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Abstract: Fast high-temperature gas-phase reactions occurring in the limited space of the
arc cavity in the submerged arc welding (SAW) process limit the study of specific gas-phase
behaviours. A low-temperature experimental method is applied to investigate gas-phase
reactions in the reaction of oxy-fluoride slag with Al-Fe-Ni metal powders. The presence of
nano-strands in the slag cavities confirms the vaporisation and re-condensation of gasses. Ti
is the main element in nano-strands, although some nano-strands also contain Al-Mg-Si-Na
oxy-fluoride. Nano-strand end-caps contain Mn-Fe-Si fluoride, and some contain Ni. The
Ni in nano-strand end-caps is sourced from the added Ni powder and indicates gas-phase
transfer. The Ti in the nano-strands is sourced from the flux. Themochemistry calculations
identify KAlF4, TiF3, NaAlF4, SiF4, AlF3, SiF3, and Na in the gas phase. Increased Al
reaction results in decreased TiF3 in the gas phase, likely due to the displacement of Ti
from TiF3, resulting in the gas-phase transfer of Ti from the flux. Comparative diffusion
flux calculations support Ti nano-strand formation via the vaporisation of TiF3 and the re-
condensation of Ti. The low-temperature simulation experiment applied here can be used
to study the gas reaction behaviour in the reaction of oxy-fluoride flux with metal powders.

Keywords: oxy-fluoride; nano; diffusion; flux; welding; slag; phase

1. Introduction
Several pyrometallurgical processes use fluoride-based slags to aid in the processing

and refining of alloys. For example, oxy-fluoride slags are applied in ESR (electroslag
refining), the continuous casting of steel, and welding processes such as submerged arc
welding (SAW) [1]. Gas formation from the oxy-fluoride slag is well documented [2–8].
The effect of oxy-fluoride composition on the extent of fluoride vaporisation is poorly
understood because the gas phase analysis is not easily measured. One exception is the
study by Zaitsev et al. [2] on the vaporisation of CaF2-SiO2-CaO-Al2O3-Na2O-K2O mould
powder heated continuously to 1527 ◦C. The gas vaporisation sequence measured from
the gas analyses identified the initial formation of NaF at 600 ◦C and KF formation at
883 ◦C. SiF4 formation started at 830 ◦C and increased linearly with increasing temperature.
AlF3 formed from 974 ◦C to 1200 ◦C. CaF2 vaporisation occurred at temperatures higher
than 1262 ◦C. The following gas species were also identified: NaAlF4, Na2AlF5, BF3, and
AlOF [2].

