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Abstract: Aluminium metal is avoided as main reactant in submerged arc welding (SAW) because it
is easily oxidised in this process. Aluminium is an effective de-oxidiser and can be used to prevent
Cr and Co loss to the slag by preventing oxidation of these metals. In our novel application of
aluminium metal powder in SAW we demonstrate the modification of flux oxygen behaviour. The
Co-Cr-Al-alloyed weld metal total oxygen content is decreased to 180 ppm O, compared to 499 ppm
O in the weld metal from the original flux, welded without metal powder additions. The flux oxygen
behaviour is modified by the added aluminium powder through the lowering of the original flux-
induced partial oxygen pressure in the arc cavity and at the molten flux-weld pool interface. Carbon
steel was alloyed to 5.9% Co, 6.3 % Cr and 5.1% Al at 81% Co yield, 87% Cr yield and 70% Al yield.
Gas-slag-alloy thermochemical equilibrium calculations confirm the partial oxygen-pressure-lowering
effect of aluminium. BSE (backscattered electron) images of the three-dimensional (3D) post-weld
slag sample show dome structures which contain features of vapour formation and re-condensation.
These features consist of small spheres (sized less than 10 µm) and smaller needle-shaped particles
coalescing into a porous sphere. EDX analyses show that the spheres consist of Si-Na-K-Fe-Mn-Co-Cr
oxy-fluoride and the needles consist of low oxygen Si-Al-Ca-Mg-Na-K-Fe-Mn-Co-Cr oxy-fluoride.
The element distribution and speciation data from the EDX analyses confirm modification of the flux
oxygen behaviour via aluminium powder addition in lowering the partial oxygen pressure, which in
turn prevents oxidation of Cr and Co and minimise losses to the slag.

Keywords: pyrometallurgy; powder; cobalt; chromium; oxygen control; aluminium; welding

1. Introduction

Submerged arc welding (SAW) is mainly used in heavy engineering industries as a
method of joining thick steel plates at high productivity rates [1]. SAW is also used as high
productivity method in the application of expensive, specialist cladding materials onto
low-cost substrate materials; examples include the application of hard-facing layers onto
softer steel substrate and the cladding of reactor vessel interior surfaces with corrosion-
resistant materials [2]. SAW process requirements may be different depending on the
application. For example, considerable weld metal penetration is required in quality
weld joints compared to low weld metal penetration and high surface spread in cladding
applications. The SAW process fundamentals remain the same despite these different
process requirements in different applications.

The flux applied in SAW serves several functions essential to the pyrometallurgical
reactions in the process. One such essential function is the control of total weld metal
oxygen (ppm O). It was shown that high impact toughness is maintained in the weld metal
if the total oxygen content is within the band of 200 ppm to 500 ppm O [3]. The initial level
of total ppm O entering the weld pool via molten weld wire droplets was measured as
2000–3000 ppm O [4,5]. It has been experimentally shown that the dissociation of oxides in
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the molten flux (slag) at the high temperatures prevailing in the arc cavity is the only source
of this 2000–3000 ppm O [6]. It is reasonable to expect that the oxides’ arc plasma stability
order must follow the oxides’ thermodynamic stability order at the high temperatures
prevailing in the arc cavity, 2000 to 2500 ◦C [7,8]. However, experiments have shown that
this is not the case and that there is a unique arc plasma stability order for the oxides
typically applied in SAW fluxes. The weld-metal ppm O formed from different oxide–CaF2
flux mixtures was measured in SAW tests done under argon gas [9]. Higher weld-metal
ppm O confirms that the particular metal oxide in the oxide-CaF2 flux is less stable in the
arc because it dissociates in the arc plasma to release oxygen. This work concluded that
the oxide arc plasma stability order from the most stable oxide to the least stable oxide is:
CaO, K2O, Na2O, TiO2, Al2O3, MgO, and SiO2, and that MnO is the least stable oxide [9].
Consequently, the weld metal total ppm O can be lowered by adding more CaF2 into the
flux to dilute the quantity of low-stability oxides in the molten flux (slag). Empirically
determined measurements were used to construct the widely employed trend line of flux
composition basicity index, the BI, as expressed in Equation (1), vs. weld metal total ppm
O [10]. Based on this trend line, at flux BI values in excess of 1.5 the weld metal total ppm
O is constant at 250 ppm O [10]. The weld metal hydrogen content is also minimised at
these high flux basicities [7,10].

BI =
%CaF2 + %CaO + %MgO + %BaO + %SrO + %Na2O + %K2O + %Li2O + 0.5(%MnO + %FeO)

%SiO2 + 0.5(%Al2O3 + %TiO2 + %ZrO2)
(1)

In addition to the formulation of fluxes for oxygen and hydrogen control, flux chem-
istry is formulated to achieve targeted element transfer levels from the slag to the weld
metal [11–14]. Therefore, any changes to the formulation and application of SAW consum-
ables will influence the SAW chemical reactions and should be tested to quantify the effects
on process chemistry.

