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Nano-strand formation in CaF2-SiO2-Al2O3-MgO flux reacted at 1350 ◦C 
with Al-Ti-Fe powder: SEM analyses and gas reaction thermochemistry 
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A B S T R A C T   

Nano-strands form in fluoride-based slag during submerged arc welding (SAW) due to the re-condensation of gas 
species formed at high temperatures in the arc cavity. The SAW process is complex due to gas-slag-metal re-
actions occurring across several reaction zones and over a wide temperature range. This complicates research on 
specific process aspects, such as gas formation from the oxy-fluoride slag. The objective of this work is to 
demonstrate that oxy-fluoride nano-strands form in molten flux reacted with Al-Ti-Fe metal powder, even at the 
low temperature of 1350 ◦C, which is much lower than SAW process temperatures of 2000 ◦C–2500 ◦C. Energy 
dispersive X-ray spectroscopy (EDS) analyses and thermochemical calculations provide insights into formation 
reactions in nano-strand formation. Thermochemical analysis clarifies the role of Al in shifting the gas phase 
composition to limit Ti-fluoride loss to the gas phase. These results motivate the study of gas phase reactions at 
relatively lower reaction temperatures to gain insights into SAW flux behaviour.   

1. Introduction 

The submerged arc welding (SAW) process is illustrated in cross- 
section in Fig. 1. In this welding process, an electrical current is 
applied between the weld wire and the steel base plate to form the arc. 
Raw granular unmelted flux (flux) and molten flux (slag) cover the arc to 
form the arc cavity. During welding, the welding head arrangement 
continuously feeds the weld wire and flux as it moves along the weld. 
Molten weld wire metal droplets are transferred across the arc cavity 
into the weld pool. The complex gas phase reactions occur in the arc 
plasma in the arc cavity and set the conditions for oxygen and alloying 
element transfer from the slag and weld wire to the weld pool. 

Gas phase reactions must be considered in the process metallurgy of 
SAW because gas phase formation and gas reactions occur at a fast rate 
at the high temperature of the arc plasma in the arc cavity. The arc 
plasma temperatures may range from 2000 ◦C to 2500 ◦C, and the weld 
pool temperature can vary from 2000 ◦C to the solidus temperature of 
the particular weld metal [1,2]. Detailed experimental work established 
that oxides in the CaF2 containing oxide-based welding flux decompose 
in the arc cavity to release oxygen [3–5]. Metals of high oxygen affinity, 
such as Ti, Cr and Al, are easily oxidised in the arc cavity and are not 
easily transferred across the arc [6]. In the conventional SAW process, 
the weld metal is typically alloyed from TiO2 in the molten flux (slag) 

with a maximum Ti alloying content of 410 ppm achieved [7,8]. The 
gas-slag-metal equilibrium model of the conventional SAW process 
confirmed the likely gas phase species formed at 2000 ◦C from a TiO2 
containing flux. The major gas species were identified as CO, NaF, KF, 
AlF3, AlF2, NaAlF4, TiF3, KAlF4, and the minor gas species (at less than 1 
vol %) as Na, K, Mg, CaF2, MgF2, MgF, AlF, Mn, Fe, MnF2, SiF4, and SiO 
[9]. The same gas-slag-metal equilibrium model was used to show that 
increased TiO2 in the flux formulation did not increase Ti element 
transfer to the weld metal because of the significant loss of Ti to the arc 
cavity gas as TiF3 [7]. 

In recent work, the SAW process was modified by aluminium- 
assisted alloying of the weld metal to increase the weld metal Ti con-
tent beyond 410 ppm Ti. This enhanced Ti alloying was achieved while 
maintaining the weld metal ppm O content within acceptable levels for 
optimum materials properties. Aluminium metal powder was applied as 
a de-oxidiser element in combination with unconstrained pure metal 
powders to alloy the carbon steel weld metal [10,11]. The term un-
constrained format means that the metal powder is not contained in a 
metal tube as is the case for metal cored and flux cored wires. The added 
aluminium de-oxidiser lowered the partial oxygen pressure in the arc 
cavity and also at the slag-weld pool interface to prevent oxidation of Ti 
to its oxides, thus avoiding the loss of Ti to the slag [10,11]. The effect of 
added Al in SAW is similar in combination with Cr or Ti because the 
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added Al metal powder counters the loss reaction of Cr-fluoride and 
Ti-fluoride gas formation by forming Al-fluorides by preference 
[12–15]. The formation of oxy-fluoride gas in SAW was confirmed from 
thermochemical calculations and SEM (scanning electron microscope) 
identification of the phenomenon of oxy-fluoride nano-strand formation 
within the cavities within the post-weld slag [12–15]. It was concluded 
that the nano-strands formed from the re-condensation of the gas species 
from the initial gas generated in the arc cavity during 
aluminium-assisted SAW [12–15]. 

