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Phase chemical analysis of post-weld slags from Submerged Arc Welding (SAW) is applied
to explain the chemical function of flux constituent compounds in the welding process.
FactSage 6.4 calculations were used to aid in the interpretation of the phase chemi-
cal analyses. Five commercial agglomerated fluxes from two suppliers were used. These
fluxes cover three types of fluoride based flux classes: Fluoride Basic flux, Aluminate Basic
flux and Aluminate Rulile flux. Basic fluxes are based in the SiO,-Al20;-MgO CaF, sys-
tem. The slag liquidus lowering effect of CaF, is 19°C/%CaF; in the Fluoride Basic fluxes,
and 4°C/%CaF, in the Aluminate Basic fluxes. The Aluminate Rutile flux is based in the
Si0,-Al203-MgO-TiO,-MnO-CaF, system. Little CaF, addition is used in this flux since TiO,
addition lowers its liquidus temperature sufficiently. The level of CaF, addition sets the
quantity and chemistry of fluoride gas compounds formed. The main gas fluoride gas species
expected to form in welding with the five fluxes are CaF,, MgF,, NaF, KF, NaAlF,, and AlFs.
In addition, TiF; is expected to form in welding with the Aluminate Rutile flux, indicating

the importance of titanium oxidation state in fluoride gas formation.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

base plate. Most fluxes used in SAW contain some quantity of
CaF; to shield the weld pool from hydrogen, nitrogen and oxy-
gen pickup from atmospheric air, and also to increase the slag

In Submerged Arc Welding (SAW) the welding flux, weld wire,
steel base plate and welding parameters together set the weld
metal physical metallurgy properties [1-5]. For example, in
SAW of HSLA (High Strength Low Alloy Steels), silicon and
manganese are the two main alloying elements in the weld
metal that are controlled by setting the welding flux chemistry
to increase or maintain the level of silicon and manganese in
the weld metal. This is accomplished by specifying the weld
flux chemistry for a combination of welding wire and steel
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https://doi.org/10.1016/j.jmrt.2020.06.069

hydrogen dissolution capacity and to chemically react with
water to form hydrogen fluoride gas [3,5-9]. Oxygen enters the
weld metal mainly due to decomposition of less stable oxides
such as MgO, SiOy, MnO, and FeO in the arc cavity to release
oxygen gas [3,5]. These reactions are possible due to the high
temperatures reached in the plasma of the arc cavity, reported
to be at 2000°C-2500°C [10,11]. This oxygen gas is adsorbed
onto the surface of molten steel droplets that are formed as
the weld wire is melted in the arc cavity [12,13]. The addition of
fluoride to the flux, usually CaF,, is used to lower the Po, in the
arc cavity [3,5]. Similarly, the Py,is lowered to limit hydrogen
pickup into the weld metal [3,6,8].

2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1 - Post-weld slag samples.

Table 1 - Base plate and weld wire chemical composition (mass percentages).

(@ (0} Si Mn Al P S Ti Cu
Plate 0.120 0.007 0.155 1.340 0.067 0.019 0.007 0.005 0.030
Wire 0.110 0.003 0.137 0.990 0.009 0.023 0.140

In addition to the above reasons for adding CaF; to fluxes,
there are several important chemical actions of CaF; in set-
ting physico-chemical properties of the molten flux (slag),
such as the significant lowering of slag melting tempera-
tures, lowering the slag viscosity and surface tension since
CaF, serves as a slag network modifier. Despite the clear
importance of CaF; in flux formulations, its role in weld slag
chemistry is complex. For example, it was argued that CaF,
should be removed as a basic flux compound in the widely
used flux basicity index (BI) since it is a neutral compound
in the slag [2]. BI=[CaF,+ CaO+ MgO+ BaO+ SrO+ NayO+
K70+ LipO+ 0.5(MnO +FeO)]/[SiOz + 0.5(Al,03 + TiOy + ZrOy)].
An important empirically determined composition guideline
is to ensure that the flux Bl is in excess of 1.5 to ensure low
hydrogen and low total oxygen content in the weld metal [2].
It was shown that CaF, alone lowers weld metal oxygen con-
tent, and since most of the CaF, remains in the slag as CaF,
it is important to include this compound in the BI expression
[7]. Most of the published literature on welding is focussed on
weld metal composition and its relation to weld metal physical
metallurgy properties. Only a few published studies reported
post-weld slag compositions and/or slag properties for SAW, or
from similar welding techniques [6,14-20]. Therefore, limited
information on flux formulations and the chemical function
of each flux constituent compound is published, mostly due
to protection of industry commercial interests [9].