Chromium has a high affinity for oxygen and is therefore not easily transferred across
the arc [15]. Instead, chromium is typically alloyed into the weld pool via weld wire,
often with nickel as stainless steel wire. A few studies have reported on chromium loss
to the slag for different flux formulations applied in SAW [16,17]. In both studies, the
effect of flux basicity was found to be the main factor in chromium transfer to the weld
metal. Chromium loss was observed from the Cr2O3-containing flux and ascribed to Cr2O3
volatilisation at the high temperatures in the welding process [16]. The weld metal total
ppm O values attained were relatively high at 470 ppm O to 1450 ppm O, indicating a high
level of dissociation of flux Cr2O3 in the arc plasma. In agreement with the results, the
flux Cr2O3 was included in Equation (1) as an acidic oxide, similar to TiO2. Another study
investigated the effect of flux chemistry on chromium loss from low alloy carbon steel weld
metal [17]. The raw flux contained zero chromium oxides. Chromium loss was negligible
when reducing flux (CaF2 containing flux) was used, compared to increased chromium
loss seen with the application of more oxidising flux (FeO or MnO containing flux with no
CaF2 added). The weld metal ppm O changed in tandem with the chromium loss trends at
230–300 ppm O from the reducing flux (40% SiO2-MnO-CaF2) vs. 553–700 ppm O from the
oxidising flux (40% SiO2-MnO-FeO) [17]. The results indicate that oxygen released from
the flux in the arc cavity plays an important role in chromium loss from the weld metal
and/or slag.

Cobalt has a low affinity for oxygen and is therefore typically added into the SAW weld
pool from alloyed weld wire. Cobalt is used in combination with chromium in hardfacing
applications of the well-known cobalt–chromium based alloy, Stellite [2]. It has been
reported that cobalt and nickel vaporisation levels are higher in laser cladding applications
than in arc welding methods. The initial metal vapours are quickly oxidised to nickel oxide
and cobalt oxide in the atmosphere [18]. Cobalt is not only used in cladding/hardfacing
applications. For example, cobalt (3% Co) is added to high temperature steel with 9%
Cr to improve creep resistance in newly developed steel grades for ultra-supercritical
(USC) power generation plant construction applications [19,20]. Hardfacing alloys may be
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applied in SAW as pre-alloyed metal powders [21]. Similar to nickel-containing pre-alloyed
powders, the SAW application of iron-based cobalt-containing pre-alloyed powders at up
to 40% Co was demonstrated. No cobalt yield data was presented. In the same work, in the
cladding application of Fe-Ni-Cr-Mo pre-alloyed powder, the yield values from the powder
to the weld metal were 57–78% Ni and 56–76% Cr [21]. Because Ni and Co have similar
oxygen affinity, melting and boiling points, and vapor pressures vs. temperature, it may
be expected that cobalt’s yield to the weld metal is similar to that of nickel. Since cobalt is
expensive, currently at $US 27/lb, and price increases are expected due to cobalt demand
associated with Li-ion battery manufacture for electric cars, it is important to maximise Co
yield to the weld metal [22,23]. Therefore, investigation of cobalt’s chemical behaviour in
SAW is of importance, irrespective of its application in cladding or joining operations.

Aluminium is not typically added in large quantities to steel but recent developments
of low density/high-entropy steels and low-density stainless steels require high quantities
of aluminium in their formulations [24,25]. Therefore, it is expected that combinations of
alloying elements with aluminium will become increasingly important in expanding the
application of SAW to these newer steel grades. Manufacturing of weld wires of specific
compositions is expensive and time consuming. Furthermore, available weld-wire com-
positions are limited and cannot match all desired alloy compositions. A closer-matched
alloying of the weld metal may be accomplished if metal powder is applied to the welding
process to achieve the desired weld metal composition [21]. Pre-alloyed powder manufac-
turing is also time consuming and suffers from limits in matching capabilities. A better
cost alternative is the application of unconstrained metal powders in SAW. Unconstrained
metal powders refer to non-alloyed metal powders which are not constrained in tubular
wire, such as flux cored and metal cored wire.

Aluminium metal is avoided as a main reactant in SAW because it is easily oxidised in
this process. In our novel application of aluminium metal powder in SAW we demonstrate
the modification of flux oxygen behaviour to control the weld metal total ppm O, as in our
previous works [26–33]. Because alloying element yield is dependent on the flux-induced
partial oxygen pressure, the element yield can be improved by de-oxidiser application.
Here we apply aluminium to prevent Cr and Co loss to the slag by preventing oxidation of
these metals.

In this research, we apply a combination of Co, Cr and Al powders to measure the
alloying element yield numbers and weld metal total ppm O. These numbers are compared
to those from our previous study on Co and Al metal powders applied under the same
SAW conditions [32]. The main objective of the current study is the demonstration of the
application of unconstrained Co, Cr and Al powders in SAW, to alloy the weld metal and
control the weld metal oxygen content. The secondary objective is to explain how the
Co-Cr-Al metal powders modify the flux oxygen behaviour.

2. Materials and Methods
2.1. Welding Tests

Welding tests were made as bead-on-plate weld runs of typically 260 mm length onto
350 mm length steel plate. The plate thickness was 12 mm, and the plate width was 300 mm.
Welding parameters were 500 A and 28 V at 42 cm/min travel speed to provide a heat
input value of 2.0 kJ/mm. Welding was done DCEP (direct current electrode positive) with
weld wire of 3.2 mm diameter.

