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Abstract: Unconstrained metal powders of Cu, Cr, Ni and Al were applied to submerged arc welding
(SAW) to clarify the chemical behaviour of copper in this modified SAW process. Aluminium metal
is avoided in SAW because it is easily oxidised. Excessive aluminium oxides in the form of slag or
inclusions in the weld metal will lead to poor weld metal materials properties. Aluminium is an
effective deoxidiser and can be used to prevent Cr and Ni loss to the slag by preventing oxidation of
these metals. The results show that carbon steel was alloyed to 5.3% Cr, 5.3% Ni, 3.6% Al and 5.2% Cu
at 80% Cr yield, 81% Ni yield, 54% Al yield and 79% Cu yield. BSE (backscattered electron) images of
the three-dimensional (3D) post-weld slag sample show 3D structures within the slag dome. The 3D
structures contain features of vapour formation and recondensation. In addition, nano-strands appear
in the 3D structures and confirm the vaporisation and recondensation of fluorides. The chemical
behaviour of copper metal powder added in SAW is to vaporise as metallic copper and incorporate
in the Al-Si-Mg-Ca-Mn-Fe-Cu-Na-Cr-Ni fluoride. Copper, in combination with aluminium, has a
stabiliser effect in SAW due to its formation of an initial alloy melt of low liquidus temperature, thus
decreasing the temperature required to melt high-melting-point metals such as Cr into the weld
pool. Although Al and Cu have similar vapour pressures at specific temperatures, it appears that Cu
does not substitute for Al in the gas phase. Gas-slag-alloy thermochemical equilibrium calculations
confirm the partial oxygen pressure lowering effect of aluminium and the vaporisation of copper as
metallic copper with very little copper-fluoride species expected to form. The quantity of metallic
copper vaporisation calculated in the gas-slag-alloy thermochemical equilibrium is much higher than
the vaporisation quantity measured in welding. This may be due to recondensation of vaporised
copper which is not accounted for in the equilibrium calculation at the set arc cavity temperature, as
well as the effect of surface-active elements such as sulphur and oxygen in limiting the vaporisation
reaction of copper.

Keywords: pyrometallurgy; powder; nickel; chromium; copper; partial oxygen pressure; aluminium
deoxidiser; welding

1. Introduction

Submerged arc welding (SAW) is the preferred welding method to join thick steel plates
at high productivity rates [1]. SAW can also be used as a high-productivity method for
cladding and hard facing of inferior and cheaper substrate materials [2]. The fundamental
aspects of the SAW process remain the same despite these different SAW process applications.

The flux applied in SAW serves a variety of functions which sets the process metallurgy
of the SAW process via pyrometallurgical reactions in the arc cavity, weld pool and slag
layer. One important function of the flux is to control the weld metal total oxygen (ppm O).
High-impact toughness is ensured if the weld metal total oxygen content is controlled at 200–
500 ppm O [3]. A much higher quantity of oxygen is initially present in the weld pool after
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its transfer from the molten weld wire droplets in the arc cavity, namely 2000–3000 ppm
O [4,5]. Therefore, this high initial quantity of 2000–3000 ppm O must be decreased to
200–500 ppm to attain weld metal of acceptable impact toughness. The high initial quantity
of 2000–3000 ppm O is sourced solely from the decomposition of flux oxides at the high
temperatures (2000 ◦C to 2500 ◦C) in the arc cavity [6]. Because such high temperatures
prevail in the arc cavity, 2000 ◦C to 2500 ◦C, the oxide arc plasma stability should correspond
to the oxide thermodynamic stability [7,8]. However, it was determined experimentally that
there is a unique arc plasma stability order for the oxides that are typically applied in SAW
fluxes. In these welding tests, SAW under argon gas was conducted with the application of
a different oxide–CaF2 flux mixture in each test, and then the total ppm O was analysed
in the weld metal [9]. A higher weld metal total ppm O from these test welds confirmed
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 more oxygen. This work concluded that the oxide
arc plasma stability order follows the sequence of CaO, K2O, Na2O, TiO2, Al2O3, MgO,
SiO2 and MnO as the least stable oxide [9]. Increased quantities of CaF2 in the flux dilute
the low-stability oxides to lower the weld metal total ppm O. An empirically determined
trend line of the basicity index of the flux (BI) vs. weld metal total ppm O is typically used
in the welding consumables industry [10]. The BI is expressed in Equation (1) in mass%
quantities. 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)