Several studies have provided insights into the likely gas-phase reaction products
formed in these experiments. The observation of mass loss from the experiments, in combi-
nation with thermodynamic analysis, was applied to explain the likely gas-phase reaction
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products [3,4]. However, the conclusions often appear to be contradictory. For example,
increased slag vaporisation was measured with increased TiO2 content in CaF2-CaO-Al2O3-
MgO-Li2O-TiO2 ESR slags reacted at 1470 ◦C to 1530 ◦C [3], and decreased vaporisation
was measured with increased Al2O3 content in mould flux reacted at 1400 ◦C. This mould
flux contained 14% CaF2 and an initial Al2O3 content of 4% [4]. Increased vaporisation was
more pronounced at alumina contents higher than 22%. On the other hand, studies found
increased vaporisation with increased CaF2 in ESR slag (CaF2-CaO-Al2O3-MgO-TiO2) re-
acted at 1000 ◦C to 1500 ◦C, and in 1–9% CaF2-containing slags containing the binary
oxides of CaO-SiO2, MgO-SiO2, and Al2O3-SiO2 when reacted at 1400 ◦C to 1600 ◦C [5,6].
The application of simplified reaction systems provides a better opportunity to deduce
the likely gas-phase compounds formed from the oxy-fluoride slag. The formation of
Ti-fluoride gas was confirmed from the interaction of Ti metal and individual fluorides of
CaF2, LiF, and MgF2 heated to temperatures of 900 ◦C to 1280 ◦C in a 10−3 Pa vacuum [8].
The formation of gas-phase compounds in SAW is even more prevalent than in ESR and
continuous casting because of the much higher temperatures prevailing in the arc cavity,
up to 2500 ◦C [9,10]. The formation of fluoride-based gas species is designed to form a
shielding gas that protects the weld metal from oxygen, nitrogen, and hydrogen pick-up
from the air [1]. In addition, the added CaF2 forms an oxy-fluoride slag in which the
oxides are diluted to limit the release of oxygen in the arc cavity. It is well established
that the oxides in the SAW flux decompose in the arc cavity to release oxygen [11–15].
This oxygen can quickly oxidise high oxygen affinity metals such as Ti and Cr, leading to
decreased Ti and Cr element transfer into the weld metal [16]. The aluminium-assisted
alloying of carbon steel was applied to improve the element transfer of Ti and Cr to the
weld metal by lowering the oxygen partial pressure in the arc cavity and at the molten
flux–weld pool interface [17]. In addition, combining aluminium with either Ti or Cr
and other alloying elements such as Ni is essential in demonstrating the practical appli-
cation of weld metal alloying via unconstrained metal powders (not flux-cored wire or
metal-cored wire) [17]. Using flux-cored, metal-cored, or solid-alloyed wire requires added
manufacturing steps in welding consumables production, thus increasing welding costs.
Previous studies demonstrated that adding iron-based powder in SAW increases welding
efficiency by increasing deposition rates for the same heat input applied as in only feeding
the weld wire [18–21]. The added metal powder is easily melted because, in the normal
SAW process, only 20% of the arc energy is used to melt the weld wire [21]. Although nickel
does not easily oxidise and does not require much shielding from oxygen, as is the case for
Ti and Cr, the benefit of adding nickel to pre-alloyed powder instead of solid-alloyed wire
results in better weld metal composition control [22]. The work-hardening of high-nickel
content wire complicates the manufacturing and the feeding of this wire through the SAW
wire feeding system, leading to the development of flux-cored wires [23]. The benefit
of aluminium addition in welding for its exothermic reaction with oxygen sources was
demonstrated in various welding processes, such as in shielded metal arc welding (SMAW)
and self-shielded flux-cored arc welding (FCAW-S) [24–27]. Aluminium is also added as a
deoxidising and denitrification agent in self-shielded flux-cored wires to ensure non-porous
welds by binding nitrogen from the air [28–30].

Extensive welding test work is required to develop modifications to the SAW process.
A simplified test on the interaction between aluminium and alloying metal powders with
welding flux will save many resources. The high temperatures in the arc cavity and the
harsh conditions imposed by the arc plasma in the small arc volume formed in a few
seconds make the product gas analysis difficult and require specialist equipment [31,32]. To
this end, this work applies a low-temperature experimental method to investigate gas-phase
reactions in the oxy-fluoride slag, specifically when reacted with Al-Fe-X metal powders.
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The method simulates the oxy-fluoride slag behaviours in the SAW process, especially the
gas formation and metal assimilation reactions observed in the aluminium-assisted SAW
process. This method was successfully applied to investigate nano-strand formation in
oxy-fluoride slag reacted with Al-Fe-Ti, Al-Fe-Cr and Al-Fe-Co metal powders [33–35].
In post-weld slags, the identification and chemical analyses of three-dimensional (3D)
structures by scanning electron microscope (SEM) showed the formation of oxy-fluoride
nano-strands in the slag cavities [36,37]. It was concluded that the nano-strands observed
in the slag cavities formed from the re-condensation of arc cavity gasses. Similarly, nano-
strands were identified in the low-temperature (1350 ◦C) reaction of Al-Fe-Ti, Al-Fe-Cr and
Al-Fe-Co metal powder mixtures with CaF2-SiO2-Al2O3-MgO-MnO-TiO2 flux. However,
the nano-strand composition changed depending on the alloying metal powder added,
namely Ti or Cr or Co [33–35]. It appears that the nano-strand formation behaviour changes
with metal powder addition. Therefore, in this work, the study of nano-strand formation
from the reaction of Ni-containing Al-Fe powder with the flux is of importance.