One SAW test run was made without the addition of metal powders in order to
generate a base case (BC) weld for comparison to welds made with metal powder additions.
The welds made with metal powder additions are named with MP labels. The welding
parameters stated above were applied in all welding tests. The metal powders consisted
of chemically pure powders sourced from commercial metal powder suppliers. Powder
additions per weld test consisted of aluminium, chromium, and cobalt powders of 7 g each.
The weld metal cross-sections are shown in the Figure 1 photograph. The MP7 weld metal
was made with Al and Co metal powders as described in our previous study [32]. The
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MP9 weld metal was made with Al, Co and Cr metal powders and is analysed in detail in
this work.
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Figure 1. Photograph of BC, MP7 and MP9 weld metal cross-sections.

2.2. Materials and Analyses

Structural steel of grade (S355J2 + N) was used as base plate material, since this is a
widely available steel formulation in South Africa. The chemical analyses of the base plate
steel and weld wire are displayed in Table 1. Analysis method details were previously
described in our prior publication [34].

Table 1. Carbon steel base plate and weld wire compositions (mass%) [27].

%C %Si %Mn %O %Al %P %S %Ti %Cu %Cr Balance

Plate 0.120 0.155 1.340 0.0007 0.067 0.019 0.007 0.005 0.030 0.160 Fe
Wire 0.110 0.137 0.990 0.0003 0.000 0.009 0.023 0.000 0.140 0.000 Fe

One commercial flux formulation was used in all the welding tests. The flux is an
aluminate basic flux with a flux basicity of 1.4, as expressed as in Equation (1). The agglom-
erate particle size fraction is 0.2 to 1.6 mm. The flux bulk chemical composition is shown
in Table 2 as reported in a previous detailed chemistry and mineralogy investigation [34].
An important consideration in the selection of a flux for this work is the thermodynamic
stability of the flux in the presence of aluminium metal. Therefore, the aluminate basic
flux was selected following initial testing of different fluxes [34]. Metal powders of pure Al
(99.7% Al) supplied by Sigma-Aldrich, pure Co (99.9% Co) supplied by GoodFellow and
pure Cr (99.0% Cr) supplied by Alfa Aesar were used.

Table 2. Flux bulk chemical composition (mass%) [27].

MnO CaO SiO2 Al2O3 CaF2 MgO FeO TiO2 Na2O K2O

6.8 0.1 19.6 24.9 17.9 22.2 2.4 1.0 1.6 0.2

2.3. Thermochemical Calculations for Gas Phase Reactions

The Equilib module in FactSage 7.3 thermochemical software was applied to calculate
the equilibrium of gas, slag, and metal powder inputs as equilibrium phases of gas, molten
flux (slag) and molten alloy. This gas-slag-metal equilibrium model is similar to the
simulation model previously successfully applied to calculate the carbon steel weld metal
total ppm O in SAW for different flux formulations [35]. The proportion of the feed
aluminium quantity that possibly participated in the gas reactions was varied to gauge
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the role of aluminium in the gas phase reactions. The thermodynamically predicted gas
phase species from these calculations were used to interpret the likely gas phase reaction
changes due to chromium, cobalt and aluminium added to the SAW process. The FToxid,
FSstel and FactPS databases were selected, and the selection made for inclusion of plasma
species [36]. The calculation results are discussed in Section 4.1.

3. Results
3.1. Weld Metal Analyses

Table 3 displays three bulk weld metal compositions. All weld runs were made by
using the same welding parameters, as noted in Section 2.1. The only differences are the
absence of metal powders in the base case weld run (BC), the test run with Al and Co metal
powder addition (MP7) and the test run with Al, Co, and Cr metal powder addition (MP9).
The MP7 weld run was previously discussed in detail and is shown here for comparison
to the MP9 weld test results [32]. Methods of weld metal sample cutting were previously
described in detail [32]. Figure 2 displays the SEM micrograph in the geometric centre
of the MP9 weld metal cross section. The marked areas were selected for EDS analyses
as displayed in Table 4. The EDS analyses in Table 4 confirm alloying of the weld metal
with the added metal powders of cobalt, chromium, and aluminium. Details of the SEM
equipment used in the EDS analyses were described previously [32].

Table 3. Bulk chemical composition of weld metals (mass%).

%C %Si %Mn %O %Al %P %S %Co %Cr %Fe

Base Case 0.110 0.260 1.300 0.0499 0.032 0.022 0.011 0.006 0.110 98.03
MP7 0.105 0.410 1.723 0.0230 4.200 0.023 0.011 5.340 0.163 87.71
MP9 0.097 0.910 1.567 0.0180 5.057 0.023 0.008 5.873 6.300 79.93
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Figure 2. Scanning electron microscope micrograph of weld metal areas as marked a, b and c.
(See Table 4 below, indicating the analyses per marked phase areas: a, b, and c) (×2460).

Table 4. SEM-EDS analyses of marked areas in the MP9 weld metal as indicated in Figure 2 (mass%).