Flux chemistry is also an important input to maintain arc stability and to attain desired
arc plasma behaviours. For example, alkali metal oxides (K2O and Na2O) may be added
to stabilise the arc [11]. In recent studies, high-speed imaging and spectroscopy were
used to elucidate arc cavity phenomena in SAW [12]. The gas phase analyses showed
qualitatively that different elements dominate in the gas phase depending on the particular
flux formulation used [1,12]. These works confirm that arc physical phenomena are heavily
influenced by flux chemistry. Increased CaF2 additions to the flux decrease the arc length by
decreasing plasma conductivity via changes in the proportions of fluorine to oxygen in the
gas phase [13]. In addition, the flux CaF2 content influences the slag electrical conductivity,
and excessive CaF2 additions may cause current loss to the slag shell [1]. Therefore, the flux
chemical formulation not only drives the process metallurgy of SAW, but also determines
the arc plasma phenomena, which are important in arc energy generation and metal transfer
to the weld pool [1,12,13].

Fluxes are also used to add elements from the oxides in the flux to the weld pool.
Therefore, the flux composition is specified to achieve a targeted quantity of element transfer
from the flux to the weld pool during the welding process. [14–17]. Consequently, changes
made to a flux chemistry formulation, as well as the weld wire and base plate chemistries,
must be re-evaluated to measure the end-point weld metal composition attained from the
SAW process.

Chromium has a high affinity for oxygen and is therefore not easily transferred across
the arc [18]. Chromium oxide vaporisation losses have been reported from chromium oxide
containing flux [19]. Chromium oxide is considered to react in SAW in the same way as
Al2O3 in Equation (1), implying that it is an oxygen supplier compound in the flux [19].
Because of the above chemical complications, chromium is added to the weld pool via
weld wire, often with nickel as stainless-steel wire [18]. A limited number of weld wire
formulations are available on the market because of the time and expense demands of
manufacturing. The result is that the available weld wire formulations cannot closely match
all the different alloy compositions that may be required. Alloying of the weld metal via
metal powders in combination with a solid arching wire can result in better matching of the
weld metal to the base plate material [20]. The application of metal powders in SAW was
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demonstrated in cladding with chromium-nickel pre-alloyed iron-based powders [20]. The
overall deposition productivity is also improved when metal powder is used in addition
to the one arching wire. From the reported application examples of pre-alloyed powders
in SAW, the Ni and Cr yield values were as follows: nickel yield values ranged from
57% to 78%, and chromium yields varied from 56% to 76%. The pre-alloyed iron-based
powders contained 27–29% Cr, 5–8% Ni and 2–4% Mo [20]. However, the manufacturing of
pre-alloyed powder is also time consuming, and as is the case with solid weld wires, the
pre-alloyed powders cannot closely match all desired alloy compositions. A better option
in terms of lowering cost and manufacturing time is to use unconstrained metal powders
in SAW to alloy the weld metal. Unconstrained metal powders refer to non-alloyed metal
powders which are not constrained in tubular wire, such as flux cored and metal cored wire.
In our previous studies, we illustrated the application of unconstrained metal powders
of pure Al, Cr and Ni in SAW. The yield numbers from the metal powders to the weld
pool was 67%, 89% and 91%, and the weld metal total oxygen content was controlled to
162 ppm O [21].

Aluminium metal addition in SAW is avoided because Al is easily oxidised and can
then form excessive quantities of inclusions and/or slag to the detriment of the weld
metal materials properties. In this work, we use our novel application of aluminium metal
powder in SAW which ensures the modification of flux oxygen behaviour to control the
weld metal total ppm O within acceptable quantities, similar to our previous works [21–29].
Because the alloying element yield is dependent on the flux-induced partial oxygen pres-
sure, the element yield can be improved by deoxidiser application, as illustrated in our
previous studies [21–29]. New classes of steels are formulated with aluminium as a neces-
sary building block element required in large quantities in the steel formulation, namely
low-density/high-entropy steels and low-density stainless steels [30,31]. Thus, the combi-
nation of alloying elements with aluminium in steel formulations will become increasingly
important and needs to be applied in SAW to ensure that the SAW process can also be
applied to these steel grades.