The objective of this work is to use post-weld slag phase
chemistry to interpret the chemical functional basis of fluoride
flux formulations used in SAW as presented in the fluxes used
in this study. Five commercial agglomerated fluxes from two
suppliers were used in SAW welding, and the post-weld slag

analysed by using mineralogy techniques. Slag phase chem-
istry is discussed with the aid of FactSage 6.4 thermochemical
calculations [21].

2. Materials and methods

Each commercial agglomerated SAW flux was used to make
two bead-on-plate welds and the post-weld slags were col-
lected for phase chemical analyses, see Fig. 1. Weld heat input
was 2.0kJ/mm (5004, 28V, 42cm/min) welded DCEP + with
3.2mm diameter wire. Structural steel grade EN 10025-2 was
used as base plate material. The chemical analyses of the steel
consumables are summarised in Table 1. The base plate steel
was analysed by Optical Emission Spectroscopy (OES) and oxy-
gen content in the base plate and weld wire was analysed by
combustion method. The weld wire major element levels are
from the manufacturer’s specification.

Bulk chemical analyses and X-ray diffraction (XRD) analy-
ses were applied to each raw flux and post-weld slag sample.
Bulk chemistry analyses were done by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES), and titration
method for fluorine analyses. The phase chemistry in each
post-weld slag sample was measured by Scanning Electron
Microscopy (SEM). These analyses were specifically made at
the slag surface which was in contact with the weld metal
during welding since the slag-weld pool interface is the reac-
tion interface where the final chemical reactions in welding
occur. Therefore, comparison of the slag SEM analyses at this
interface to the bulk slag chemistry would show up any major
composition differences that occurred due to the welding pro-
cess.
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Table 2 - Crystalline phases present in flux (mass percentages).

Flux type Fluoride basic Aluminate Fluoride basic Aluminate Aluminate
basic basic rutile
Flux number 2 3 4 5
Fluorite CaF, 36.6 32.0 29.5 21.7 3.2
Corundum Al,O3 24.6 17.2 16.6 20.2 54.4
Periclase MgO 32.8 36.6 41.1 333 7.7
Calcite CaCOs 0 1.3 3.2 0 0
Wollastonite CaSiOs 3.3 8.4 6.1 0 4.4
Mullite Aly 5000974517 48 0 0 1.4 17.4 7.3
Quartz SiO, 1.3 1.3 2.1 1.5 2.7
Cristobalite Si0, 0 0 0 1.8 0
Kyanite Al,03Si0, 0 0 0 41 0
Jacobsite FeoMnOy 0 0 0 0 2.2
Manganosite MnO 0 0 0 0 1.6
Mn Mn 0 0 0 0 3.1
Zircon ZrSi04 0 0 0 0 43
Rutile TiO, 1.3 0.3 0 0 9.1
Forsterite Mg1}834Fe0A155Nio,011SiO4 0 2.9 0 0 0
BI 3.0 1.8 2.9 1.4 0.5

Table 3 - Flux compositions (mass percentages).