Thermochemistry calculations in the form of gas–slag–metal equilibrium calcula-
tions were applied to identify the gas-phase compounds formed in aluminium-assisted
SAW [37,38]. The equilibrium calculations showed that Ni vapour is present in the gas
phase at the high temperatures prevailing in the arc cavity [37]. The main gas species from
the equilibrium calculation for conventional SAW at 2000 ◦C are CO, Na, NaF, CaF2, MgF2,
MgF, AlF3, AlF2, NaAlF4, TiF3, and KAlF4, and the minor gas species at less than 1% are
K, KF, Mg, AlF, Mn, Fe, SiF4, and SiO [38]. In the modified SAW process, aluminium was
added as a de-oxidiser element to lower the oxygen partial pressure in the arc cavity and
at the weld pool–slag interface to enhance the transfer of high oxygen affinity powdered
metals such as Cr and Ti into the weld pool [14,36,37]. The equilibrium calculation for the
aluminium-assisted SAW process at 2500 ◦C with added Al-Ni-Cr-Co-Cu metal powders
identified the following gas species: Mg, AlF, Fe, Cu, N2, CO, OAlF, SiO, Mn, Na, MgF, Cr,
AlF2, Al2O, and Al [37]. The formation of similar fluoride gas compounds from oxy-fluoride
slags reacted at the mild temperatures applied by Zeitsev et al. [2] and those calculated
for the high temperatures in SAW indicates that a low-temperature simulation experiment
should be adequate as a simulation experiment of the oxy-fluoride slag behaviours in the
SAW process.

This work aims to identify and investigate the nano-strand formation behaviour of Ni
added as Al-Fe-Ni metal powders to the welding flux. Nano-strands indicate the vapor-
isation and re-condensation of gasses containing the nano-strand composition elements.
Thermochemistry calculations in the form of gas–slag–metal equilibrium calculations were
used to determine the likely gas-phase compounds in the low-temperature reactions at 1350
◦C. The likelihood of liquid slag-phase vs. gas-phase reactions in nano-strand formation is
investigated via diffusion flux comparison calculations.

2. Materials and Methods
2.1. Materials

The flux used in this work corresponds to the flux used in previous welding experi-
ments. The chemical composition is summarised in Table 1, with the iron oxide expressed
as Fe2O3 [14,36–39]. The mineralogy and chemistry of this flux and its post-weld slag-phase
chemistry were described elsewhere [39]. The slag phases include the liquid oxy-fluoride
main phase and spinel crystals (MgO·Al2O3) [39]. The flux agglomerate particle size was
0.2–1.6 mm.
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Table 1. Bulk chemical composition of flux and pellet (mass%).

%MnO %CaO %SiO2 %Al2O3 %CaF2 %MgO %Fe2O3 %TiO2 %Na2O %K2O %Al %Fe %Ni

Flux 7.0 0.1 20.2 25.7 18.5 22.9 2.7 1.0 1.7 0.2 0 0 0
Pellet 5.4 0.1 15.5 19.8 14.2 17.6 2.1 0.8 1.3 0.2 7.7 7.7 7.7

The added pure metal powders were sourced as follows: Al (99.7% Al, −1 mm) was
supplied by Sigma-Aldrich (Johannesburg, South Africa), Ni (99.5% Ni, −250 µm) was
supplied by Goodfellow (Cambridge, England), and Fe (96.0% Fe, −50 µm) was provided
by Merck (Johannesburg, South Africa). The Fe powder was added to simulate the presence
of Fe in the SAW of carbon steel, in which iron is sourced from the weld wire and base
plate [14,36,37]. The Al and Ni powders are the same as those applied in the prior SAW
work [14,36,37]. The calculated pellet composition is displayed in Table 1, resulting from
8 mass% of each metal powder added to 15 g of flux.

2.2. Methods

The experimental methods used in preparing and reacting the sample mixture are the
same as those reported previously [33–35]. Sample preparation consisted of weighing and
mixing the solid reactants of flux and metal powders. A cylindrical pellet was formed by
applying a 10-ton load to the mixture in a 20 mm diameter mould. The mixture of 19.5 g
compressed to 30 mm pellet height.