Copper has traditionally been avoided in steel formulations because it creates the
well-known phenomenon of “hot shortness” during hot rolling operations. However, once
this formation mechanism was better understood and negated, the benefit of copper as
an alloying element in steel was realised. More recently, copper has been added to carbon
steels and stainless steels to enhance mechanical and corrosion properties [32]. For example,
4% copper added to chrome-manganese stainless steels improves corrosion resistance,
whilst maintaining good weldability [32]. In terms of welding consumables, the use of
copper as an alloying element presents some challenges. For example, alloying of the weld
wire with copper forms a weld wire that work hardens. Such a copper-containing alloy is
not easily formed into wire product, and it is also not easily passed through the roller guide
system of the SAW equipment [33]. These difficulties may be avoided by adding copper
to the SAW weld pool as metal powder. In our previous studies, we showed that copper,
in combination with aluminium, has a stabiliser effect in SAW due to its decreasing of the
temperature required to melt high-melting-point metals such as Ti or Cr into the weld pool,
by forming an initial alloy melt of low liquidus temperature [26,27].

The objective of this study is to reveal the chemical behaviour of Cu in the application of
unconstrained metal powders of Al, Cr, Ni and Cu in SAW, specifically the gas phase reactions
of copper. We present three-dimensional (3D) post-weld slag sample phase chemistry analyses
by SEM (scanning electron microscopy) to investigate the speciation and element distribution
of Cu in the slag. Thermodynamic modelling is used in the form of gas-slag-metal powder
reaction equilibrium calculations to deduce the chemical behaviour of Cu from the interaction
between welding flux and Al, Cr, Ni and Cu metal powders in SAW.
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2. Materials and Methods
2.1. Welding Tests

Welding tests were performed as described previously [34]. The photographs in
Figure 1 shows the weld metal cross-sections of BC and MP10 weld metals.
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Figure 1. Photograph of BC and MP10 weld metal cross-sections.

The input materials (base plate, weld wire and flux) analysis method details were
previously described in our prior publication [23]. The base plate is low carbon steel of
1.340% Mn and 0.155% Si as the main alloying elements [23]. The weld wire has 0.990% Mn
and 0.137% Si [23].

2.2. Thermochemical Calculations for Gas Phase Reactions

The thermochemical software, Factsage 7.3, was used to calculate the three-phase gas-
slag-metal equilibrium from gas, slag and metal powder inputs as described previously [22].
This gas-slag-metal equilibrium model is similar to the simulation model described in detail
elsewhere and was successfully applied to calculate the carbon steel weld metal total ppm
O in SAW for different flux formulations [35]. Because it is clear from changes in the weld
metal analysis that some of the added Al reacted with MnO and SiO2 in the slag, the
proportion of the feed aluminium quantity that possibly participated in the gas reactions
was varied to gauge the role of different quantities of Al in the gas phase reactions. The
thermodynamically predicted gas phase species from these calculations showed the likely
gas phase reaction changes induced by the added metal powders of aluminium, chromium,
nickel and copper. The databases that were selected in the Equilib module in FactSage 7.3
were the FToxid, FSstel and FactPS databases. In addition, plasma species were included as
part of the gas phase [36]. The calculation results are discussed in Section 4.1.

3. Results
3.1. Weld Metal Chemical Analyses

Table 1 displays the bulk weld metal chemical analyses for the BC weld metal made
without metal powder additions and the MP10 weld metal made with added Al, Cr, Ni
and Cu powders. The methods used to cut samples from the weld metal and the chemical
analyses techniques used were previously described in detail [28]. In addition to the bulk
weld metal analyses in Table 1, EDS analyses of marked areas as displayed in Figure 2
were made for comparison purposes. The position of the micrograph in Figure 2 is at the
geometric centre of the MP10 weld metal cross-section. The EDS analyses of the areas
marked in Figure 2, as displayed in Table 2, are in agreement with alloying of the weld
metal with Al, Cr, Ni and Cu. SEM equipment used for the EDS analyses were described
previously [28].

Table 1. Bulk chemical analyses of weld metals (mass%).

%C %Si %Mn %O %Al %P %S %Ni %Cr %Cu %Fe

Base
Case 0.110 0.260 1.300 0.0499 0.032 0.022 0.011 0.005 0.110 0.110 98.03

MP10 0.105 0.763 1.437 0.0184 3.597 0.024 0.009 5.277 5.290 5.153 78.24
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Figure 2. SEM micrograph of weld metal with areas marked a, b and c (see Table 2 below, indicating
the analyses per marked phase areas: a, b and c) (×2600).

Table 2. SEM-EDS analyses of marked areas in the MP10 weld metal as indicated in Figure 2 (mass%).