Flux number 1 2 3 4 5
MnO 0.87 5.83 1.11 6.80 12.30
CaO 24.20 19.90 25.30 12.50 5.27
Al,03 13.90 17.30 17.90 24.90 36.0
SiO, 15.10 21.30 13.40 19.60 18.60
MgO 32.10 21.20 29.80 22.20 4.94
Fe,03 0.65 1.01 1.10 2.67 5.97
TiO, 0.74 1.86 1.18 0.97 10.70
Zr0; 0.01 0.01 0.03 0.02 0.24
Na,0 2.00 2.69 1.57 1.61 2.20
K,0 0.78 1.50 1.15 0.18 0.51
P 0.018 0.031 0.015 0.025 0.033
S 0.033 0.028 0.013 0.018 0.020
F 12.5 11.0 12.6 8.41 2.04
Ba 0.070 0.081 0.017 0.037 0.048
@ 0.011 0.015 0.010 0.026 0.073
Cu 0.008 0.008 0.005 0.007 0.011
Ni 0.021 0.011 0.003 0.010 0.022
Sr 0.023 0.053 0.006 0.006 0.010
Vv 0.012 0.013 0.008 0.011 0.031
Moisture 0.020 0.040 0.020 0.000 0.000
Total 103.2 103.9 105.6 100.1 99.1
BI 3.0 1.8 2.9 1.4 0.5

The XRD samples were prepared according to the standard-
ized Panalytical backloading system, which provides nearly
random distribution of the particles. The samples were ana-
lyzed using a PANalytical X'Pert Pro powder diffractometer in
6-6 configuration with an X’Celerator detector and variable
divergence- and fixed receiving slits with Fe filtered Co-Ka
radiation (»=1.789A). The mineralogy was determined by
selecting the best-fitting pattern from the ICSD database to
the measured diffraction pattern, using X’Pert Highscore plus
software. The relative phase amounts (mass% of crystalline
portion) were estimated using the Rietveld method (Autoquan
Program). SEM analyses were done at 20kV acceleration volt-
age and using 40s count time using a JEOL-IT300 SEM-EDS
with Oxford X-max 50 detector.

XRD analyses of the fluxes are summarised in Table 2 and
the corresponding bulk chemical analyses are displayed in
Table 3. According to typical commercial classification names
used, fluxes 1 and 3 are Fluoride Basic fluxes, fluxes 2 and
4 are Aluminate Basic fluxes, and flux 5 is an Aluminate
Rutile flux, [9]. Fluxes 1-4 contain CaFj, Al,03 and MgO as
the main crystalline compounds with minor quantities of
quartz and synthetic silicates of mullite and wollastonite. Flux
5 contains Al,O3 as the main crystalline compound, and it
also contains smaller quantities of CaF,;, MgO, quartz and
synthetic silicates with significant quantities of TiO; and man-
ganese compounds. Amorphous water glass is used as binding
agent in the preparation of agglomerated fluxes, therefore
the total mass% SiO; in the bulk chemical analyses of the
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Fig. 2 - Slag XRD analyses patterns.

fluxes (Table 3) are higher that that presented by the crystalline
phases in Table 2.

3. Results

Crystalline phases were identified in the XRD analyses of all
the post-weld slags as displayed in Fig. 2(a)-(e). The char-
acteristic hump in the count rate values at low 20 values
indicates the presence of amorphous phases, and was seen
in all the slag XRD patterns as displayed in Fig. 2(a)—(e). All of
the fluxes contain CaF,, MgO and Al,03 and these compounds
are also identified in the bulk slag XRD analyses because the
top surface of the slag still contains some partially molten flux

material. Some of the MgO and Al,03 reacted to form spinel
(MgO-Al»03) in the slag. This is the case for all the post-weld
slag XRD analyses in Fig. 2.