Before loading the pellet into the furnace, the pellet was placed onto the sample holder.
The sample holder consisted of a low-carbon steel plate of dimensions of 70 mm square
and 2 mm thickness. The sample holder had a pressed circular recessed centre to assist
in pellet placement, as shown in Figure 1. A muffle furnace was pre-heated to 1350 ◦C
and soaked for 12 h at 1350 ◦C. Following this soaking time, the sample holder and pellet
were placed into the muffle furnace and reacted for 6 min. Upon completion of the reaction
time, the pellet and sample holder were removed from the furnace to cool down in the air.
The cooled pellet was sectioned through its middle, and the inner faces were coated with
gold. The three-dimensional (3D) sample was analysed by scanning electron microscope
(SEM). A Zeiss crossbeam 540 FEG (field emission gun) SEM with an energy-dispersive
X-ray spectroscopy (EDX) probe operated at 20 kV was used to perform phase chemical
analyses of the 3D sample. The Zeiss crossbeam 540 FEG SEM is supplied by Carl Zeiss
Microscopy GmbH, Jena, Germany.
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3. Results
The SEM image in Figure 2 shows a slag cavity wall containing 3D features in the form

of nano-strands and a sphere embedded in the cavity wall. At the higher magnification
(×3520) in Figure 3, the nano-strands are better visible, showing the blocked field from
Figure 2. The blocked field in Figure 3 is shown in Figure 4a, with the EDX element maps
of the field of view (FOV) shown in Figure 4b. The nano-strands consist of Ti, and the
nano-strand end-caps consist of Mn-Fe-Si fluoride. Some Ni is identified in the nano-strand
end-caps, but the EDX map detail for Ni is faint. The formation of Ti nano-strands with Mn-
Fe-Si fluoride end-caps appears similar to those previously identified [35]. The background
matrix material consists of angular spinel crystals, presenting as Al-Mg-O phase areas,
coated with Ca-Si-Na-K oxy-fluoride glass as expected from the phase chemistry of this
particular flux [39]. Since the same flux was applied previously at 1350 ◦C and in welding
experiments, the phase chemistry of the molten flux is as expected from prior work, namely
solid spinel crystals embedded in the liquid oxy-fluoride glass phase [36,39]. The analysed
glass phase chemistry in the post-weld slag is shown in Table 2 [39].
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Figure 5 illustrates nano-strands protruding from the cavity wall. Figure 6 shows the
blocked field from Figure 5 at (×4420), and Figure 7a shows the blocked field from Figure 6
at (×12,260) with the FOV EDX maps displayed in Figure 7b. The large nano-strand in
Figure 7 has the dimensions of a 0.5 µm diameter and 13 µm length. These dimensions
appear larger than the nano-strand dimensions in Figure 4. For comparison, the c-shaped
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nano-strand in Figure 4, marked as the dashed-line block in Figure 4a, is 8 µm in length
and 0.8 µm in diameter at its thick end. Figure 7b shows that the nano-strand compositions
are dominated by Ti, similar to the observation from Figure 4b. However, the nano-strands
in Figure 7b also contain Al-Mg-Si-Na oxy-fluoride. This compositional variation is better
displayed in the marked dashed-line oval area in Figure 7a, with the nano-strands viewed
against the black slag cavity background. In comparison, the presence of elements in
addition to Ti is not that clear in viewing the large nano-strand in the marked dashed-line
blocked area against the matrix slag background. Both these variations in nano-strand
composition were identified previously in the reaction of various metal powders with the
same flux as applied here. Ti nano-strands were identified in the reaction of Co-Al-Fe metal
powder [35], oxy-fluoride nano-strands containing Al-Mg-Ca-Si-Na-K were identified
in the reaction with Cr-Al-Fe metal powder, and oxy-fluoride nano-strands containing
Al-Mg-Si-Ti-Na were identified in reaction with Ti-Al-Fe metal powder [33,34].
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The end-caps in Figure 7 are dominated by Mn-Fe-Si fluoride, similar to the chemistry
of the end-caps in Figure 4b. However, the end-caps in Figure 7 also contain Al-Mg-Na-O,
as seen in the dashed-line oval area. The formation of oxy-fluoride end-caps agrees with
prior observations in the reaction of Cr-Al-Fe metal powder [33]. The presence of Ni in the
EDS maps in Figure 7b is unclear. Table 2 displays the average FOV analyses of Figures 3–7.
It is seen that small amounts of Ni were analysed in Figures 3, 4 and 7. Maximum element
standard deviation values (σ) are shown in Table 2, indicating the SEM-EDX analysis quality.
The flux analysis from Table 1 is shown in the last line of Table 2. Similarly, the glass phase
SEM-EDX analyses in post-weld slag from welding without metal powder additions are
also shown in the second and third last lines of Table 2 [39]. The increased Ti content in
each FOV analysis is of interest compared to the flux analysis in the last line in Table 1.
Although the flux contains a low quantity of Ti of 0.6%, the formation of Ti nano-strands
increases Ti content to 2.2–7.2% Ti in the FOV displayed in Figures 3, 4, 6 and 7.

