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ABSTRACT. The transfer of elements
across the molten weld pool has been pre-
dicted by developing quadratic models in
terms of flux ingredients with the applica-
tion of statistical experiments for mixture
design. Bead-on-plate weld deposits were
made at fixed welding parameters using
submerged arc welding fluxes prepared as
per extreme vertices algorithm of mixture
experiments in a CaO-MgO-CaF2-Al2O3

flux system. The results show that some of
the individual flux ingredients and their
binary mixtures have a predominant effect
on weld metal transfer of oxygen, man-
ganese, silicon, and carbon contents.

The analysis of experimental data also
indicates that transfer of oxygen is af-
fected by several properties of flux ingre-
dients such as oxygen potential, thermo-
dynamic stability, and viscosity. In the el-
ement transfer of silicon, both thermo-
chemical and electrochemical reaction
mechanisms operate simultaneously.
Transfer of manganese is principally re-
lated to the weld metal oxygen contents
as well as electrochemical reaction in the
molten weld pool. The transfer of carbon
was generally governed by the oxidation
reaction. Iso-response contour plots
were also developed to quantify the
transfer of elements against different flux
compositions.

Introduction

Submerged arc fluxes play a very com-
plex role during the welding process. Be-
sides protecting the weld pool and influ-
encing the bead geometry, fluxes also melt
in a specific temperature range, refine the
weld metal, as well as take part in slag-
metal reaction (Refs. 1–4) before finally
being removed as slag. Several studies
were carried out to understand the chem-

ical behavior of fluxes in order to control
the weld metal chemistry (Refs. 4–13).
Furthermore, physical properties such as
viscosity, fluidity, etc. have also been re-
ported to have pronounced effects on
weld metal chemistry (Refs. 14–16). Sig-
nificant interaction effect of the flux in-
gredients on weld metal chemistry has also
been reported by previous investigators
(Ref. 10).

It is well established that sumerged arc
welding (SAW) fluxes consisting of easily
reduced oxides are the main source of weld
metal oxygen. The behavior of flux has
been characterized in terms of basicity
index, which, however, could be consid-
ered only as a rough guide for an engineer
(Ref. 1), as it fails to address the funda-
mental question of transfer of oxygen from
flux to weld, as well as the extent of slag
metal reaction in the molten weld pool
(Refs. 10, 11, 13, 17, 18). Later, oxygen po-
tential, representing the driving force for
oxygen transfer from flux to weld metal
was observed to facilitate better prediction
of flux behavior (Ref. 5). Again, the stabil-
ity of flux ingredients based on free energy
of formation has been shown to be altered
in the presence of welding plasma (Refs. 6,
14). Detailed studies have revealed that
along with thermochemical reactions of
flux, electrochemical reactions also have a
significant effect on weld metal chemistry
(Refs. 17, 19–22). Therefore, final weld
metal chemistry is based on the integration
of all possible mechanisms operating
within the molten weld pool.

In general, the final weld metal com-
position for a particular element is made
up of contributions from the filler metal,
flux, and base metal. The nominal compo-
sition of each weld is calculated consider-
ing just the dilution effect (Refs. 3, 23–25).
The extent of loss or gain of a specific ele-
ment is evaluated by a quantity called
“delta,” which is the difference between
the analytical and nominal composition
(Refs. 23, 25). These quantities are an in-
dication of the influence of flux on the el-
ement transfer behavior during the SAW
process (Refs. 2, 3). Therefore, in order to
obtain the desired weld metal composi-
tion, it is very necessary to understand and
control the flux ingredients governing the
weld metal delta quantities. 

In this paper, an attempt has been
made to find out the quantitative effects of
individual flux ingredients and their inter-
actions on the weld metal transfer of ele-
ments in terms of delta quantities, with the
application of statistical experiments for
mixture design, in particular, “extreme
vertices mixture design,” where the flux in-
gredients were varied simultaneously in
CaO-MgO-CaF2-Al2O3 flux systems. The
aim is to develop satisfactory regression
models involving proportions of flux in-
gredients and transfer of elements as
shown in Fig. 1, so that the fluxes can be
effectively used to achieve a desired level
of weld metal chemical composition.

Planning of the Experiments

Extreme Vertices Design Algorithm

In experiments using a mixture of q
components, a component (ith) is ex-
pressed as a fraction xi of the total mixture
and the response is a function of the pro-
portions of xi,   i = 1, 2, ……….. q, of the
components and not the total amount of
the mixture (Ref. 26). In practice, physical
and chemical consideration often imposes
lower (ai) and upper (bi) bounds 0 ≤ ai ≤ xi
≤ bi ≤ 1.0; i = 1, 2, …….. q, on the levels
of all of the components of the mixture.

The extreme vertices design that was
used for experimentation (Refs. 26–28)
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Fig. 1 — General model of a process or system in a statistical mixture design
experiment.