Fig. 3(a)-(e) display the typical phase assembly and chem-
istry in each post-weld slag sample as analysed by SEM. Phase
analyses of the phases displayed in Fig. 3(a)-(e) are sum-
marised in each accompanying table (Tables 4(a)-4(e)). The
bulk post-weld slag analyses are also shown in each table to
enable comparison to the glass phase SEM analyses. In slag
samples from fluxes 1 to 4, a fluoride-silicate crystallisation
phase formed as differently shaped crystals precipitated from
the liquid matrix upon cooling, to form the primary solidi-
fication phase (PSP). These phases can be seen in different
morphology appearances in the SEM BSE (Back Scattered Elec-
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Fig. 3 - (a) Slag-metal interface slag BSE image for Flux 1 (x2000). (b) Slag-metal interface slag BSE image for Flux 2 (x900).
(c) Slag-metal interface slag BSE image for Flux 3 (x1400). (d) Slag-metal interface slag BSE image for Flux 4 (x1200). ()
Slag-metal interface slag BSE image for Flux 5 (x4000).

Table 4(a) - SEM analyses of phases in Fig. 3(a): (mass%).

4(a) a b c d e f
Glass?® Glass Dendrites Spinel MgO Spinel Bulk slag

(] 26.1 28.1 323 46.0 38.9 45.6 31.6
Al 2.4 2.0 2.1 33.1 0 32.6 7.4
Mn 1.0 1.0 0.9 0.6 0 0.7 0.9
Mg 11.0 11.6 11.6 18.1 59.9 19.4 20.3
Ti 0 0 0 13 0 0.9 0.4
Si 9.6 10.1 9.1 0.8 0 0.6 7.1
Fe 0 0 0 0 11 0 1.8
Ca 24.9 24.5 26.4 0.2 0.1 0.2 17.2
Na 1.9 1.8 1.9 0 0 0 0.5
K 0.8 0.7 0.7 0 0 0 0.6
F 223 20.2 15.5 0 0 0 115
Total 100.0 100.0 100.0 100.0 100.0 100.0 99.3

@ Glass=liquid matrix phase.
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Table 4(b) - SEM analyses of phases in Fig. 3(b): (mass%).

4(b) a b c d e
Glass Glass PSp? PSP Spinel Bulk slag

(0] 34.1 337 34.5 36.2 449 333
Al 9.4 9.2 9.5 8.7 32.9 9.3
Mn 3.9 3.7 3.2 35 2.8 4.3
Mg 12.3 12.7 13.0 12.6 16.6 13.2
Ti 1.0 1.0 1.0 1.0 1.8 11
Si 9.8 10.1 9.8 9.1 0.6 10.0
Fe 0.4 0 1.0 0.2 0.3 2.1
Ca 134 13.3 10.8 134 0.1 14.2
Na 1.8 1.9 3.1 33 0 11
K 1.0 1.0 13 0.8 0 1.2
F 12.9 13.4 12.8 11.2 0 9.6
Total 100.0 100.0 100.0 100.0 100.0 99.4

@ PSP =primary solidification phase.

Table 4(c) - SEM analyses of phases in Fig. 3(c): (mass%).

4(c) a b c d e f
Glass Glass Dendrites Spinel Spinel MgO Bulk slag

(6] 20.5 33.5 14.3 46.1 45.9 39.6 30.8
Al 2.5 3.5 2.0 32.2 335 0 8.9
Mn 0.9 1.3 0.7 0.9 0.8 0.8 1.2
Mg 5.8 10.2 5.4 18.2 17.6 57.8 17.4
Ti 0.4 0.6 0 1.8 1.5 0 0.7
Si 6.8 11.4 6.1 0.6 0.6 0 6.2
Fe 0 0.2 0.2 0 0 1.8 2.8
Ca 28.9 23.7 26.8 0.2 0.1 0 18.2
Na 1.1 1.7 1.1 0 0 0 0.8
K 0.9 14 0.7 0 0 0 0.9
F 32.2 12.5 42.7 0 0 0 11.9
Total 100.0 100.0 100.0 100.0 100.0 100.0 99.8

Table 4(d) - SEM analyses of phases in Fig. 3(d): (mass%).