%Si %Mn %Al %Ni %Cr %Cu %Fe

a 0.84 1.44 3.21 4.83 4.99 4.52 80.2
b 0.82 1.50 3.30 4.89 4.96 4.68 79.8
c 0.84 1.45 3.29 5.02 4.96 4.78 79.7

Comparison of the analyses data for the BC and MP10 weld metals in Table 1 confirm
increased silicon and manganese contents in the MP10 weld metal. The explanation for
this change in weld metal chemistry is that MnO and SiO2 in the slag were reduced by
Al according to Equations (2) and (3). This effect was also identified in our previously
reported work on aluminium-assisted alloying via different metal powders in SAW [21–29].
Therefore, the aluminothermic reduction reactions in Equations (2) and (3) also occurred in
the MP10 weld run. Reactions in Equations (4) and (5), the aluminothermic reduction of
FeO and CrO may also occur, even though the reaction extent is not as clear as that of the
reactions in Equations (2) and (3). Our previous similar works on SAW with different metal
powder combinations with aluminium showed that FeO formed due to oxidation of weld
pool iron by the excess oxygen transferred from the arc cavity [37,38]. The aluminothermic
reduction of FeO via Reaction (4) indicates control of the oxygen potential at the weld
pool–slag interface [21–29]. Similarly, chromium oxide can be reduced by aluminium via
Reaction (5) [24].

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 differences in weld metal total ppm O in Table 1 of 499 ppm O in the BC weld

metal vs. the significantly lower value of 184 ppm O in the MP10 weld metal is due to the
deoxidising effect of the added metal powders, in particular Al as a deoxidiser element.

3.2. Mass Balance for Yield from Metal Powders

A mass balance was done to quantify the yield of Al, Cr, Ni and Cu from the added
metal powders to the weld metal. The details of the mass balance measurements and
calculations were described previously [21,25–29]. The %yield of each alloying element
from the individual metal powder to the weld metal can be calculated once the gram mass
of each alloying element (Al, Cr, Ni and Cu) is known from the mass balance calculations
as displayed in Table 3. The %yield is calculated as a percentage of the 7 g of Al or Cr or Ni
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or Cu added to the weld run. The %yield numbers from the mass balance calculations in
Table 3 show 54% Al yield, 80% Cr yield, 81% Ni yield and 79% Cu yield from each pure
metal powder to the weld metal.

Table 3. Mass balance numbers and percentage yield calculation results for Al, Ni, Cr and Cu.

Al
(g)

Cr
(g)

Ni
(g)

Cu
(g)

Powder
(g)

Wire
(g)

Base
Plate

(g)

Weld
Metal

(g)
%DR(wire + MP)

%Al
Yield

%Cr
Yield

%Ni
Yield

%Cu
Yield

MP10 3.8 5.7 5.6 5.5 20.7 49.3 37.0 107.0 65 54 80 81 79

3.3. Quantification of the Exothermic Reactions with Aluminium

The alumina formed as a product in Reactions (2) and (3) was shown to be easily
absorbed into the molten flux because the reactions occurred at the molten flux–weld pool
interface [21–29]. The exothermic reaction heat contribution from Reactions (2) and (3)
was quantified in the same way as reported in our previous works [25–29]. The results are
summarised in Table 4. Even though these quantities are relatively small, the exothermic
heat released from these reactions is sufficiently large to significantly increase the weld
metal temperature by 70 ◦C.

Table 4. 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)

MP10 1.41 0.37 0.94 −2.57 −0.87 −3.44 70

The time available for oxide inclusions to float from the weld pool to the molten
slag–weld pool interface is set by the weld pool solidification time [39]. Once the oxide
inclusions reach the slag–weld pool interface, they may be absorbed into the slag and thus
be removed from the weld pool [39]. The weld pool cooling time is set by the difference
between the weld pool liquidus and solidus temperature. It is expected that the weld pool
cooling time will change with changed weld pool chemistry. To check for this effect, the
cooling curves for the BC and MP10 weld metal compositions are shown in Figure 3. From
Figure 3 it is seen that the MP10 weld metal solidus temperature is much lower than the
BC weld metal solidus temperature, and the liquidus temperature is lowered by 50 ◦C due
to added alloying elements in the MP10 weld metal. It is expected that the MP10 weld
metal will take a longer period of time to solidify, providing more time for oxide inclusions
to float to the weld pool–slag interface and absorb into the slag layer. This difference in
solidification time is a contributing factor in changing the weld metal total ppm O from the
higher value in the BC weld metal to the lower value in the MP10 weld metal; see Table 1.
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3.4. Chromium, Nickel and Copper Speciation and Distribution in the Slag