Fig. 2 — The constrained factor space inside the tetrahedron describing the
experimental space.

consisted of the 10 admissible vertices of
the polyhedron, 7 centroids of the seven
two-dimensional faces, and the overall
centried. Thus, although 10 coefficients of
the quadratic regression model for the re-
sponse characteristics were required to be
estimated, 18 design points were deliber-
ately chosen for getting better estimates of
the coefficients and error. The above de-
sign was obtained by following the two
step procedures of Mclean and Anderson
(Ref. 26). After having generated 4 × 24–1

= 32 possible combinations of the four
components, it was found that there were
10 admissible vertices, which satisfied the
constraint for the mixture total as also the
lower and upper bounds of each compo-
nent proportion. The seven two-dimen-
sional faces of the polyhedron were found
by grouping the vertices of the polyhedron
into groups of three or more vertices
where each vertex had the same value xi
for one of the four components. Thus, the
coordinates of the seven two-dimensional
faces that satisfied the constraints are the
design points sl. Nos. 11 to 17. The design
point sl. No. 18 was the overall centroid,
which was the average of all the 10 vertices.
The transpose (x’x)–1, where x represents
the complete design matrix of the given de-

sign, was also small. In three-dimensional
space, the constraint design region is shown
in Fig. 2, which represents the mixture
space in the present experiment.

Snee (Ref. 29) also gave the algorithm
for selecting the subsets of extreme ver-
tices for fitting quadratic models of the
following form in the constrained mixture
spaces.

(1)

The regression coefficients βi and βij
are the least square estimates in the fitted
model and y is the response variable.

The percentage variation of a given re-
sponse characteristic is measured by the

y x x xi i ij
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Table 1 — Working Range of Flux Ingredients
(Mixture Variable)

Flux Lower Upper
Ingredients (wt-%) (wt-%)

Calcium 15 35
oxide (CaO)
Magnesium 10 40
oxide (MgO)
Calcium 10 40
fluoride (CaF2)
Aluminium 10 40
oxide (Al2O3)

Table 2 — Design Matrix of Flux Used in the Experiment at Fixed Welding Parameters

Mixture Variables Composition Constants Composition
Sample CaO MgO CaF2 Al2O3 SiO2

No. (wt-%) (wt-%) (wt-%) (wt-%) (wt-%)

P1 15.00 15.00 10.00 40.00 10.0
P2 15.00 15.00 40.00 10.00 10.0
P3 15.00 32.40 10.00 22.60 10.0
P4 15.00 17.00 40.00 8.00 10.0
P5 15.00 32.40 24.60 8.00 10.0
P6 35.00 15.00 10.00 20.00 10.0
P7 17.00 15.00 40.00 8.00 10.0
P8 35.00 15.00 22.00 8.00 10.0
P9 29.60 32.40 10.00 8.00 10.0
P10 35.00 27.00 10.00 8.00 10.0
P11 24.43 23.14 24.43 8.00 10.0
P12 15.67 15.67 40.00 8.66 10.0
P13 25.92 24.36 10.0 19.72 10.0
P14 23.40 15.00 24.40 17.20 10.0
P15 19.87 32.40 14.86 12.87 10.0
P16 15.00 22.36 24.92 17.72 10.0
P17 35.00 19.00 14.00 12.00 10.0
P18 22.67 21.63 21.63 14.07 10.0

N.B.: Other additions to 18 flux samples. Fe-Mn = 4.0 wt-%, Fe-Si = 3.0 wt-%, bentonite = 3.0 wt-%

Table 3 — Chemical Compositions of Base Metal and Filler Metal Used for 18 Weld Metal
Samples (P1-P18)

Sample C Mn Si S P O2

(wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (ppm)

Base metal 0.22 0.77 0.252 0.03 0.02 350
Filler metal 0.102 0.561 0.05 0.022 0.011 380

Kanjilal  5  07corr:Layout 1  4/5/07  11:10 AM  Page 136



WELDING RESEARCH

-s137WELDING JOURNAL

term ‘R’, which is evaluated from the
relation

(2)

Where, N is total number of observations,
P is number of parameters, SSE is sum of
square of errors, and SST is total sum of
square.

Experimental Procedure

Formulation of Submerged Arc Fluxes 

In the present study, the main aim was
to investigate the effects of flux ingredi-
ents such as CaO, MgO, CaF2, and Al2O3
on the transfer of metal during submerged
arc welding. In order to prepare fluxes as
per statistical design of experiments for
mixture, the working range of each vari-
able flux ingredient was found out by trial
runs. Each ingredient viz CaO, MgO,
CaF2, and Al2O3 was varied from 5 to 50%
at increments of 5%, with corresponding
adjustment in other ingredients for each
trial agglomerated flux. In the trial exper-
iments, these fluxes were then used in
making bead-on-plate weld deposits at

prefixed welding parameters of 400 A, 26
V and 4.64 mm/s speed. After completion
of each weld deposit, it was inspected at
low magnification (5X) for any weld de-
fects. In addition, slag detachability was
also observed. The range of each flux in-
gredient, where satisfactory weld deposits
were obtained, was noted. The working
range of each variable of flux ingredients
(CaO, MgO, CaF2, Al2O3) for satisfactory
weld deposits is given in Table 1. Within
this working range, the agglomerated
fluxes used in the actual experiment were
prepared from the flux ingredients, as per
formulations developed by statistical ex-
periments for mixture design. The details
of 18 fluxes are given in Table 2.