%Si %Mn %Al %Co %Cr %Fe

a 0.80 1.60 6.21 7.11 7.01 77.3
b 0.92 1.53 6.00 7.12 7.22 77.2
c 0.93 1.66 5.90 7.25 7.45 76.8

The weld metal analyses data in Table 3 confirm increased silicon and manganese
content in MP7 and MP9 weld metal, as compared to the BC weld metal. This is due
to aluminothermic reduction of MnO and SiO2 from the slag, as identified in our pre-
viously reported work on aluminium-assisted alloying of different metal powders in
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SAW [26–33]. Therefore, the aluminothermic reduction reactions in Equations (2) and (3)
also occurred in the MP9 weld run. In addition, the aluminothermic reduction reactions in
Equations (4) and (5) are also considered possible, although the extent of these reactions
is less clear than that of the reactions in Equations (2) and (3). It was confirmed from our
previous similar works on different metal powder combinations with aluminium, that FeO
is formed from oxidation of iron by the excess oxygen transferred from the arc cavity [37,38].
This FeO may also be reduced by aluminium powder via reaction (4) to control the oxygen
potential at the weld pool-slag interface [26–33]. In the same way, chromium oxide can be
reduced by aluminium via Equation (5) [28].

3(SiO2) + 4(Al) = 3(Si) + 2(Al2O3) ∆H
◦
2000◦C = −82.1 kJ/mol Al (2)

3(MnO) + 2(Al) = 3(Mn) + (Al2O3) ∆H
◦
2000◦C = −248.4 kJ/mol Al (3)

3(FeO) + 2(Al) = 3(Fe) + (Al2O3) ∆H
◦
2000◦C = −416.5 kJ/mol Al (4)

3(CrO) + 2(Al) = 3(Cr) + (Al2O3) ∆H
◦
2000◦C = −326.6 kJ/mol Al (5)

( ): liquid.
The effect of added metal powders, specifically the de-oxidising effect of aluminium,

is seen from the differences in weld metal total ppm O as reported in Table 3. Weld metal
total ppm O is significantly lowered from the BC test run value of 499 ppm O to 230 ppm O
in the MP7 weld metal, and to 180 ppm O in the MP9 weld metal.

3.2. Mass Balance

A mass balance was done to quantify the yield of cobalt, chromium, and aluminium
from the metal powders added to the weld metal. The mass balance measurements and
calculations procedure were described in detail in our previous works [26,29–33]. The
%yield of Co, Cr and Al from metal powder to weld metal can be calculated once the gram
mass of Co, Cr and Al added to the weld metal have been calculated from the mass balance.
The latter values are displayed in Table 5. The %yield is calculated as a percentage of the
7 g of Co or Cr or Al added to the weld run. Table 5 shows that the MP9 yield values
were calculated as 70% Al yield, 81% Co yield and 87% Cr yield. The yield value of Co
is higher in the MP9 weld run, compared to the MP7 weld run made in the absence of
chromium metal powder. The same trend holds for the %Al yield. From these results two
clear observations are highlighted. Firstly, the %yield values of Co and Cr are not close to
100% as is typically implied in literature. Secondly, when chromium is added to the weld
run, the Co yield is improved. The likely reasons for these observations are presented in
the discussion section below.

Table 5. Mass balance numbers and percentage yield calculation results for Al, Co and Cr.

Al
(g)

Co
(g)

Cr
(g)

Powder
(g)

Wire
(g)

Base Plate
(g)

Weld Metal
(g) %DR(wire + MP) %Al Yield %Co Yield %Cr Yield

MP7 3.9 5.0 0 8.9 51.1 33.5 93.5 64 55 70 0
MP9 4.9 5.7 6.1 16.8 53.2 27.4 97.4 72 70 81 87

3.3. Quantification of the Exothermic Reactions with Aluminium

Alumina formed as product in the reactions displayed as Equations (2) and (3) was
easily absorbed into the molten flux because these reactions occurred at the molten flux-
weld pool interface [26–33,37]. Calculation of the exothermic reaction heat contributions
from Equations (2) and (3) is possible once the mass Mn and mass Si contributed from
these reactions to the weld metal are quantified, using Equation (6). This calculation
procedure has been reported previously [26,29–33]. Equation (6) shows calculation of the
mass of Mn added from aluminothermic reduction, (MMn). The inputs to Equation (6) are
the weld metal mass, (Mwm), the %Mn in the weld metal from Table 3, and the dilution
ratio value, (%DR(wire + MP)) at 50% for the base case as stated previously [26,29–33]. The
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square bracketed terms in Equation (6) represent the calculation of the BC weld metal
nominal composition.

MMn = (MWM)

(
%MnWM

100
−

[
%DRwire

100
× %Mnwire

100

]
−

[(
1 − %DRwire

100

)
× %MnBP

100

])
(6)

M = mass (gram); MWM = mass Mn (gram); %MnWM = %Mn in weld metal; %DRwire = %
of weld metal contributed by weld wire in the Base Case (BC); %Mnwire = %Mn in weld wire;
%MnBP = %Mn in Base Plate (BP); WM = weld metal; BP = base plate; Wire = weld wire.