In our previous works, SEM (scanning electron microscope) and EDX (energy disper-
sive X-ray) analyses were applied to study the speciation and distribution of the elements
in post-weld slags [22,38]. This work clearly showed the presence of 3D structures which
formed from vaporisation and recondensation of oxy-fluorides. The same type of analyses
on 3D post-weld slag from the MP10 weld test were used here to confirm that the same
oxy-fluoride behaviour exists once Cu is added as an alloying element.

Figure 4a displays a low magnification BSE (backscattered electron image) image of
the 3D slag sample with the arrow marking one of the 3D structures contained within the
slag dome. This 3D structure is shown enlarged in Figure 4b, and the EDX analyses for this
structure are shown in Figure 4c. The average analysis of the field of view in Figure 4b is
shown in Table 5, indicating that it consists of Si-Al-Ca-Mg-Na-K-Fe-Mn-Ni-Cr-Cu oxy-
fluoride. In comparison, the element distribution in the EDX analyses maps displayed in
Figure 4c indicates that the 3D structure contains Si–Na-Fe-Mn-Ni-Cr-Cu oxyfluoride, and
the matrix slag contains Al-Mg-Ca-Si-Na oxy-fluoride. The enlarged part in the blocked
area of Figure 4b is shown in Figure 4d. The average analysis of this field of view is shown
in Table 6, indicating the absence of oxygen in the fluoride which contains Al-Si-Mg-Ca-
Mn-Fe-Cu-Na-Cr-Ni. The presence of nano-strands is seen in Figure 4d. This appearance
of the nano-strands is similar to that of the nano-strands identified in our previous 3D
post-weld slag samples [38]. Therefore, the presence of copper in these structures confirms
the vaporisation of copper which could only be sourced in significant quantities from the
added copper metal powder, similar to the vaporisation of added Al, Cr and Ni metal
powders shown previously [21,22,38].Processes 2023, 11, x FOR PEER REVIEW  8  of  17 
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Figure 4. (a) BSE image at 140×magnification showing a slag dome in the MP10 post-weld slag; (b) BSE
image at 1320×magnification of the 3D structure marked with arrow in (a); and (c) EDX maps of 3D slag
structures in (b); (d) BSE image at 16,840× of 3D structure in blocked area in (b).

Table 5. EDS analyses of the field of view in Figure 4b.

%F %O %Al %Si %Mg %Ca %Mn %Fe %Cu %Na %K %Cr %Ni

Slag 17.6 21.4 10.4 8.0 12.2 2.9 6.2 14.5 0.4 4.8 0.4 0.9 0.3

Table 6. EDS analyses of the field of view in Figure 4d.

%F %O %Al %Si %Mg %Ca %Mn %Fe %Cu %Na %K %Cr %Ni

Slag 26.5 0.0 0.5 3.3 0.9 0.1 12.9 40.1 1.3 11.2 0.0 2.4 0.8

4. Discussion

In this study, as in our previous studies, aluminium powder was applied in SAW to
control the weld metal total ppm O [21–29]. The partial oxygen pressure at the molten
flux–weld pool interface is lowered by the deoxidiser effect of Al when added to the SAW
process [29–36]. Even without the addition of Al, but in the presence of Al2O3 in the flux,
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aluminium is also present in the arc cavity as Al vapour, and this Al can therefore also lower
the oxygen partial pressure in the arc cavity [21,22,29,40]. Addition of copper metal powder
with chromium, nickel and aluminium metal powders in the SAW process may modify the
behaviour of aluminium in the arc cavity because both metals have similar high vapour
pressures. In the following section, thermochemical calculations of the gas-slag-metal powder
equilibrium are applied to investigate the likely gas phase reaction changes from adding the
combination of copper, chromium, nickel and aluminium powders in the SAW process.

