

MSD
bi="6 ®
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n
Diotar = Z D; - X; (4)
=0

where D, is the diffusion coefficient of the iion, D, ., is the
total diffusion coefficient, and X; is the mole fraction of the
ion.

Bond and Energy Calculation

Distributions of oxygen and fluorine species were calculated
using MATLAB software based on the output trajectory profiles
from MD simulations. The last frame of the trajectory, consist-
ing 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. The Rc was determined
from radial distribution function curves based on trajectory
files. The bond was considered successful if the calculated
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bond distance was shorter than the Rc. Then, the bonding
features of the oxygen atoms could be revealed by performing
the loop statements in the MATLAB code. Atom energy data
was the sum of potential and kinetic energy extracted from
the last 0.5 ns period of the simulations (Ref. 24).

Results

Viscous Behavior Evaluation

Figures 1A-C plot viscosity variations with different CaF,
contents. Viscosity steadily increased as the temperature
decreased; however, as the CaF,content increased from 20
to40%, the peak viscosity at 1500°C (all appearing in SiO,-rich
fluxes) dropped from 4.53 to 0.653 and eventually to 0.371
Pa-s. As the CaF, content was constant, the lowest viscosity
occurred in the MgO-rich regions, followed by the AL,O,-rich
regions, with the highest viscosity appearingin SiO_-rich ones.
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theoretical values at 1500°C.

WELDING JOURNAL



Diffusion Capability Calculation

Liquid phase transport properties can determine vis-
cous behavior from a kinetic perspective. Consequently,
ionic diffusion (D), a pivotal kinetic parameter, is essential
for comprehending microstructure evolution. Figure 2 plots
the ionic diffusion coefficients of the ions involved along
with total diffusion coefficient values. It was observed that
the diffusion coefficient of F~ (D, ) was significantly higher
than the other ions (Figs. 2A-C). Moreover, Ca2* had the
second-highest diffusion capability after F-. In contrast,
the diffusion coefficients of Si“*, Al**, and 0% were similar
and considerably lower than that of F-. Figure 2D shows that
patterns of total diffusion coefficient varied with fluoride
content. The total diffusion coefficientincreased from 0.25
to2.47 B\Z/ns, with CaF,increasing from 20 to 40%. However,
at 30% CaF,content in the Al-rich region, the F~ and Ca**
diffusion coefficients reached their respective lowest values.
In such a composition, the diffusion coefficients of 02~ and

Si“* were below 0.01A?/ns, significantly lower than those in
other regions. However, at a high CaF,content (40%), the
total diffusion coefficients were considerably higher than
those in other fluxes.

Coordination Number Analysis

Coordination number (CN) analysis derived from MD
simulations can provide insights into polyhedral and cluster
variations. Figure 3 presents CN variations of the involved
atoms. In Fig. 3A, the CN of Si-O/F remained consistently at
4.00.The CN of Si-F exhibited only a slight increase (< 0.17)
with higher CaF,and SiO, contents. Moreover, the CNs of the
Al atoms ranged between 418 and 4.42, which proved that
most A3t exists in tetrahedral coordination, with a minor
portionin 5- or 6-coordination. As the CaF,content increased
from 20 to 40%, the CN of Al-F increased from O to a max-
imum of 1.01, while the CN of Al-O decreased from 4.19to a
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minimum of 3.41, resulting in an overall increase in the CN
of Al. The CN of F-Al was consistently higher than that of F-Si
across all compositions (Fig. 3B). The CN of Al-F was less
than 0.17in MgO-rich regions. In the target system, Ca®* and
F-originated exclusively from CaF,. Theoretically, the atomic
ratio of Ca®* to F- was 1:2. However, as shown in Fig. 3C, the
CN of Ca-F ranged from 2.3 to 4.5. With constant CaF,con-
tent, the CN of Ca-F and F-Ca monotonically increased as the
region transitioned from MgO-rich to AL,O,-rich to SiO_-rich
regions. In addition, a significant portion of the Mg?* bonded
with F~. To determine if there was preferential bonding of
F-with Mg?* or Ca?*, CNe6a/CN e ey values obtained by the
standard stoichiometric method were compared with MD
calculations (Fig. 3D). The calculated values consistently
exceeded the stoichiometric ratios.

Polyhedra and Cluster Evolution

Polyhedral Structure Distribution

The discussion above concerned local structures and
bonding preferences within polyhedra and clusters. However,
polyhedral configurations are imperfect, with Si and Al fre-
quently being undercoordinated, resulting in a sizable number
of vacancies. The degree of polymerization of polyhedra is
typically measured by the Q, parameter, where ndenotes the
number of bridging oxygens (BO) around the central atom of
the polyhedron (Ref. 29), as shown in Fig. 4A. Prior studies
have confirmed that undercoordinated polyhedral structures
are less compact but more fluid (Refs. 25, 30). Therefore, it
is essential to examine the internal integrity of polyhedra.