The exothermic heat from the reactions in Equations (2) and (3) were calculated from
the reaction enthalpy values as displayed next to Equations (2) and (3). A simplified
translation of the kJ values is made by using the heat capacity of steel (0.460 kJ/kg K) to
calculate the expected increase in weld metal temperature due to these reactions. From
the numbers shown in Table 6, it is seen that small gram quantities of SiO2 and MnO
were reduced into the weld metal via the reactions in Equations (2) and (3). However, the
exothermic heat released from these reactions is sufficiently large to significantly increase
the weld metal temperature by 91 ◦C as displayed in the last column of Table 6. This value
may be compared to a 58 ◦C temperature increase calculated previously for the MP7 weld
metal [32]. Because this heating effect is instantaneous, the heating effect is significant in the
welding process. The exothermic heat may contribute to the melting of metal powders to
facilitate its incorporation into the weld pool, and so increase overall process productivity.

Table 6. Exothermic heat added to the weld pool from reactions (2) and (3).

SiO2
(g)

MnO
(g)

Al
(g) Reaction (2) (kJ) Reaction (3) (kJ) Reactions (2) & (3)

(kJ) Weld Metal ∆T (◦C)

MP7 0.53 0.67 0.49 −0.96 −1.57 −2.53 58
MP9 1.59 0.50 1.08 −2.90 −1.18 −4.08 91

The weld pool solidification time plays an important role in SAW because it sets the
time available for oxide inclusions to float from the weld pool to the molten slag-weld pool
interface, eventually being absorbed into the molten slag [39]. Therefore, these physical
phenomena play a role in setting the weld metal total ppm O. The weld pool cooling time,
set by the difference between the weld pool liquidus and solidus temperature, may be
different for differing weld pool chemistries. Figure 3 shows the cooling curves for the BC,
MP7 and MP9 weld metal compositions. The cooling curves were calculated in FactSage
7.3 thermochemical software, using the Equilib module with FToxid and FSstel databases
selected [36]. From Figure 3 it is seen that the solidus temperatures of MP7 and MP9
weld metals are within 50 ◦C of each other. In comparison to the BC weld metal cooling
curve, it is expected that the MP7 and MP9 weld pool cooling time will be longer. This
difference will at least in part contribute to a lower ppm O in the MP7 and MP9 weld metal
as compared to the BC weld metal.
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3.4. Chromium and Cobalt Speciation and Distribution in the Slag

The post-weld slag ribbon is displayed in the photographs in Figure 4. Cross-sections
samples of the slag ribbon were studied by SEM as 2D (two-dimensional) polished section
and as 3D (three-dimensional) fractured cross-section surface.
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Figure 4. Photographs of post-weld slag ribbon from MP9 weld.

Speciation and distribution of the elements in the MP9 post-weld slag were investi-
gated. EDX (energy dispersive X-ray) analyses were used to map the elements in the area
at the weld metal-slag interface. The major phases in the post-weld slags that formed from
aluminium assisted welding with the aluminate basic flux were identified previously as
spinel crystals (MgAl2O4) embedded in an oxy-fluoride glass matrix phase [34,37,38]. The
slag area displayed in the BSE (backscattered electron) image in Figure 5a was analysed
by EDX as displayed in Figure 5b. From the data in Figure 5b it is clear that only small
quantities of chromium are present in the oxy-fluoride matrix glass phase and the solid
spinel phase. In comparison, Co is present in the oval-shaped speck which contains no
oxygen and some fluoride. This oval-shaped speck contains a mixture of Co, Fe and Cr.
Manganese specks appear to be independent of the alloy speck. Therefore, the application
of aluminium powder as a de-oxidising element ensures sufficiently reducing conditions at
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the weld pool-slag interface to limit the oxidation of chromium and cobalt to their oxides.
The result is that any significant loss of these elements as oxides into the slag is prevented by
aluminium de-oxidiser additions. The implication is that the loss of chromium and cobalt
from the metal powders is expected to be via metallic chromium and cobalt. Table 7 shows
the average analysis of the area displayed in Figure 5. It is seen that the concentrations of
chromium and cobalt are low to negligible.
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Table 7. Average EDS analyses of post-weld slag area in Figure 5 (mass%).

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

Slag 8.0 47.2 20.6 2.8 12.6 6.6 0.8 0.3 0.3 0.6 0.1 0.1 0.0

A SEM study of three-dimensional (3D) slag samples shows up more details, in
particular evidence of vapour formation in dome structures as displayed in Figure 6a. The
details shown in the larger magnification BSE image in Figure 6b confirm small sized porous
structures which likely formed due to vaporisation and re-condensation of the particular
elements. The EDX analysis maps of the area in Figure 6b are shown in Figure 6c. The
3D needle structure consists of Si-Al-Ca-Mg-Na-K-Fe-Mn-Co-Cr oxy-fluoride, whilst the
smaller spheres at the base of the 3D needle structure consist of Si-Na-K-Fe-Mn-Co-Cr oxy-
fluoride. The background matrix phase surrounding the smaller spheres is also oxy-fluoride
of Si-Al-Ca-Mg-Na-K-Cr without Co, Fe and Mn. Although in low concentration, both Co
and Cr are present in these structures and these elements in the slag structures could only
be sourced from the added metal powders. Comparison of the average analysis in Table 8
to that of the two-dimensional (2D) slag area in Table 7 confirms that the 3D structures are
dominated by low oxygen content oxy-fluorides with Si- Fe-Mn as the main constituents.
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Figure 6. (a) BSE image at 582× magnification showing a 3D needle structure within the slag dome
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Table 8. Average EDS analyses of 3D slag structures in Figure 6b.