Low temperature fluoride gas formation is known to occur upon 
heating of fluoride containing casting powders and fluoride containing 
slags applied in ESR (electro slag remelting) [16–19]. The sequence of 
fluoride gas species formation upon heating of CaF2-SiO2-CaO-Al2O3--
Na2O-K2O mould powders was measured as NaF formation starting at 
600 ◦C, KF formation starting at 883 ◦C, then SiF4 and AlF3 formed upon 
further heating beyond 830 ◦C and 974 ◦C, respectively. CaF2 vapor-
isation occurred at higher temperatures beyond 1262 ◦C. In addition, the 
following gas species were also measured: NaAlF4, Na2AlF5, BF3, and 
AlOF [18]. Increased vaporisation with increased TiO2 content in the 
CaF2-CaO-Al2O3-MgO-Li2O-TiO2 slag was measured in ESR slags reacted 
at 1470 ◦C–1530 ◦C [19]. These studies show that low temperature 
vaporisation from the oxy-fluoride melt takes place in the form of 
various gas species in addition to the input fluoride chemical, CaF2. 

The objective of this work is to demonstrate that oxy-fluoride nano- 
strands form in molten SAW flux reacted with Al-Ti-Fe metal powder at 
the lower temperature of 1350 ◦C, which is much lower than SAW 
process temperatures of 2000 ◦C–2500 ◦C [1,2]. The presence of 
oxy-fluoride nano-strands serves as confirmation of oxy-fluoride 
vaporisation and re-condensation, similar to that identified in SAW 
post-weld slags [12–15]. The presence of Ti in the oxy-fluoride nano--
strands serves as additional confirmation of the vaporisation and 
re-condensation of the added Ti metal powder in this reaction system. 
These results will motivate the study of gas phase reactions at relatively 
lower reaction temperatures to gain insights into the SAW flux 
behaviour. 

2. Material and methods 

The agglomerated commercial flux used in this work is the same 

formulation applied previously in SAW experiments [9–15]. The flux 
chemical composition is shown in Table 1 [9–15]. This flux is an 
Aluminate Basic flux, which was extensively characterised in terms of 
the mineralogy of both the unreacted flux and its post-weld slag [20]. 
The expected phase chemistry of this flux upon melting is liquid 
oxy-fluoride as the primary phase and spinel crystals (MgO.Al2O3) as the 
secondary phase [20]. 

The pure metal powders were sourced as follows: Al (99.7 % Al, -1 
mm) supplied by Sigma-Aldrich, Ti (99.5 % Ti, -100 μm) supplied by PLS 
Technik GmbH & Co., Fe (96.0 % Fe, -50 μm) supplied by Merck. Iron 
powder was added to simulate the presence of iron from the weld wire 
and base plate in the prior SAW runs [9–14]. These Al and Ti powders 
correspond to the Al and Ti metal powders applied in the previous 
aluminium-assisted SAW work [10–15]. 

For this study, the flux and metal powders were mixed and dry- 
pressed into a cylindrical pellet. Each metal powder was added at 
eight mass% of the overall mixture. The pellet was placed onto the 
holder made of a low carbon steel plate of 65 mm square and 2 mm 
thick, with a pressed circular recessed centre. A muffle furnace was pre- 
heated to 1350 ◦C. After soaking the muffle furnace for 12 h at 1350 ◦C, 
the pellet holder and pellet were placed into the muffle furnace and 
reacted for 6 min. The pellet was removed from the furnace to cool down 
in air. The cooled pellet was sectioned through its middle and placed 
into the SEM to perform phase chemical analyses, following coating with 
gold. The SEM equipment consisted of a Zeiss crossbeam 540 FEG (field 
emission gun) SEM with an energy dispersive X-ray (EDS) spectroscopy 
probe operated at 20 kV. 