Figure 4 illustrates the Q unit numbers and distributions
for [SiO,] and [AIO ] polyhedra. The addition of CaF diluted
the overall matrix by proportionally reducing other compo-
nents. Earlier work has shown that CaF,may hardly modify the
bonding configuration of [SiO,] tetrahedra (Ref. 31). However,
CaF,incrementally reduced the quantity of Q}units (Fig. 4B)
and altered corresponding relative proportions (Fig. 4C). For
example, Q% and QJunits in MgO-rich regions constituted
approximately 40% in F30 and F40 but only 3% in F20. Addi-
tionally, in SiO,-rich regions, increasing the CaF, content from
20 to 30-40% reduced Q% units from 63 to 37%, aligning
with observed viscous changes. Furthermore, Qs unit pro-
portion was relatively high in the Al,O_-rich regions due to
the Al avoidance principle, where Al-related structures tend
to bond with Si-related structures, leading to more complete
Si bonding and an increase in Q4units.

Ithas been established that Ca2* cations can disrupt [AlO ]
polyhedra and balance charges. Consequently, analyzing Qi
distributions can help identify individual contributions of such
effects. Figure 4D shows that CaF, diluted units and reduced
highly polymerized Qjunits (> 4) in all samples. Moreover, the
relative proportion of low Qjunits increased markedly in all
regions (Fig. 4E), indicating that a significant number of Ca2*
and Mg?* cations depolymerized the network. Conversely,
the high quantity and proportion of high Qjunitsinthe ALO_-
rich regions suggest a stronger charge compensation effect.
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Cluster Distribution

The influence of F on specific bonding patterns within poly-
hedral structures has been examined, butitis also essential
to elucidate the pertinent impact on clusters. Based on the
bonding patterns of oxygen, fluorine can be categorized into
two types: bonded fluorine (BF, bonded to a network former)
and free fluorine (FF, not bonded to any network former)
(Ref. 24). The primary clusters are (Ca, Mg)-FF in the target
system. Figure 5illustrates the quantity changes of different
types of Fatoms. It can be observed that CaF, introduction
significantly facilitated FF unit formations, leading to a
monotonous increase in fluorine clusters. Among the com-
positions, the MgO-rich region contained the highestamount
of FF units. Combined with earlier O analysis, the structure
in the MgO-rich region was highly depolymerized, contain-
ing the most FO and FF units. This indicated that F entirely
detached from the polyhedral structure, forming numerous
fluoride clusters. In contrast, certain BF units remained in
Al O,-rich and SiO,-rich regions, with AL,O_-rich regions
having more BF units.

Figure 6 depicts structural evolution in distinct regions.
In MgO-rich regions with 30% CaF,, the network was highly
depolymerized as separated polyhedra primarily connected
via short chains, whereas FF associated with Ca®* and Mg?* to
create (Mg, Ca)-F clusters. In AlLLO_-rich regions, numerous
Al-related structural units bonded closely with [SiO,] poly-
hedra and, thus, formed a highly polymerized network. In
addition, F-began to bond with Al**, transforming from FF to
BF units. At higher SiO, contents, the network was predom-
inantly composed of [SiO,] polyhedra. As the CaF, content
increased, a noticeable rise in fluorine clusters appeared. Due
totheabundance of SiO,, [SiO,] polyhedra chains remained
relatively intact. Such structural features corresponded with
the statistical results shown in Fig. 3. It was observed that
clusters tended to be distributed away from rigid polyhe-
dral structures, leading to more random and uneven cluster
distribution in areas with high polyhedral concentrations.
Conversely, the cluster distribution was more uniform when
short chains connected polyhedra.
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Fig. 6 — Visualization of flux structure evolution from MgO-rich to Al,0,-rich to Si0,-rich, and increased CaF,
contents from 20 to 30 to 40%. Snapshots were taken from slabs sliced with a thtckness of five A. Red lines”
represent Si-0 bonds, and blue lines represent Al-O bonds, with F atoms shown in blue, Ca atoms in light blue,
Mg atoms in lig’htyel[ow, and O atoms in red.

Discussion is more critical. The mechanisms by which CaF, influences
the viscosity of fluxes with different dominant components
will be further elaborated below.