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

Slag 9.0 5.2 1.8 31.7 0.9 0.1 10.6 36.9 1.0 1.6 0.0 0.5 0.5

4. Discussion

Weld metal total ppm O is sourced from the oxides contained within the flux, and
this oxygen is transferred from the molten flux to the weld metal via gas phase reactions
in the arc cavity [4–6]. Gas-slag-metal equilibrium calculations were demonstrated to be
an accurate simulation model for total weld metal ppm O for different flux chemistries
in carbon steel SAW tests [35]. In comparison, slag-metal equilibrium calculations for
the same inputs provided poor results [35]. Therefore, gas phase reactions are important
in the interpretation of any modifications of the SAW process. In this work and our
previous studies, aluminium powder is applied in SAW to control the weld metal total
ppm O [26–33]. Aluminium as de-oxidiser lowers the partial oxygen pressure at the molten
flux-weld pool interface [26–33]. In addition, aluminium is also present in the arc cavity,
and can therefore also lower the oxygen partial pressure in the arc cavity [32,33,40]. It
has been conclusively shown that Al transfers from the flux via the gas phase in the arc
cavity [40]. In the following section, thermochemical calculations of the gas-slag-metal
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powder equilibrium are used to investigate the likely gas phase reaction changes due to
chromium, cobalt and aluminium powders added to the SAW process.

4.1. Thermochemical Equilibrium Calculations

Consideration of combinations of likely simplified fluoride-based chemical reactions
as displayed in Equations (7)–(12) below has been reported previously by considering the
Gibbs free energy for each reaction at 1600 to 2500 ◦C [26,32,33]. The conclusions were
that for all the metals typically applied in SAW, the metal vapour will most probably react
with fluorine gas as displayed in Equations (7) and (8), and that reactions of metal oxides
with CaF2 vapour as in Equations (9) and (10) are less probable. The high stability of
Al-fluorides ensures that reactions similar to Equations (11) and (12) are highly probable,
namely the reaction of Al vapour with the less thermodynamically stable metal fluorides to
form AlF3(g) and metal vapour. The Gibbs free energy calculations showed that formation
of CrF3(g) as displayed in Equation (8) is more probable than formation of CrF2(g) in the
same type of reaction. This is the reason for using CrF3(g) in Equations (8), (10) and (12).

[Co] + [F2] = [CoF2] (7)

2[Cr] + 3[F2] = 2[CrF3] (8)

(CoO) + [CaF2] = [CoF2]+ < CaO > (9)

(Cr2O3) + 3[CaF2] = 2[CrF3] + 3 < CaO > (10)

2[Al] + 3[CoF2] = 2[AlF3] + 3[Co] (11)

[Al] + [CrF3] = [AlF3] + [Cr] (12)

( ): liquid; [ ]: gas; < >: solid.
In addition, considering the vaporisation curves of the metallic elements present in

the welding process as displayed in Figure 7, shows that the order of ease of vaporisation
is from highest to lowest: Mn, Al, Cr, Fe, Co and lastly Si. The vapour pressure curves in
Figure 7 were calculated in FactSage 7.3 thermochemical software using the ELEM data
base in the Reaction module [36]. Figure 7 confirms that aluminium is easily vaporised
at the high temperatures prevailing in the arc cavity, 2000 to 2500 ◦C [7,8]. The data in
Figure 7 indicates that direct metal vaporisation is possible at the high temperatures in the
arc cavity, especially from Al metal.
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Because the above reaction and vaporisation possibilities were investigated for pure
substances, more realistic thermochemical calculations were made to investigate the prob-
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ability of species formation, especially in the gas phase. The Equilib module in FactSage
7.3 thermochemical software was used to calculate the gas-slag-metal powder equilibrium
between the molten flux (slag) and the alloy powders. Calculation details are summarised
in Section 2.3.

The flux input composition is that shown in Table 2 and the flux mass input is equal
to the slag mass measured for the post-weld slag. The cobalt and chromium weld input
masses of 7 g each were specified as inputs to the calculation. The aluminium input mass in
the calculation was varied between zero, 50% and 100% of the maximum of 5.9 g aluminium.
Since the mass balance calculations showed that 1.08 g of the input 7 g of aluminium was
consumed in the reactions in Equations (2) and (3), the maximum mass of added aluminium
powder remaining for gas phase reactions is 5.9 g Al. The calculated gas compositions and
quantities are summarised in Table 9. The calculated loss percentages of Al, Co and Cr to
the gas phase and the gas phase partial oxygen pressure (PO2) values are summarised in
Table 10. The similar calculation results for MP7 inputs as presented previously are used in
comparison to the MP9 results in the following discussion [32].

Table 9. MP9 gas composition (volume %) output from gas-slag-metal powder equilibrium at 2500 ◦C
calculated in FactSage 7.3 thermochemical software (Equilib module) [36].