3. Results and discussion 

The presence of nano-strands in the reacted pellet samples is 
confirmation of gas phase reactions at the relatively low reaction tem-
perature of 1350 ◦C, compared to the high arc cavity temperatures of 
2000 ◦C–2500 ◦C in SAW [1,2]. The element distribution in the 
nano-strands provides analytical data, which is then applied to investi-
gate the likely nano-strand formation reactions. FactSage 7.3 thermo-
chemical software was used to calculate the relative thermodynamic 
probability of the gas phase reactions occurring [21]. The SEM obser-
vations and analyses are presented in the next section (3.1.). The ther-
mochemical analysis of possible reactions is shown in the subsequent 
section (3.2.). 

3.1. SEM analyses 

The low magnification (x546) SEM image in Fig. 2(a) clearly shows 
the presence of nano-strands at the outer edges of the slag ridge. The EDS 
element maps of the field of view (FOV) in Fig. 2(a) are shown in Fig. 2 
(b) and confirm the presence of Ti in the slag at both the nano-strand 
positions and in the background slag. The element distribution is not 
homogenous as is expected from a multi-phase slag. The average 
chemical analysis of the FOV in Fig. 2 is shown in Table 2. For com-
parison purposes, the flux chemical composition from Table 1 is shown 
in the last row of Table 2. Although Ti was added as a metal powder of 
-100 μm particle size to the flux, it is seen that Ti was chemically 
assimilated into the oxy-fluoride slag in the short reaction time applied. 
This observation on the assimilation of Ti agrees with the post-weld slag 
analyses in the same reaction system in which Ti assimilate into the oxy- 
fluoride slag and not into the spinel crystals [22]. 

The association of Fe, Mn, and Si as oxy-fluoride is seen in Fig. 2(b). 
Figs. 3 to 5 display the blocked areas at increased magnification with the 

Fig. 1. Illustration of SAW process reaction zones.  

Table 1 
Chemical composition of flux material.  

%MnO %CaO %SiO2 %Al2O3 %CaF2 %MgO %Fe2O3 %TiO2 %Na2O %K2O 

7.0 0.1 20.2 25.7 18.5 22.9 2.8 1.0 1.7 0.2  
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EDS element maps for each image FOV. The average chemical analyses 
are summarised in Table 2. The average analyses for the FOV in Figs. 3–5 
are similar and not that different from the analysis for the FOV in Fig. 2. 
Therefore, the EDS element maps are more useful in displaying the 
element behaviours. It is seen from Fig. 3(b) at (x1580) that the un-
derlying slag phase below the nano-strands consists of Ca-Si-K oxy- 
fluoride slag with embedded Al-F-O solid phase (spinel phase). The 
nano-strands contain Ti-O-N-Na, although the presence of fluoride 
species is unclear at this magnification. At,higher magnification of 
(x4410) in Fig. 4 and (x7820) in Fig. 5, it is seen that a spinel crystal 

(triangular shape) is positioned on the slag surface, which spans the left 
boundary of the image. In Fig. 4, it is seen that fine needle-shaped nano- 
strands are meshed between the coarser Ti-containing nano-strands and 
contain most of the elements displayed in the EDS maps, excluding Si, Fe 
Mn and K. The coarser nano-strands in Fig. 5(b) contain all the elements 
displayed in the EDS maps with high Ti map intensity. The presence of 
these nano-strands on the spinel crystal surface agrees with nano-strand 
formation from the gas phase following vaporisation and re- 
condensation of oxy-fluoride gas species [12–15]. The N analysed in 
the nano-strands appear to be superficial and not consistent throughout 

Fig. 2(a). SEM image (x546) of analysed area; (b): EDS map of area in Fig. 2(a).  
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the EDS analyses since it was not reported in the analysis table as a mass 
% number. The only source of N is air pockets in the initial pellet; 
therefore, some nitrogen adsorption is possible. 

Figs. 6 to 10 display the slag morphology and phase chemistry at a 
different analysis area in the same sample. The appearance of the Ti- 
containing nano-strands is similar to that of Figs. 2 to 5. The average 
FOV chemical analyses for Figs. 6 to 10 are also displayed in Table 2 and 
confirm the assimilation of Ti into the slag. 