E

&
)
c
(o)
Q.
(0]
-

oQ

Glass Glass Glass + PSP PSP Spinel Spinel Spinel Bulk slag
(0] 34.3 34.1 36.1 37.5 45.5 46.1 45.7 36.1
Al 6.8 6.2 6.7 7.5 35.7 35.2 354 13.7
Mn 5.7 5.8 4.5 24 1.9 2.1 21 5.0
Mg 12.4 12.3 15.9 15.2 15.9 15.9 16.1 14.1
Ti 0.6 0.7 0.7 0.6 0.2 0.2 0.3 0.6
Si 12.1 12.4 12.7 13.0 0 0 0 9.2
Fe 0.7 0.5 0.4 0.3 0.8 0 0.4 34
Ca 12.8 13.3 8.2 8.2 0 0 0 9.0
Na 2.0 2.0 24 2.8 0 0 0 0.2
K 0.3 0 0.3 0.4 0 0 0 0.2
F 12.3 12.7 12.1 12.1 0 0 0 7.0
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 98.5

@ PSP =primary solidification phase.

tron) images of the slags at the slag-metal interface (Fig. 3):
as dendrites in Fig. 3(a), (c) and (e), as needles in Fig. 3(b)
and as feather shaped phases in Fig. 3(d). In the slags from
fluxes 1 and 3, in Fig. 3(a) and (c), these dendrites were densely
distributed so that the liquid matrix was analysed as area anal-
ysis to include the dendrite phase at positions (a) and (b) in
Fig. 3(a) and at position (a) in Fig. 3(c). In fluxes 2 and 4, in
Fig. 3(b) and (d), the crystallisation phases were smaller in
number and the liquid matrix phase could be analysed sep-
arately from the crystallisation phase. Due to the low fluoride
content in flux 5 the fluoride was incorporated completely

into the liquid matrix phase. The finely intergrown solidifi-
cation crystals observed in flux 5, see position (a) in Fig. 3(e),
were most likely part of a homogenous slag at the welding
temperatures.

4. Discussion

The solid crystalline phases present in the polished sec-
tions displayed in Fig. 3(a)-(e) may have formed as cooling
phases as the post-weld slag cooled down from high weld-
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Table 4(e) - SEM analyses of phases in Fig. 3(e): (mass%).

4(e) a b c d e f
Area Area Glass Spinel Spinel Spinel Bulk slag

o} 44.8 44.6 46.0 48.0 46.4 47.3 40.1
Al 19.8 25.6 13.5 26.8 30.8 30.7 20.4
Mn 6.4 9.4 3.8 8.6 8.8 8.4 9.1
Mg 2.5 4.8 1.5 6.3 8.4 8.4 3.2
Ti 7.4 4.9 4.0 4.0 2.4 24 6.7
Si 7.2 4.4 12,5 34 1.8 1.7 7.9
Fe 0.3 0 0.2 0.4 0.5 0 3.9
Ca 2.2 2.2 33 1.7 0.4 0.4 4.0
Na 3.5 0.9 7.5 0.6 0.5 0.6 0.4
Zr 0.7 0 1.6 0 0 0 1.5
K 0.4 0.3 0.8 0.2 0 0.1 0.4
F 3.8 1.9 5.3 0 0 0 1.8
Total 100.0 100.0 100.0 100.0 100.0 100.0 99.4

ing temperatures of 2000 °C-2500 °C in the arc column to room
temperature [10,11]. This possibility was investigated by plot-
ting the phase cooling curves for each flux composition by
using the Equilib module in FactSage 6.4. Although there
are no published multi-component phase diagrams available
for the Ca0-Si0,-MgO-Al,03-CaF; system, the FactSage ther-
mochemical software calculation outputs were confirmed to
be accurate compared to some equilibrated slag samples as
reported in a previous study [22]. Therefore the FactSage cal-
culations in this study are used with confidence.