Table 2. Average EDS field of view (FOV) analyses in Figures 3, 4, 6 and 7.

Figure %O %F %Na %Mg %Al %Si %K %Ca %Ti %Ni %Mn %Fe

3 42.9 8.7 1.4 15.9 14.5 5.4 0.2 4.1 2.2 0.03 2.1 2.2
4 44.7 7.7 1.5 12.2 16.8 5.7 0.3 3.4 2.3 0.04 2.4 2.8
6 40.7 8.3 1.9 11.2 11.2 7.6 0.6 3.8 5.5 0.00 5.2 3.5
7 43.2 9.4 2.2 11.3 11.3 8.3 0.7 3.4 7.2 0.02 2.6 1.7

Maximum σ 0.40 0.16 0.03 0.11 0.12 0.08 0.01 0.04 0.06 0.01 0.06 0.04
Glass [39] 34.3 12.3 2.0 12.4 6.8 12.1 0.3 12.8 0.6 0.0 5.7 0.7
Glass [39] 34.1 12.7 2.0 12.3 6.2 12.4 0.0 13.3 0.7 0.0 5.8 0.5

Flux 35.3 8.7 0.6 13.4 13.2 9.2 0.2 9.3 0.6 0.0 5.3 4.2

4. Discussion
According to the EDS maps in Figures 4b and 7b, the nano-strands consist predom-

inantly of Ti. The only source of Ti in the reaction system is the TiO2 compound in the
flux, see Table 1. The nano-strands in Figure 4 are shorter than those in Figure 7. The
nano-strands in Figure 4 have end-caps of Mn-Fe-Si fluoride, compared to Al-Mg-Na-Mn-
Fe-Si oxy-fluoride in Figure 7. Also, the nano-strands in Figure 7 contain Al-Mg-Si-Na
oxy-fluoride with Ti as the dominant element. In comparison, the nano-strands in Figure 4
contain only Ti. The authors’ recent results identified the likely gas-phase-based reactions
in Ti nano-strand formation [33–35]. Thermochemistry calculations showed that Ti displace-
ment from the Ti-fluoride gas by the added Al powder proceeds according to reaction (1).
Ti-fluorides (TiF4, TiF3, TiF2, TiF) and Al-fluorides (AlF3, AlF2, AlF) are in the gas phase
above 1300 ◦C.

yAl + xMFy ↔ xM + yAlFx (1)