The low magnification (x651) image in Fig. 6 shows that the Ti- 
containing nano-strands formed on the surface of the slag, similar to 
the nano-strand morphology displayed in Fig. 2(a). The association of 
Fe, Mn and Si as oxy-fluoride is similar in Figs. 2(b) and 6(b). Fig. 6(b) 
also shows the clear slag surface boundary at which the low Ti under-
lying slag meets the high Ti areas dominated by the Ti-containing nano- 
strands. Figs. 7 to 10 display the blocked areas at increased magnifica-
tion with the EDS element maps for each image FOV. Fig. 7(b) at (x1060) 
magnification shows the incorporation of Mn in the Ti-rich nano- 
strands. Fig. 8(a) at (x3160) shows similar needle-shaped oxy-fluoride 
nano-strands to that in Fig. 4. The background slag phase in Fig. 8, as 
seen in the top half of the FOV, consists of Al-Mg-Ca-Si-Fe-Mn-K-S oxy- 
fluoride with little to no Ti, Fe, Mn and Na. The Ti-containing nano- 
strands consist of Al-Mg-Si-Ti-Na oxy-fluoride and are shown more 
clearly in the higher magnification images in Figs. 9(b) and 10(b) at 
(x8060) and (x20 000), respectively. 

The results in Figs. 2 to 10 confirm that Ti-rich nano-strands formed 
at the relatively low reaction temperature of 1350 ◦C. The same analysis 
techniques applied here were used in prior work to identify and explain 
gas phase based nano-strand formation in SAW post-weld slags [12–15]. 
The following observations are strong indicators for nano-strand for-
mation from the gas phase, not the slag. The primary source of Ti is the 
added Ti metal powder of -100 μm size and not the unreacted flux, as is 
seen from the raw flux composition in Table 1 and the last line in 
Table 2. If the nano-strands are formed only from diffusion in the slag 
phase, the nano-strand distribution should be even across all slag sur-
faces. This is not observed. The transfer of Ti from the Ti metal powder of 
-100 μm size to form nano-scale structures seems to be better explained 
by gas phase transfer, compared to the incorporation of Ti metal into the 
slag phase and subsequent nano-strand formation by diffusion from the 
slag. Gas phase diffusion rates are orders of magnitude faster than ionic 
diffusion rates in slags. For comparison, the gas phase diffusion coeffi-
cient is 1 to 6 cm2/s at 800 ◦C vs. the ionic diffusivity values for Si4+ and 
O2− in silicate slags at 4 x 10-7 cm2/s to 1 x 10-6 cm2/s at 1600 ◦C [23, 
24]. As seen in Fig. 5, distinct nano-strands are positioned on the spinel 
crystal surface with no connecting continuous slag layer. The underlying 
spinel crystal contains no Ca, F, Ti, Na, or Si, meaning that the 
nano-strands could not have sourced these elements from the underlying 
spinel crystal. 

3.2. Thermochemical analysis 

Thermochemistry calculations are used in the following two sections 
to probe the likely gas phase reactions formed in the reaction of the oxy- 
fluoride slag and added metal powders of Al, Ti and Fe. Section 3.2.1. 
contains Gibbs free energy calculations on simplified reactions. Section 
3.2.2. contains the application of gas-slag-metal equilibrium calcula-
tions to better simulate the interactions between the slag and the added 
metal powders to form gas species. 

3.2.1. Thermochemical analysis of simplified reactions 
Ti-fluorides transform from solid to gas at relatively low tempera-

tures at 1102.46 ◦C for TiF2, 1033.94 ◦C for TiF3 and 284.06 ◦C for TiF4. 
Similarly, AlF3 transforms from solid to gas at 1290.23 ◦C, whilst AlF 
and AlF2 are reported as gasses in the FactSage 7.3 databases [21]. The 
Gibbs free energy data in Fig. 11 for reaction (1) shows the relative 
stability of fluoride compounds, expressed per mol F2(g). The term 
“(most stable)” refers to the selection made in the Reaction module in 
FactSage 7.3 thermochemistry software to apply compound phase state 
changes with temperature. The Reaction module was used with selection 
of the following databases: FactPS and FToxid. The temperature interval 
of 1000 ◦C–2400 ◦C was used in the calculations to compare the Gibbs 
free energy lines at the lower temperature of 1350 ◦C of this work to the 
much higher temperatures applied in the SAW arc cavity and in the weld 
pool, typically from 1600 ◦C liquidus temperature for the carbon steel 
weld pool up to the high temperatures of 2000 ◦C–2500 ◦C in the arc 
cavity [1,2]. The fluoride species marked as (g) in Fig. 11 remains in the 
gas phase at 1000 ◦C–2400 ◦C. The relative positions of the lines in 
Fig. 11 indicate the stability order of the metal fluoride species in 
comparison with the metal of each fluoride. For example, the line for AlF 
is positioned below the line of TiF4, indicating that Al metal can displace 
Ti from TiF4 to form AlF. Reaction (1) is an unlikely reaction at the low 
temperature applied here because CaF2 decomposition requires higher 
temperatures. The netto reaction in Equation (2) is of interest in this 
work, and it is obtained as the sum of reactions (3) and (4), which are 
presented in the Gibbs free energy lines in Fig. 11. The Gibbs free energy 
for the netto reaction in Equation (2) is then the sum of the Gibbs free 
energy from the simplified reactions in Equations (3) and (4). This 
calculation is illustrated in Fig. 12 for the reactions of TiF4 and SiF4 with 
Al. The close position of the lines for TiF4 and SiF4 in Fig. 11 indicates 
that these metal fluorides have similar stability. The Gibbs free energy 
lines for the netto reaction between Al and these fluorides to form the 
different Al-fluorides of AlF, AlF2, and AlF3, are displayed in Fig. 12 and 
indicate that AlF is most easily formed from the reaction of TiF4 and SiF4 
with Al for the reaction of pure compounds.  