The calculation results are displayed in Fig. 4(a)—(e), and
confirm that the solid phases seen in Fig. 3(a)-(e) are cooling
phases since the bulk flux was completely liquid at the pro-
cess welding temperature of 2000 °C in the weld pool [23,24].
According to the equilibrium cooling curves in Fig. 4(a) and (c)
fluxes 1 and 3 should form spinel and monoxide solid phases
upon equilibrium cooling. Spinel and monoxide phases were
identified in both fluxes as indicated in Fig. 3(a) and (c). Sim-
ilarly, the cooling curves for fluxes 2 and 4 indicate that only
spinel phase should form on cooling. This was also the obser-
vation from Fig. 3(b) and (d). The phase assembly in Fig. 3(e),
for flux 5, appears to be complicated. The only clear solid
phase identification was made for the spinel phase, and this
is in agreement with the cooling curve for flux 5 displayed
in Fig. 4(e) as a titanium containing spinel phase. The corun-
dum phase shown in the cooling curve was not identified in
Fig. 3(e).

The bulk flux liquidus temperatures as indicated by the
cooling curves in Fig. 4(a)—(e) for fluxes 1-5 are 1732°C,
1621°C, 1673°C, 1732°C and 1593°C which is clearly a wide
range of liquidus temperatures considering SAW process-
ing temperatures range from high arc cavity temperatures
(2000°C-2500°C) to approximately 50 °C below the solidifica-
tion temperature of the welded steel plate (typically 1480 °C for
High Strength Low Alloy steels) [10,11,25]. The reason for this
aim solidification temperature is that the slag should solid-
ify after the weld pool steel has solidified so that a maximum
quantity of oxide inclusions may float out of the weld pool
(steel) and be absorbed into the molten slag layer at the slag-
weld pool interface, to ensure clean steel in the weld metal.

This liquidus lowering effect of CaF; is illustrated by com-
paring the cooling curve of each flux in the absence of CaF5,
as displayed in Fig. 5(a)-(e), to the complete flux composition

based cooling curves as displayed in Fig. 4(a)—(e). Although
fluxes 1-3 contain similar quantities of CaF, the liquidus low-
ering effect of CaF, in fluxes 1 and 3 (of similar composition) is
much higher at 19°C/%CaF; compared to its liquidus lowering
effect in flux 2 at only 4°C/%CaF,. Flux 4 contains somewhat
less CaF, at 18 mass%, but the effect of this CaF, addition
on the liquidus temperature is similar to that in flux 2 at
4°C/%CaF,. In flux 5 the flux liquidus temperature is already
relatively low at 1595°C, see Fig. 5(e), with 4% CaF, addition
it is only lowered slightly to 1593°C. Therefore, addition of
CaF, is likely primarily motivated by a different formulation
requirement than the lowering of the liquidus temperature in
flux 5.

Abetter visualisation of the flux formulation basis (exclud-
ing CaFy) may be viewed from Fig. 6(a) for fluxes 1-4 and
Fig. 6(b) for flux 5. The composition plots were made by sum-
ming Ca0, MgO and MnO since these oxides easily substitute
for each other in the monoxide phase. Fig. 6(a) illustrates that
fluxes 1 and 3 project onto the same line of MgO/SiO; at very
similar overall compositions, although these two fluxes were
sourced from two different supply companies and one of these
describe this flux as neutral with respect to Mn and Si trans-
fer from the slag to the weld metal. Similarly, fluxes 2 and 4
were also sourced from these two different companies and
appear to be somewhat similar in chemistry in terms of the
MgO/SiO; line in Fig. 6(a). The lower ratio of MgO/SiO, accords
with the supplier description of flux 4 as a low Si pickup flux.
Therefore, the higher SiO, content in this flux should result
in an increased SiO; activity in the slag and thus enhance
Si transfer from the slag to the weld metal. This flux is also
described as a medium Mn pickup flux since it contains more
MnO (~6 mass% MnO) compared to the Mn-neutral fluxes 1
and 3 at ~1 mass% MnO. In Fig. 6(a) the equivalent composi-
tion of flux 5 is displayed as well and it appears to plot close
to the same MgO/SiO; line as fluxes 2 and 4. However, flux 5
contains a significant quantity if TiO, and therefore a separate
pseudo-ternary diagram is used to plot this composition, see
Fig. 6(b), indicating a lower liquidus temperature for this com-
position point compared to thatin Fig. 6(a). Therefore, addition
of TiO; to the Si0,-MgO-Al,03 system composition point for
flux 5 appears to lower the liquidus temperature significantly
as illustrated from comparison of the flux 5 points in Fig. 6(a)
vs. (b).
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Table 5 - Major gas phase compounds calculated from slag-gas equilibrium in FactSage (volume percentages).