Viscosity Changes Under Different

Temperatures an mpositi
emperatures and Compositions Effect of CaF, Addition on Diffusion

The increase in viscosity with decreasing the tempera- Capability
ture in Fig. 1 was largely due to reduced thermal vibrations
and rigid unit formations. Consensus on optimal viscosity It can be conceived that the total diffusion coefficient
for fluxes has yet to be reached. Still, several studies sug-  predominantly depends on the relative proportion of F,
gest that a viscosity below 0.6 Pa's at 1400-1500°C is  which is consistent with previous findings (Ref. 7). The Ca?*
essential for exceptional flux fluidity and deposition (Refs.  and F- diffusion coefficients exhibit a consistent pattern,
9, 32). Thus, F20-Si viscosity far exceeds recommended  suggesting coupled diffusion between these ions and sup-
limits, which strongly deteriorates weldability. The results ~ porting the presence of CaF, clusters (Ref. 7). The lower
demonstrated that CaF, can significantly reduce the overall  diffusion coefficients of 0*~ and Si“* demonstrate that the
viscosity, although such an effect may diminish at higher  diffusion capability of clusters can be significantly superior
CaF, levels (40%). SiO, and ALLO, contents represent rela-  tothat of polyhedra. These findings suggest thata denser Al
tive proportions of tetrahedra, which are more polymerized  and Si polyhedral structure markedly inhibits ion diffusion,
than network modifiers, leading to higher viscosity values  potentially increasing flux viscosity (Ref. 34). Hence, excess
in Si0,-rich and Al,O_-rich regions. Furthermore, only the  CaF, clusters create voids between polyhedra, facilitating the
viscosity-temperature curve for F20-Mg showed a sharp  migration of all ions. In this system, Ca?* and Mg?* cations
increase at lower temperatures. Such phenomenon can be  act as network modifiers that disrupt Si-O and Al-O bonds,
attributed to differences in crystallization phases and signifi- ~ promoting ion migration capability. As illustrated in Fig. 2,
cant phase precipitation (Ref. 33). Under welding conditions,  the diffusion coefficient of Ca®" was consistently higher than
it is recognized that viscous behavior at high temperatures  that of Mg?*, which correlated with Ca?* having a higher opti-
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Table 2 — Atomic Energy Values in Various Bonds (eV)

BO Type Si-O-Si Si-O-Al Al-O-Al
Energy -26.840 -24.854 -22.858
NBO Type Si-O-Ca Si-O-Mg Al-O-Ca Al-0-Mg
Energy -23.585 -23.455 -22.008 -21.946
FO Energy -22.082
— Type SiAlAl AlAIAI
Energy -25.944 -23.649
FF Type Ca-F Mg-F
Energy -4.464 -4.432
e Type Si-F Al-F
Energy -6.050 -4.728

cal basicity of 1.0. Such higher basicity enhances network
disruption, which in turn leads to a reduction in viscosity.

Formation of Polyhedra and Clusters

The CN of Si-O/F remained consistently at 4.00, indicat-
ing that Si is predominantly in a tetrahedral configuration.
F- can hardly dope into [SiO,] tetrahedra since the CN of
Si-F exhibited only a slightincrease (< 0.17) with higher CaF,
and SiO, contents (Fig. 3A). The CN of Al-O/F demonstrated
that certain F~ successfully substituted 02~ within [AIO ]
polyhedra. Based on the results of CN values of F-Al/Si, it
can be confirmed that F- preferentially bonds with AI** and,
thus, dopes into [AIO ] polyhedra (Fig. 3B). The F-additions
reduced the absolute fractions of [SiO,] and [AIO ] polyhedra,
diluting the aluminosilicate network while simultaneously
replacing O within [AIO, ] polyhedra.

The CN of Al-F was less than 0.17 in MgO-rich regions,
which indicated limited F~ trickling into [AIO ] polyhedra. In
this case, the dilution effect of CaF, on O-related structures
shall prevail. Conversely, the doping effect of CaF, was more
pronounced in other regions. It should be noted that the Al-F
bond length was approximately 2 A, higher than that of the
Al-O bond (1.75 A), rendering Al-F bonds less stable. Thus, F
dopingin [AlO,] polyhedra can reduce structural symmetry
andrigidity. The CN of Ca-F ranged from 2.3 to 4.5, suggesting
that certain oxide polyhedra embrace Ca?* sites (Fig. 3C).
Such cations acted as network modifiers or charge compen-
sators. In contrast, othersresided in F-rich regions, forming
CaF clusters. Meanwhile, the polyhedral structures became
more rigid and randomly generated vacancies, facilitating
cluster formation. The significant bonding of Mg2* with F-
demonstrated that network modifiers (Ca2* and Mg?*) prefer
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Fig. 7 — Viscosity contribution from polyhedra and
clusters.

to bond with F- rather than with network formers (Si** and
Al*H). Consequently, although rigid polyhedra were more
prevalent in SiO,- and AL,O_-rich regions than in MgO-rich
ones, corresponding fluoride clusters increased simultane-
ously. The calculated values of CNi c./CNc o) consistently
exceeded the stoichiometric ratios, which means F-tended
to bond with Ca®* rather than Mg?®*, especially in Al,O,- and
SiO,-rich regions with higher CaF, contents (Fig. 3D). There-
fore, the formation of CaF, clusters was more favorable than
that of MgF ones. Furthermore, Fig. 4 suggests that adding
CaF,notonly dilutes the Si-related structure but also signifi-
cantly restrains the formation of highly polymerized Q4units.