4.1. Thermochemical Equilibrium Calculations

The vaporisation curves of the major metallic elements present in the welding process
are displayed in Figure 5. The lines in Figure 5 show that the order of ease of vaporisation
of the pure elements ranges from highest to lowest: Mn, Al, Cu, Cr, Fe, Ni and, lastly, Si.
Figure 5 confirms that aluminium and copper are expected to be vaporised to an equal
extent at the high temperatures prevailing in the arc cavity, 2000 to 2500 ◦C [7,8].
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In our previous studies, we showed that copper, in combination with aluminium, has
a stabiliser effect in SAW due to its formation of an initial melt of low liquidus temperature,
thus decreasing the temperature required to melt high-melting-point metals such as Ti
and Cr into the weld pool [25,26]. The same effect is illustrated in the liquidus projection
diagram in Figure 6. The proportion of Cr to Ni is the same as in the added metal powders
and in the weld metal analysis in Table 1. The composition point in Figure 6 (filled
circle) is the equivalent composition point for the Cr-Ni-Cu-Al ratios in the MP10 weld
metal composition in Table 1. The information in Figure 6 indicates that this mixture of
metal powders was completely liquid at 1300 ◦C, which is much lower than the liquidus
temperature of the base case weld metal as displayed in Figure 3, at about 1516 ◦C. However,
this stabiliser effect of copper in the alloy and steel phases does not take the gas phase
reaction behaviour of copper into consideration. Although copper is less easily oxidised
to its oxide compared to the easily oxidised elements such as Cr and Al, the interaction of
copper with other elements in the arc cavity should be investigated.
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Figure 6. Cr-Cu-Ni-19% Al liquidus projection diagram calculated in FactSage 7.3 [36].

The standard Gibbs free energy lines in Figure 7 confirm that the reaction of copper
vapour with fluorine gas, to form CuF2(g) according to Reaction (6), is the least likely
reaction amongst the metals under consideration here; see Reactions (6)–(9). The lines in
Figure 7 were calculated by using the following input values: 1 atm for each gas, namely
metal vapour, F2(g) and the product metal fluoride gas. As discussed in our previous
similar analyses on the interaction of Al, Cr, Ni and Co metal vapour and their gaseous
fluorides, it is implied from the data in Figure 7 that Reaction (10) will be able to transform
any CuF2(g) to Cu(g) via reaction with Al. Since copper is not easily oxidised, Reaction (11)
is not expected to play a role in the chemical behaviour of copper in SAW.

{Cu}+ {F2} = {CuF2} (6)

2{Cr}+ 3{F2} = 2{CrF3} (7)

{Ni}+ {F2} = {NiF2} (8)

2{Al}+ 3{F2} = 2{AlF3} (9)

2{Al}+ 3{CuF2} = 2{AlF3}+ 3{Cu} (10)

(CuO) + {CaF2} = {CuF2}+ 〈CaO〉 (11)

( ): liquid; { }: gas; < >: solid.
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The above reaction and vaporisation reactions were investigated for the individual
metals, and this simplified approach did not simulate the interaction between different
chemical compounds, especially in the gas phase. Therefore, more realistic thermochemical
calculations were performed to investigate the probability of species formation, especially
in the gas phase as described in Section 2.2.

The chromium, nickel and copper metal powder input masses to the weld, at 7 g
each, were specified as inputs to the calculation. The proportion of the Al input mass
in the calculation was varied between zero, 50% and 100% of the maximum of 6.1 g Al.
The values in Table 4 show that 0.94 g Al of the 7 g Al was used in the aluminothermic
reduction reactions, Equations (2) and (3). Therefore, the maximum mass of added Al
powder remaining to take part in the gas phase reactions is 6.1 g Al. The major species in
the calculated gas composition are summarised in Table 7. The calculated loss percentages
of Cr, Ni, Cu and Al to the gas phase and the gas phase partial oxygen pressure (PO2) values
are summarised in Table 8.

Table 7. MP10 major gas species concentration (volume%) from the gas-slag-metal powder equilib-
rium at 2500 ◦C calculated in FactSage 7.3 thermochemical software (Equilib module) [36].

GramAl %MgF2 %MgF %Mg %AlF3 %AlF2 %AlF %CaF2 %NaF %Na %Mn %CuF %Cu %Ni %SiO %Cr %CrF3

zero 10 7 9 1 3 5 9 3 4 5 <0.6 17 6 7 6 0.6

3.00 5 5 16 <1 3 12 4 1 3 6 <0.3 17 5 10 9 <0.1

6.10 1 3 20 <0.5 2 18 2 <0.5 3 5 <0.1 16 5 12 10 <0.1

Table 8. MP10 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 %Cr
to Gas

Mass% Ni
to Gas

Mass% Cu
to Gas

Mass% Al
to Gas PO2 (atm)