Flux number 1 2 3 4 5
MgF, 11 27 16 39 3
CaF;, 11 22 16 18 2
AlF; 1 6 1 15 36
NaF 45 21 30 14 10
KF 28 15 31 3 18
NaAlF, 1 5 2 8 14
SiFy 0 0 0 0 4
Na 3 1 2 1 0
TiF, 0 0 0 0 7
Total 98 98 98 97 94
ggas/100 g flux 2 12 4 9 3
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Since the fluoride added to the flux is incorporated into
the slag liquid phase and not into any of the solid phases
observed in Fig. 3(a)-(e), and solid phases are absent from the
slag at the SAW processing temperatures, it is expected that
additional underlying considerations must be of importance
in setting CaF; additions levels in flux chemistry formulations.
To this end the flux formulations were considered in terms
of fluoride gas species formation as discussed in the follow-
ing section. FactSage calculations were used to better explain
the tendency of fluoride gas formation from each flux. The
gas-slag equilibrium was calculated at 2200°C for each flux
composition by using the Equilib module. This temperature
was selected with reference to the typical arc cavity tem-

peratures of 2000 °C-2500°C reported in literature [10,11].The
major gas phase compounds so calculated are summarised in
Table 5. It is seen that fluxes 1 and 3 are expected to form sim-
ilar quantities of gas of similar composition since these two
fluxes are similar in bulk chemical composition. NaF and KF
are the main gas compounds and smaller quantities of MgF,
and CaF, are predicted in the gas phase for flux 1 and 3. In
flux 2 and 4, formation of mostly the same major gas com-
pounds as in flux 1 and 3 are predicted, but AlFj is formed to
a larger extent and KF to a lesser extent. For flux 5 the main
gas compound predicted is AlF3 since Al,Os is the main com-
pound in this flux. Large quantities of NaAlF4 may also form in
flux 5, and some NaF and KF may form. Thus, it appears from
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Table 5 that flux formulations are most likely made with con-
sideration of the quantity and type of fluoride gas compound
formation, in addition to parameters such as slag liquidus
temperature, slag viscosity and slag component activity
levels.

It is not clear how the initial addition of CaF, to each flux is
transformed to the different fluoride gas compounds shown in
Table 5. Therefore, Gibbs free energy calculations were made
to investigate the relative stability of these fluoride gas com-
pounds relative to CaF,. Although fluoride is usually added as
CaF,, it can react with various oxides to different extents with
the result that flux formulations should take this type of reac-
tion into consideration [26]. Reaction of CaF; with flux oxide
compounds of the type shown in reaction (1) was considered
for various oxides to calculate the Gibbs free energy for each
reaction to form one mole product fluoride gas. The following
input parameters were used in the reaction module of Fact-
Sage 6.4: for each reaction the CaF, partial pressure was set
to 0.5 atm.; the product fluoride gas partial pressure was set to
0.10 atm.; the activity of the flux oxide was set to unity and the
activity of CaO set to 0.01 (acao =0.01). The calculation results
are illustrated Fig. 7.