M(most stable) + (x/2)F2(g) ↔ MFX(most stable)                                 (1)  

yAl + xTiFy(g) ↔ xTi + yAlFx(g)                                                     (2)  

yAl + xy/2F2(g) ↔ yAlFx(g)                                                             (3) 

Table 2 
Average EDS analysis (mass%) of the field of view in Figs. 2 to 10.  

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

2 44.3 3.9 3.3 5.8 5.2 2.0 0.1 4.5 27.2 2.2 1.4 
3 44.7 4.0 3.2 4.8 4.5 1.4 0.1 4.2 31.9 0.7 0.4 
4 43.2 2.2 2.9 3.7 4.0 1.0 0.0 3.2 38.8 0.5 0.4 
5 43.3 2.1 3.0 3.5 3.0 1.1 0.1 3.9 39.2 0.5 0.1 
6 47.1 5.0 4.4 8.0 8.1 3.3 0.1 4.5 16.6 2.1 0.9 
7 49.2 3.5 5.0 7.4 8.2 2.7 0.1 4.4 17.1 1.8 0.4 
8 51.4 1.5 7.0 5.9 6.4 1.6 0.0 2.8 21.4 1.6 0.4 
9 49.6 0.9 7.8 4.8 4.3 1.7 0.0 3.3 24.8 1.9 0.7 
10 49.6 0.9 9.1 4.3 3.2 1.7 0.0 3.3 25.4 1.8 0.4 
Flux 35.3 8.7 0.6 13.4 13.2 9.2 0.2 9.3 0.6 5.3 4.2  
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Fig. 3(a). SEM image (x1580) of analysed area as marked in Fig. 2(a); (b): EDS map of area in Fig. 3(a).  
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Fig. 4(a). SEM image (x4410) of analysed area as marked in Fig. 3(a); (b): EDS map of area in Fig. 4(a).  
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xTiFy(g) ↔ xTi + xy/2F2(g)                                                              (4) 

In addition, the typical reaction considered in CaF2-based SAW flux 
reaction systems is similar to reaction (5), which is the reaction of CaF2 
with an oxide to form alternate fluorides and CaO [3,25].  

SiO2(l) + 2CaF2(g) ↔ 2CaO(l) + SiF4(g)                                            (5) 

Gibbs free energy values for reaction (5) are summarised in Fig. 13. 
The input conditions were set to 1 atm CaF2 partial pressure, 0.10 atm 

partial pressure of product fluoride gas, unit activity liquid flux oxide, 
and the activity of CaO set to 0.01 (aCaO = 0.01). These conditions were 
selected as a basis of comparison, similar to previous calculations for 
SAW fluxes [20]. It is seen that SiF4 is most easily formed below 1380 ◦C. 
The lines for the reaction of Na2O and K2O with CaF2 to form NaF and KF 
cross the line for SiF4 formation at 1380 ◦C. The lines for TiF3 and AlF3 
are slightly sloped across the temperature range in Fig. 13, indicating 
that TiF3 formation is relatively more probable than AlF3 formation, and 
the relative stability of these two fluoride gasses remains the same from 
1000 ◦C to 2400 ◦C. Furthermore, the negative Gibbs free energy values 