zero 13 12 39 0 1.4 × 10−6

3.00 29 17 65 56 3.1 × 10−7

6.10 43 21 79 50 9.6 × 10−8

The calculation results in Tables 7 and 8 indicate that more Cu is vaporised with
increased Al added to the gas-slag-metal powder system. Although some CuF is speci-
fied as a gas species as displayed in Table 7, the main vaporisation species of copper is
metallic copper. Given the similar tendencies of Al and Cu to vaporise, one may expect the
replacement of Al gas species originated from Al powder to be substituted by Cu metal
powder vaporisation. The calculation results indicate otherwise. A possible reason for this
trend is that the vaporisation of copper is reaction controlled and is therefore dependent on
the number of reaction sites available at the melt–gas interface [41]. Several surface-active
elements such as sulphur and oxygen can fill surface-active sites and limit copper vapor-
isation. Therefore, the extent of copper vaporisation in the SAW process is less than the
calculated gas-slag-metal powder equilibrium quantity. Also, the equilibrium calculation is
executed for a set temperature and does not simulate recondensation effects which occur as
the gas phase cools.

Improved metal yield from the metal powders to the weld metal was observed after Cu
addition to the Al-Ti and Al-Cr metal powders due to the stabiliser effect of copper [25,26].
This effect is less clear in this study due to the combination of Cr with Ni at close to 50% Ni
in the Cr-Ni binary alloy system. At this composition point, the alloy liquidus temperature
is at its lowest in the Cr-Ni phase diagram at 1342 ◦C. Based on the insights from the
discussion above, our SAW reaction flow diagram is updated to include the chemical
behaviour of Cu with Al, Cr and Ni metal powder additions in Figure 8 as shown and
discussed below in Section 4.2.
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4.2. SAW Reaction Flow Diagram with Al, Cr, Ni and Cu Metal Powder Additions

The SAW reaction flow diagram in Figure 8 is slightly modified from our previous
diagram for Al, Cr and Ni metal powder applied in SAW [29]. Flow diagram additions
were made as displayed in Figure 8 to account for Cu vaporisation and the stabiliser effect
of Cu due to the formation of an initial alloy melt of low liquidus temperature.
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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 [4–6,19,35,42]. Reaction A presents
the typical reaction often described in texts on fluoride-based welding fluxes. However, as
shown from Gibbs free energy calculations, the formation of Al-fluoride via the reaction
Al(g) with F2(g), Equation (9) in the text, is a more likely reaction for Al-fluoride forma-
tion [21,22,28,29]. From experimental evidence presented in previous studies of the SAW
process, it was concluded that the molten weld wire droplets from the arc cavity gas phase
transfer large excess quantities of oxygen into the weld pool, up to 2000–3000 ppm O [4,5].
This is an important aspect, because once the welding head has moved forward along the
welding direction, there is no more arc energy input into the trailing weld pool, and the
weld pool subsequently cools to lower temperatures from the high arc plasma temperatures
that prevailed underneath the arc, at 2000 to 2500 ◦C [7,8]. The excess quantity of oxygen
stems from the decrease in oxygen solubility in steel with a decrease in weld pool steel
temperature. The initial excessive oxygen quantity in the metal droplets is sourced from
the dissociation of the less stable oxides in the arc plasma [9]. The metal droplets transfer
via the arc plasma–weld pool interface into the weld pool [4,5].

Reaction E1 presents the reaction of the excess oxygen with molten steel at the arc
plasma–weld pool interface to form FeO. The trend of increased FeO in the molten flux
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(slag) with increased weld metal total ppm O is well established [19,38]. Therefore, the
slag FeO content serves as an indicator of the oxygen potential prevailing at the molten
flux–weld pool interface [19,38]. The application of Al as a deoxidiser element in our
work lowers the oxygen potential prevailing at the molten flux–weld pool interface [21–29].
The result is reduction of MnO according to reaction G in Figure 8. In the same type of
reaction, FeO of CrO may also be reduced from the slag. Chromium has a high affinity for
oxygen and may therefore easily oxidise to CrO at the arc plasma–weld pool interface; see
reaction E2. These aluminothermic reactions, Equations (2)–(5) in Section 3.1 of the text, are
exothermic and therefore release chemical energy in the form of heat into the weld pool.
This extra added heat is immediately available in the weld pool and can be utilised to melt
and dissolve metal powder into the weld pool.