Similarly to reaction (1), the displacement of Ni from NiF2 is also possible, indicating
that Ni transfer via the gas phase is possible. From the low concentration of Ni in the FOV
analyses, it seems that the extent of Ni vaporisation and re-condensation was limited under
the experimental conditions applied here. The presence of oxy-fluoride in the nano-strands
and nano-strand end-caps in Figure 7b indicates that oxygen-containing fluoride is also
condensed. This is possible since AlOF gas can form from low-temperature oxy-fluoride
reactions [2]. In addition, it is well documented that MgO nano-strands can form from pure
MgO dissociated to Mg vapour and oxygen gas, thus incorporating the original oxygen from
the MgO back into the MgO nano-strand instead of forming only a Mg nano-strand via the
vapour–liquid–solid (VLS) and vapour–solid (VS) mechanisms [40–42]. The MgO starting
material must be reacted at low-oxygen partial pressure, but the reaction temperature can
vary from low temperatures (900 ◦C) to high temperatures (1600 ◦C) [40–42]. The VLS/VS
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mechanisms are likely also at play in this work and can explain the method of oxygen
incorporation into the nano-strands.

The proportion of Al reacted with the oxy-fluoride slag is not known. The following
calculations were made to investigate the likely gas composition at the reaction of different
proportions of Al. The gas–slag–metal equilibrium was calculated in FactSage 7.3 in the
Equilib module for 1350 ◦C with the FactPS, Fstel, and FToxid databases selected [43].
The calculations were made for reactions of 3, 5, 7, and 9 mass% Al. The Ni and Fe
metal powders were excluded from the calculations since initial runs indicated negligible
influence on the equilibrium gas composition.

Figure 8a,b display the main gas-phase constituents from the equilibrium calculation,
namely KalF4, TiF3, NaAlF4, SiF4, AlF3, SiF3, and Na. It is seen that the TiF3 percentage
decreases with increased Al reacted. This prediction agrees with reaction (1), proceeding
with more Al reactant available to react with the TiF3 to form AlF3. This effect is summarised
in the Ti mass distribution among the gas, slag, and alloy phases, as displayed in Figure 8c.
It is seen that less TiF3 remains in the gas as more Al is reacted, whilst the KalF3 proportion
increases. Zaitsev et al. [2] explained that the gas compounds KalF4 and NaAlF4 could be
considered mixtures of the simple fluorides of KF or NaF and AlF3, leading to a simplified
gas composition expression. The calculated gas compositions confirm that the flux CaF2,
the only F source, is transformed into different fluoride gasses and oxy-fluoride glass phase
in the slag. The generally accepted that CaF2 reacts with oxides to convert to the metal
fluorides via reactions similar to Equation (2) [11,44,45].

SiO2(slag) + 2CaF2(g) ↔ 2CaO(slag) + SiF4(g) (2)

The above thermochemistry calculations confirm that nano-strand formation likely
occurs via gas-phase reactions. This conclusion agrees with previous studies showing that
metal halides of I, Cl, and Br heated to 900 ◦C under a reducing gas atmosphere of hydrogen
can decompose to form metal whiskers from vapour deposition [46,47]. However, in these
studies, the formation of whiskers from fluoride was not observed under the same reaction
conditions of a hydrogen atmosphere and a low temperature of 900 ◦C [46]. Therefore,
in addition to the thermochemistry calculations above, the possibility of Ti nano-strand
formation from the underlying oxy-fluoride glass is evaluated in the following section as
diffusion calculations.

The calculations compare diffusion flux from the gas and glass phases to form a
typical Ti nano-strand. The Ti flux required in forming the larger nano-strand in the
centre of Figure 7a with a diameter of 0.5 µm and length of 13 µm was calculated as
3.39 × 10−3 mol/m2·s, using the inputs in Table 3. This is the maximum value estimation
because the strand is assumed to be pure Ti metal, although Figure 7b indicates the presence
of Al-Mg-Si-Na-O-F. The Ti gas-phase and slag-phase diffusion fluxes were calculated and
compared to the maximum diffusion flux of 3.39 × 10−3 mol/m2·s. The assumptions in
calculating the maximum diffusion flux are that the nano-strand consists of Ti metal of
theoretical density and that the total reaction time of 6 min is applied as the diffusion time.
Equation (3) is used to calculate the maximum diffusion flux:

Jmax = (1000 × V × ρ)/(A × t × MTi) (3)
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Table 3. Maximum Ti diffusion flux calculations summary.