SiOa(l) 4+ 2CaFy(g) < 2CaO(s) + SiFa(g) (1)

Clearly, the fluorides of K and Na form most easily at typi-
cal SAW temperatures. This observation is agreement with the
predicted gas phase analyses in Table 5, showing substantial
proportions of NaF and KF in the gas phase for all the fluxes.
This is important since alkali metal oxides were reportedly
added to flux to ensure a stable arc [27]. Formation of KF and
NaF may be important to ensure decreased levels of loss of K
and Na in the form of easily volatilised K(g) and Na(g), by form-
ingthe fluorides instead of volatilised elements, K and Na. Also
important is that FeFs(g) should form less easily since iron
should remain in the weld metal and not be lost in significant
quantities to gas or slag.

In terms of the other important element in the weld metal,
manganese, the thermodynamic data does not show MnF, and
MnFj3 as gasses, only as solids or liquids. However, manganese
does easily volatilise as Mn(g) and therefore MnO is added to
flux to counter this manganese loss, and the partial pressure

— AF3(g) ——SiFA(g) = =TiF3(g) — —TiF4(g)
, Lo Mg —moNeFlg) = KFg) e FeF3(g)
-50 _---"
E -100 7__’.;-f..‘-.'——- v - :%{-ﬁ
2 150 |
o S
2 Seme——e o
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-250 | bl TP -
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Fig. 7 - Gibbs free energy values of reaction type (1) at
Pcar2 =0.50 atm; Pxr = 0.10 atm, reactant oxide
activities = 1.0; ac,0 =0.01.

of Mn(g) in the arc cavity will be influenced by the presence of
the fluoride gasses formed from other element oxides.

In Fig. 7, the line for MgF,(g) formation crosses that for
TiF4(g) formation at ~1800 °C, indicating the relatively higher
likelihood of loss of MgO from the flux to the gas phase as
MgF,(g) than the loss of TiO; as TiF4(g). Similarly, the MgF,(g)
formation line crosses the SiF4(g) line at ~2150°C. Therefore,
MgO may be added to the flux to be formed into a fluoride
gas instead of TiF4(g) and SiF4(g). As indicated in Fig. 7, the
oxidation state of titanium in its oxides will be an important
factor in setting the quantity of titanium volatilized as fluoride
gas, with TiF3(g) more easily volatilized. This appears to be an
important factor since the main titanium-fluoride gas com-
pound in Table 5 is TiF3(g). According to the data plot in Fig. 7,
formation of AlF3(g) is thermodynamically less favourable
than MgF,(g) formation at temperatures above ~1900°C, and
also less favourable than SiF4(g) formation at temperatures
below ~2300°C. Comparison of this information to the more
complex calculated data in Table 5, which shows AlFs(g) as
the main gas compound predicted from flux 5 chemistry, indi-
cates that the relative activity of oxide compounds in the flux
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is important in flux chemistry formulation to form specific flu-
oride compounds. Therefore, the relative ease of fluoride gas
formation from reactions similar to reaction (1) for the differ-
ent flux oxides is important in flux formulations to transfer
targeted elements such as titanium and silicon from the slag
to the weld metal.

5. Conclusions

e The chemical formulation of fluoride based commercial
agglomerated SAW fluxes (Fluoride Basic flux, Aluminate
Basic flux and Aluminate Rutile flux) is based on the
Si0,-Al,03-MgO ternary slag system, with varying addi-
tions of CaF,.

e The solids phases observed in the slag microstructures at
the weld metal-slaginterface formed as cooling phases, and
the slag was fully molten at the SAW processing tempera-
tures of 2000 °C-2500°C.

e FactSage thermochemical calculations were used to quan-
tify the extent of slagliquidus temperature lowering by CaF,
addition as 19°C/%CaF, in fluxes 1 and 3; 4°C/%CaF, in
fluxes 2 and 4.

¢ The extent of CaF, addition to fluxes to ensure formation
of different fluoride gas compounds to shield the weld pool
from oxygen, nitrogen and hydrogen pickup was explored
and explained by using thermochemical calculations.
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