Gram
Al %MgF2 %MgF %Mg %AlF3 %AlF2 %AlF %CaF2 %NaF %Na %Mn %MnF2 %Co %SiO %Cr %CrF3

zero 13 9 10 2 4 6 12 5 5 7 <1 6 8 7 1

2.96 4 7 19 <1 4 15 5 2 4 7 <0.5 5 12 10 <0.5

5.92 1 4 24 <0.5 2 22 2 1 4 7 <0.1 4 15 11 <0.1

Table 10. MP9 expected metals loss to gas according to gas-slag-metal powder equilibrium at 2500 ◦C
calculated in FactSage 7.3 thermochemical software (Equilib module) [36].

Gram
Al

mass %Co
to gas

mass% Cr to
gas

mass% Al
to gas PO2 (atm)

zero 10 12 0 1.3 × 10−6

2.96 13 24 57 2.5 × 10−7

5.92 16 37 51 7.7 × 10−8

Comparison of the gas-slag-metal equilibrium calculation outputs for the MP7 and
MP9 weld test runs are shown in Figures 8–10. The only difference in inputs between the
MP7 and MP9 welding tests is the alloying powders added: Al and Co in MP7 vs. Al, Cr
and Co in MP9. In Figure 8 it is seen that the calculated proportion aluminium in the gas
phase is similar for both the MP7 and MP9 test inputs. In contrast, the calculated cobalt loss
to the gas phase is less for MP9 than for MP7 test inputs, see Figure 9. This indicates that
the addition of chromium plays a role in the cobalt loss reactions. Figure 10 summarises the
calculated gas phase partial oxygen pressures and highlights that chromium metal powder
also performs as a de-oxidiser element. This is seen at zero percent aluminium-reacted,
indicating a lower partial oxygen pressure for MP9 than for MP7 input conditions at partial
oxygen pressure (PO2) at 1.3 × 10−6 atm vs. 6.3 × 10−5 atm. The partial oxygen pressure
values are of the same order of magnitude when 50% and 100% aluminium were included
in the equilibrium calculations. The increased quantity of calculated chromium in the
gas phase is associated with a small decrease in quantity of aluminium loss to the gas
phase from 57 mass% to 51 mass%, see Table 10. It appears that some aluminium metal
vaporisation may be substituted by chromium metal vaporisation.
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Figure 10. Calculated gas phase partial oxygen pressure according to gas-slag-metal powder equilib-
rium at 2500 ◦C: MP7 to MP9 comparison.
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It is noted that these are thermochemical equilibrium calculation results for the maxi-
mum temperature reported in the arc cavity (2500 ◦C) and are only an indication of probable
reaction trends. The values are not presented here as absolute values, but as an aid in the
interpretation of the flux oxygen behaviour changes due to the different metal powder
additions made in the welding tests. Based on the insights from the discussion above, our
SAW reaction flow diagram is updated for Al, Co and Cr metal powder additions as shown
in Figure 11.
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4.2. SAW Reaction Flow Diagram with Al, Co, Cr Metal Powder Additions

The following discussion incorporates the findings from the above results and discus-
sion on gas-based reactions into our SAW reaction flow diagram (Figure 11). Reaction steps
A to E are as presented from previous works and represent the transfer of oxygen from the
molten flux (slag) to the weld pool [4–6,16,35,41]. Reaction A corresponds to the same type
of reaction as in Equations (9) and (10), the reaction of Al2O3 with CaF2(g) to form AlF3(g)
and CaO. This type of reaction is often written in texts on fluoride-based welding fluxes,
although the lowest Gibbs free energy values for Al-fluoride formation is via the reaction
Al(g) with F2(g), similar to Equations (7) and (8), [26,32,33].

Previous studies in SAW have shown that an excessive quantity of oxygen is ini-
tially added to the molten weld wire droplets from the arc cavity gas phase, up to
2000–3000 ppm O [4,5]. The word “excessive” as used in the prior statement means that
the ppm O in the weld pool exceeds the solubility limit of oxygen in liquid steel at the
cooling weld pool temperature. This is of importance, because once the welding head
has moved forward there is no more arc energy input into the trailing weld pool, and
it subsequently cools to lower temperatures from the high arc plasma temperatures that
prevailed underneath the arc, typically 2000 to 2500 ◦C [7,8]. This initial excessive oxygen
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quantity in the metal droplets is sourced from the decomposition of less stable oxides at
the high temperatures prevailing in the arc plasma [9]. Based on the arc plasma stability
hierarchy of oxides, the MnO, SiO2, MgO and Al2O3 contained in the flux may dissociate
in the arc plasma to release oxygen in the arc cavity to adsorb onto the molten weld wire
droplets, reactions A to C in Figure 11 [9].