Due to the chemical action of aluminium, the nickel and chromium powders are
maintained in the metallic state and melted (reactions I and M) to form the initial alloy pool
as a precursor to the dissolution of alloying elements into the weld pool. Since there is an
excess of Al added, some of the Al also dissolves directly into the weld pool; see reaction H.
The alloy pool, represented as reaction step O, is formed due to the stabiliser effect of Cu
in combination with Al by lowering the alloy pool liquidus temperature to form an initial
melt into which high-melting-point Cr is melted as identified in our previous works [25,26].

As shown previously, the loss of Cr and Ni in SAW from added metal powders is due
to Cr and Ni vaporisation and/or the subsequent reaction of chromium and nickel vapour
with fluorine gas to form CrF3(g) and NiF2(g) [21,28]. Nickel vapour formation at the arc
plasma–weld pool interface is presented as reaction J1 in Figure 8, and the reaction of nickel
vapour with fluorine gas is presented as reaction K1 in Figure 8. The equivalent reactions
for chromium vapour are reactions J2 and K2. These reactions take place in combination
with reaction L for the release of F2(g) from the dissociation of CaF2(g) in the arc cavity.
The formation of F2(g) in the arc cavity from the dissociation of CaF2(g) in the arc plasma
of the arc cavity appears possible, since the elements of Ca and F were analysed in the arc
cavity gas phase when a CaF2-based flux was used in SAW test runs [1,12].

Copper can also be vaporised at the arc plasma–weld pool interface, as indicated
in reaction J3. However, from the thermodynamic analyses in Section 4.1 it is clear that
copper remains as a metal and does not readily react with fluorine gas. Reactions M1 and
M2 in Figure 8 indicate the reaction of aluminium vapour with the chromium and nickel
fluorides, CrF3(g) and NiF2(g), to transform these fluorides to nickel and chromium vapour.
In addition to the reaction paths J1 to J3 in which Ni, Cr and Cu are vaporised from the
weld pool via the arc plasma–weld pool interface, the direct vaporisation of these elements
from the unconstrained metal powders before dissolution into the alloy pool or weld pool
is also possible. This reaction path is indicated in Figure 8 by the dotted lines between
reactions I, M and N and the arc cavity block.

From the above discussion on gas phase reactions in the presence of added aluminium
powder, it is clear that the role of Al in the gas phase reactions is to shift Cr and Ni metal
powders to the vapour phase, instead of the oxidation of Cr and Ni metal powders to the
slag as CrO, Cr2O3 and NiO. The role of Al as presented here is in agreement with our
previous similar works on the SAW process in which different metal powder combinations
with aluminium were applied [21–29]. The stabiliser role of copper in combination with
aluminium is also in agreement with our previous conclusions [24,26].

In summary, the results from this study confirm that copper may be added to Al,
Cr and Ni metal powders without changing the oxygen control reactions in SAW. The
role of copper is as a stabiliser compound because it lowers the initial alloy melt liquidus
temperature to allow high-melting-point metals such as Cr to be melted more efficiently
into the weld pool. The gas phase behaviour of copper in the arc cavity is to be vaporised
as copper metal and form part of the Al-Si-Mg-Ca-Mn-Fe-Cu-Na-Cr-Ni fluoride phase.
However, the vaporisation of copper does not appear to substitute for vapour losses from
chromium, nickel and aluminium powders.
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5. Conclusions

1. Unconstrained metal powders of Al, Cr Ni and Cu were successfully applied in SAW
to alloy carbon steel weld metal, whilst controlling the total weld metal ppm O at an
acceptable level.

2. The chemical behaviour of copper metal powder added in SAW is to vaporise as metallic
copper and incorporate copper in the Al-Si-Mg-Ca-Mn-Fe-Cu-Na-Cr-Ni fluoride.

3. Copper does not appear to substitute for aluminium in the gas phase, even though
both elements have similar vapour pressures at specific temperatures.

4. Copper, in combination with aluminium, has a stabiliser effect in SAW due to its
formation of an initial alloy melt of low liquidus temperature, thus decreasing the
temperature required to melt high-melting-point metals such as Cr into the weld pool.

5. Nano-strands appear in domes of the 3D slag sample and indicate vaporisation and
recondensation of oxy-fluoride.

6. The application of unconstrained metal powders can improve the overall SAW process
productivity because it removes the need for the manufacturing of alloyed wire and
pre-alloyed powder. Manufacturing of these pre-alloyed wires and powders are
expensive, time-consuming steps.
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