Fig. 5(a). SEM image (x7820) of analysed area as marked in Fig. 3(a); (b): EDS map of area in Fig. 5(a).  
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Fig. 6(a). SEM image (x651) of analysed area; (b): EDS map of area in Fig. 6(a).  
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Fig. 7(a). SEM image (x1060) of analysed area as marked in Fig. 6(a); (b): EDS map of area in Fig. 7(a).  
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Fig. 8(a). SEM image (x3160) of analysed area as marked in Fig. 7(a); (b): EDS map of area in Fig. 8(a).  
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Fig. 9(a). SEM image (x8060) of analysed area as marked in Fig. 7(a)(a); (b): EDS map of area in Fig. 9(a).  
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Fig. 10(a). SEM image (x20000) of analysed area; (b): EDS map of area in Fig. 10(a).  
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in Fig. 12 for AlF(g) formation from the reaction of Al with TiF4 and SiF4 
are significantly larger than those in Fig. 13, meaning that the thermo-
dynamic driving force for metal-based reactions in Equation (2) is higher 
than that of Equation (3) reactions. 

3.2.2. Gas-slag-metal thermochemical calculations 
Because the thermochemistry calculations displayed in Figs. 11–13 

are for simplified reactions of pure reactants, whilst, in reality, the re-
actants and products in the reaction system are not pure species, a better 
simulation of the reaction system should be more insightful. The gas- 
slag-metal equilibrium model previously developed for SAW process 
simulation was applied to the reaction system to calculate the likely gas 
phase species formed at 1350 ◦C [9]. 

The simulation calculation was done for 1350 ◦C at different pro-
portions of Al and Ti metal powders reacted with the flux. The results in 
Table 3 show the Al addition results in increased Al-fluoride species in 
the gas, namely KAlF4, NaAlF4 and AlF3. As Zeitsev et al. [18] discussed, 
KAlF4 may be regarded as KF and AlF3, and similarly, NaAlF4 may be 
presented as NaF and AlF3. When zero Ti is added (scenario 3), the main 
gas species are KAlF4 and NaAlF4. With both Al and Ti added to the 
calculation (scenarios 1 and 2), the gas composition shifts to show 
increased TiF3 and some TiF2 present in the gas in addition to the 
Al-fluoride species formed from the reaction of Al metal powder with the 
fluoride flux. At a higher Al/Ti ratio in the metal powders, compare 
scenario 4 to scenario 1, the proportion of TiF3 in the gas is decreased, 
indicating the formation of Al-fluoride gas in preference to TiF3 gas. This 
effect should diminish the loss of Ti to the gas phase. 

The increased oxygen content shown in Table 2 and the association 
of Ti and O in the nano-strands in Figs. 2(b) to 10(b) raise the question as 
to how this simultaneous uptake of Ti and O may have occurred. 
Although the SEM-EDS oxygen analyses are only qualitative, the relative 
increase in oxy-fluoride oxygen content requires consideration. Work by 
Zeitsev et al. [18] identified low temperature vaporisation of 
oxygen-containing fluoride gas in the form of AlOF. Similarly, in the 
FactSage simulation calculations, small quantities of analogue 
Ti-containing gas species were calculated, namely OTiF, OTiF2, and TiO 
and TiO2. Although these species were calculated for equilibrium con-
ditions, in non-equilibrium conditions such as expected here, these gas 
phase species may occur in higher concentrations as intermediary spe-
cies before equilibrium is attained. Similarly, SiO gas forms and may also 
carry oxygen and silicon into the nano-strands during re-condensation of 
the fluoride-containing gas. At least at the start of the reaction process, 
some oxygen is evolved from the Fe2O3 present in the flux formulation, 
and this oxygen may also play a role as an oxygen incorporation 
mechanism to the nano-strands. 

4. Conclusions 

• Oxy-fluoride nano-strand formation was identified in the low tem-
perature (1350 ◦C) reaction of SAW flux and Al, Fe and Ti metal 
powders. 

• Ti and O are extensively incorporated into the nano-strands, con-
firming that the Ti was assimilated from the added Ti metal powder 
via the gas phase.  

• Ti-fluoride and Al-fluoride gas are easily formed in this reaction 
system at 1350 ◦C.  

• Thermochemical analysis clarifies the role of Al in shifting the gas 
phase composition to limit Ti-fluoride loss reactions in the gas phase.  

• The low temperature experimental technique applied here serves as 
an accurate reaction simulation experiment to investigate oxy- 
fluoride behaviour, gas formation and metal powder assimilation 
reactions in the SAW process. 
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Fig. 11. Gibbs free energy of metal-fluoride formation via reaction (1).  

Fig. 12. Gibbs free energy for reaction of Al with TiF4 and SiF4.  

Fig. 13. Gibbs free energy of fluoride formation via reaction (5).  
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