Previous works on SAW have shown that the excessive quantity of oxygen transferred
from the arc cavity reacts with the molten steel at the arc plasma-weld pool interface to form
FeO, reaction E. This FeO is incorporated into the slag. The correlation of increased FeO
in the molten flux with increased weld metal total ppm O is well established and the slag
FeO serves as an indicator of the oxygen potential prevailing at the molten flux-weld pool
interface [16,35]. In our work, we apply aluminium powder to the SAW process to lower
the oxygen potential prevailing at the molten flux-weld pool interface [26–33]. Similar
to reaction G for reduction of MnO from the molten flux, FeO may also be reduced by
aluminium, see Equation (4) in the text. These aluminium based reduction reactions, the
reactions as displayed in Equations (2)–(5) in the text, are exothermic and therefore release
chemical energy in the form of heat into the weld pool. This extra added heat can be used
to melt and dissolve metal powder into the weld pool.

The reduced oxygen potential at the molten flux-weld pool interface prevents oxidation
of chromium powder to CrO and Cr2O3 and also prevents oxidation of Co to CoO to prevent
chromium and cobalt loss to the slag. Since Cr has a high affinity for oxygen the formation
of CrO may occur at the arc plasma-weld pool interface, reaction E2. It is expected that this
CrO would be reduced by aluminium according to the reaction similar to reaction G in
Figure 11, the same as Equation (5) in the text in Section 3.1 [28,30]. Therefore, due to the
chemical action of aluminium, the cobalt and chromium powders are melted and dissolved
into the weld pool, see reactions I and M. Since there is an excess of Al added, some of the
Al also dissolves directly into the weld pool, see reaction H.

Based on the results and discussion presented above it appears that chromium and
cobalt loss in SAW, with the addition of metal powder alloying, occurs due to chromium
and cobalt vaporisation and/or subsequent reaction of chromium and cobalt vapour with
Fluorine gas to form CrF3(g) and CoF2(g). This reaction sequence is marked in Figure 11 as
reactions J1 and K1 for cobalt reactions and as reactions J2 and K2 for chromium reactions,
in combination with reaction L for F2(g) release from CaF2(g) dissociation. The formation
of F2(g) in the arc cavity from the dissociation of CaF2(g) in the arc plasma appears possible,
since the Ca and F were analysed in the arc cavity gas phase when a CaF2 based flux was
used in SAW test runs [1,42].

Aluminium vapour may react with the chromium and cobalt fluorides, CrF3(g) and
CoF2(g), to transform these fluorides to cobalt and chromium vapour via reactions in
Equations (11) and (12), presented by reactions M1 and M2 in Figure 11. Chromium and
cobalt can be vaporised from the weld pool, at the arc plasma-weld pool interface, and
from the unconstrained metal powders before dissolution of the metal powders into the
weld pool. This conclusion is confirmed from the gas speciation calculation results from the
FactSage 7.3 thermochemical software (Equilib module) gas-slag-metal powder calculations
as summarised in Table 9.

The added aluminium powder plays a role in gas phase reactions in shifting chromium
and cobalt powders to the vapour phase instead of oxidation of chromium and cobalt
powders to CrO, Cr2O3 and CoO. However, the final arbiter of the oxidation state of
chromium and cobalt is the partial oxygen pressure at the molten flux-weld pool interface
because the final weld pool influencing reactions occur at this interface as the weld pool
cools down from the high arc plasma temperatures to the weld pool solidus temperature.

The results presented here are in agreement with our previous similar works on
the SAW process in which different metal powder combinations with aluminium were
applied [26–33]. The results show that the oxygen potential at the molten flux-weld
pool interface and in the arc cavity were lowered by aluminium powder addition. The
importance of this effect of aluminium plays a critical role in the element transfer of
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chromium and cobalt into the weld pool, without interfering with oxygen transfer from
the plasma arc to the weld pool. The latter point in important in SAW because the target
level of total ppm O is required in the weld metal to ensure acceptable materials properties
in the weld metal. Previous chromium element transfer studies showed that the weld
metal total ppm O can vary widely [16,17]. Cr2O3 containing flux formed weld metal with
470 ppm O to 1450 ppm O, and application of flux compositions of different BI values and
containing zero Cr2O3 formed weld metal woth 230 ppm O to 700 ppm O [16,17]. This is
in contrast to the typically low total oxygen content of 30 ppm O achieved in aluminium
killed Cr-alloyed steel [43].

In summary, unconstrained aluminium metal powder was effectively applied with
Co and Cr metal powders to control the weld metal total oxygen content by changing the
original flux oxygen behaviour.

5. Conclusions

1. The flux oxygen behaviour is modified by the added aluminium powder through the
lowering of the original flux induced partial oxygen pressure in the arc cavity and at
the molten flux-weld pool interface.

2. Unconstrained metal powders of Al, Cr and Co were successfully applied in SAW to
alloy carbon steel weld metal.

3. Higher Co yield from the metal powder to the weld metal was achieved in the presence
of Cr at 81% Co vs. 70% Co in the absence of Cr.

4. Vapour formation and re-condensation of Si-Na-K-Fe-Mn-Co-Cr oxy-fluoride spheres
(sized less than 10 µm) and smaller Si-Al-Ca-Mg-Na-K-Fe-Mn-Co-Cr oxy-fluoride
needles occurred, as displayed in 3D slag sample EDX analyses.

5. Application of unconstrained metal powders in SAW can improve overall process
productivity by removing the need for manufacturing of alloyed wire and alloyed
powder as expensive time-consuming steps.
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