Relationships Between Viscosity and
Polyhedra/Clusters

Although polyhedron and cluster information have been
quantified, separating respective contributions to viscosity
remains challenging. The atomic energy of O and Findicates
bond stability, with lower energy correlating with more
stable bonds and, consequently, higher viscosity (Ref. 11).
By quantifying bond energy, the contributions of polyhedra
and clusters to viscosity can be differentiated. Specifi-
cally, polyhedral contributions arise from bridging oxygen,
non-bridging oxygen (NBO), and bonded fluorine (BF). In
contrast, cluster contributions are attributed to the dilution
effect by free fluorine and depolymerization of polyhedra
through free oxygen (FO). The contributions from polyhedra
and clusters can be expressed as follows:

Epolyhedra =) Egng +X, Egpnpgp G)
Ecusters = X Epptipr+X Eponpo ®
whereE  ..andE, . representtheenergyof polyhedra

and clusters, respectively. E_, E,, and E,_are energy of O (BO
and NBO), bonded F, and free F units, respectively. n , n,,,
and n,_.are numbers of O (BO and NBO), bonded F, and free
F units, respectively. Detailed atom energy values in various

bonds are provided in Table 2.

Figure 7illustrates the energy levels of the polyhedra and
clusters along with respective contributions to viscosity at
1500°C. Itis evident that energy variations closely mirrored
the trendsin viscosity. Across different CaF, concentrations,
the overall system energy followed the order of SiO,-rich
< ALO,-rich < MgO-rich regions, indicating that SiO,-rich
structures were the most energetically stable. Specifically,
polyhedra contributed the most to viscosity, while the impact
of clusters was relatively minor. However, the contribution
from clusters slightly increased with higher CaF, content. It
is important to note that the smaller contribution of clus-
ters to viscosity does not imply that CaF, had a negligible
effect. The addition of CaF, significantly diluted and altered
the internal structure of polyhedra. Such effect was partic-
ularly pronounced in SiO,- and Al,O_-rich regions, where
polyhedra energy decreased substantially with increasing
CaF, contents, while the energy change was insignificant in
MgO-rich systems. It is suggested that more-complex and
polymerized polyhedra are more susceptible to the influence
of CaF,, leading to more-pronounced viscosity fluctuations.

Implications

Microstructural evolution determines trends in flux viscos-
ity at high temperatures. Therefore, the presentinvestigation
aimed to establish a relationship between composition, struc-
ture, and viscosity, enabling precise and targeted control of
flux viscosity. This work was the first step toward correlating
different flux viscosity with actual welding performance. We
will then evaluate weld shapes and alloying element transfer

behaviors at various viscosity levels, connecting the present
findings to practical flux design. It is important to note that
differentiating the contributions of individual flux properties
to welding performance poses a significant challenge, which
will be a key focus for our future endeavors.

Conclusions

The structural role of CaF, on the viscosity of CaF,-SiO ~
AlLO,-MgO fluxes was investigated based on experiments
and theoretical calculations. Our conclusions are as follows.

1. As the CaF, content increases from 20 to 40%, the
maximum viscosity at1500°C decreases from 4.53t0 0.375
Pa:s. Such reduction could be partly attributed to the dilu-
tion of structure and inhibition of highly polymerized units,
which significantly improves atomic diffusion capabilities.
At a fixed CaF, content, viscosity values follow the order of
Si0,-rich > AL, O -rich > MgO-rich regions.

2. CaF,alters Q, unit distributions of Si and Al polyhedra
in addition to the diluting polyhedral network. Certain F-
replace O% bonded to Al**, while certain Ca2* ions act as
network modifiers, disrupting highly polymerized Q, units.
The introduced F- tends to incorporate into [AlO ] polyhe-
dra, with Ca?* providing stronger structural compensation
in Al,O_-rich environments.

3. Compared with clusters, polyhedra contribute more
significantly to viscosity variations. Complexand polymerized
polyhedraare susceptible to CaF, additions, leading to more
pronounced viscosity fluctuations.
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