Description Units Symbol Value

Strand length m X 13 × 10−6

Strand diameter m D 0.5 × 10−6

Strand volume m2 V 2.55 × 10−18

Strand cross-section area m2 A 1.96 × 10−13

Ti density [48] kg/m2 ρ 4500
Time seconds t 360

Ti mol mass gram/mol MTi 47.88
Mass Ti in strand volume gram 1.15 × 10−11

Ti diffusion flux mol/m2·s JMax 3.39 × 10−3

The diffusion flux from the gas and glass phases was calculated using Fick’s first
law [49], as displayed in Equations (4) and (5).

Jglass = −DTi × (∆C/∆X) (4)

Jgas = −DTi × (PTi/∆XRT) (5)

J = diffusion flux [mol/m2·s];
D = diffusion coefficient [m2/s];
C = concentration [mol/m3]
X = diffusion length [m];
R = gas constant= 8.3144 [J/mol·K];
T = temperature [K].
The following assumptions were made in calculating the gas-phase diffusion flux: The

maximum equilibrium partial pressure for TiF3 is 0.21 atm, as in Figure 8a, and is used
as the equivalent maximum Ti partial pressure. The diffusion distance is the nano-strand
length of 13 µm. The gas-phase diffusion coefficient value is taken from the literature
and reported as the lower end value in gas diffusion coefficients [50]. In the glass-phase
diffusion flux calculation, the following assumptions were made. The volume of the glass
phase participating in the nano-strand formation is equal to the nano-strand volume. The
glass phase density is 2500 kg/m2, the same as an Al2O3-CaF2-MgO-SiO2 slag [51]. The Ti
concentration (mol/m3) at the surface of the glass was calculated from the flux TiO2 content
of 1%, Table 1, and the glass mass contained in the same volume as that of the nano-strand.
The diffusion distance is the nano-strand length of 13 µm. The diffusion coefficient value
for Ti ions in glass was taken from the literature as the lower value for ionic diffusion of Si4+

and O2− since Ti cations display similar behaviours in slags [52]. The calculation results in
Table 4 show that the diffusion flux from the gas phase is orders of magnitude larger than
that required for the maximum flux value, and the glass-phase diffusion flux is orders of
magnitude smaller than the required value. These numbers support the conclusion that the
nano-strand formation reactions are gas-phase-based and not glass-phase-based.

Table 4. Diffusion flux calculations results summary.

Scenario Maximum Ti
Diffusion Flux

Gas phase Ti
Diffusion Flux

Glass Phase Ti
Diffusion Flux

J [mol/m2·s] 3.39 × 10−3 1.21 9.63 × 10−7

DTi [m2/s] not applied 1.00 × 10−5 4.00 × 10−11

The above results and discussion show that gas-phase reactions are involved in nano-
strand formation in oxy-fluoride melts applicable to welding fluxes, even at low tempera-
tures such as 1350 ◦C. Therefore, this low-temperature experimental technique is suitable
as a simplified simulation experiment to study flux behaviours. The low vaporisation and
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re-condensation extent of added Ni metal powder indicates that a longer reaction time
may be necessary to examine the details of Ni vaporisation and re-condensation in the
oxy-fluoride reaction system.

5. Conclusions
The low-temperature (1350 ◦C) simulation experiment applied here can be used to

investigate the gas-phase behaviour of oxy-fluoride flux in reaction with added metal
powders. This is concluded because nano-strand formation via the gas-phase mass transfer
of specific elements confirms gas-phase reactions. Ti-dominated nano-strands, with pre-
dominantly Mn-Fe-Si fluoride end-caps formed quickly within a 6 min reaction time. The
low volatilisation and re-condensation extent of added Ni metal powder indicates that a
longer reaction time may be necessary for Ni metal powder-containing reaction systems.
The Ti-dominated nano-strands likely formed via the gas-phase-based displacement of Ti
from TiF3 gas. The increased reaction of Al with gas leads to modified gas compositions
and increased Ti formation. The calculated Ti diffusion flux values for gas-phase and glass-
phase diffusion, compared to the maximum Ti diffusion flux required to form a typical
nano-strand, confirm that gas-phase reactions present the likely nano-strand formation
mechanism.
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