Submerged Arc Welding 

Single pass, bead-on-plate weld de-
posits were made with direct current elec-
trode positive (DCEP) polarity using 18
experimental fluxes (Table 2) on 16-mm-
thick low-carbon steel plate with 3.15-mm-
diameter low-carbon steel welding wire.
The parameters used during welding of
these 18 samples were maintained as the
same as that used during standardization
of experiments on fluxes.

Chemical Composition Analysis

The chemical compositions of steel plate
and welding wire are given in Table 3.
Chemical compositional analysis of base
metal, filler metal, and the weld metal for
constituents such as carbon, manganese, sil-
icon, sulfur, phosphorus, and nickel con-
tents were analyzed by optical emission
spectra (OES) method. Weld metal oxygen
and nitrogen contents were determined by
Leco interstitial analyzer. Cylindrical sam-
ples of 3-mm diameter and 9-mm length
prepared by machining the weld deposits
were used for oxygen and nitrogen esti-
mates. Chemical compositions were deter-
mined at four different locations of the
same weld deposits. Microphotographs
were taken on the weld metal samples for
measurement of weld bead parameters such
as width w, transverse cross-sectional area
A, and dilution d, as shown in Fig. 3.

EPMA Analysis

Transfer of elements in the weld region
have been studied by electron probe micro
analyzer (EPMA) for selected weld metal
samples. The spot of probe analyzer on
the weld bead is shown in Fig. 4.

R =1– SSE/(N-P)SST/ N-1
2

( )

Fig. 3 — Schematic of weld deposit showing measurement of dilution. Fig. 4 — Weld metal region for EPMA analysis (shown within the circular
area).

Fig. 5 — Synergism and antagonism of binary mixtures. Fig. 6 — Variation of weld metal delta manganese with delta oxygen content.
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A

B

Fig. 7 — Distribution of magnesium, calcium, and aluminum along the weld metal samples P14 and P17. A — Along the horizontal centerline of the weld; B
— the vertical centerline of the weld.

Results

The final weld metal composition is
generally made of contributions from the
welding electrodes, the base metal, and
the molten metal-flux (slag-metal) reac-
tions (Ref. 23). In the present experiment,
welding parameters were not varied and
flux height was kept on the base metal to
a height of 0.35 mm along the path of the
nozzle. Furthermore, the ratio of flux to
wire melted varied within the small zone,
i.e., 1.85 to 2.05. Therefore, the composi-
tion changes affected by the ratio of flux to
wire melted may be assumed to be small in
magnitude.

The chemical behavior of flux on ele-
ment transfer is expressed in terms of a
quantity delta (Δ), which is the difference
between the composition of a particular
element determined analytically and the
amount of that element that could be pre-
sent in the weld, if no elemental transfer
for the weld pool to the flux or vice versa
has taken place (Refs. 22, 24). This has
been accomplished by taking the effect of

dilution (d), which is the ratio of base plate
to weld metal melted. The dilution of 18
welded samples is given in Table 4. Since
the aim of the present experiment was to
study the effect of flux ingredients on ele-
ment transfer, the delta quantities were
considered for further analysis and discus-
sion. Chemical compositions were deter-
mined at four different positions of the
weld and delta quantities were measured
corresponding to the four sets of chemical
constituents. These four sets of chemical
constituents and corresponding weld
metal delta quantities are given in Table
5A and B, respectively.

Development of Prediction Equations for
Weld Metal Elemental Transfer

Extreme vertices design algorithm
(XVERT) were applied on the experi-
mentally determined values of responses,
viz. weld metal delta oxygen (ΔO), delta
manganese (ΔMn), delta silicon (ΔSi),
delta sulfur (ΔS), and delta carbon (ΔC)
as given in Table 5B in order to develop

prediction equations for the responses.
The predictors are the flux ingredients
such as CaO, MgO, CaF2, and Al2O3,and
their binary mixture eg. CaO-MgO, CaO-
CaF2, CaO-Al2O3, MgO-CaF2, MgO-
Al2O3, and CaF2-Al2O3.

The prediction equations are as follows:

ΔO2 = 58.9318 CaO – 17.2406 MgO 
+2.6522 CaF2 + 12.7800lAl2O3 – 0.9086
CaO.MgO – 1.5406 CaO. CaF2
– 2.0416 CaO.Al2O3 + 0.8562 MgO.
CaF2 + 0.7966 MgO. Al2O3 + 0.3661
CaF2. Al2O3. (3)

ΔMn =  – 0.029867 CaO + 0.05574 MgO
– 0.004323 CaF – 0.002228 Al2O3
– 0.000474 CaO.MgO + 0.001225CaO. 
CaF2 + 0.001361 CaO.Al2O3
–0.001352 MgO.CaF2 – 0.001532

MgO. Al2O3 + 0.000204 CaF2.Al2O3 (4)

ΔSi = 0.012176 CaO + 0.055635 MgO 
+ 0.006303 CaF2 + 0.013559 Al2O3
– 0.001364 CaO.MgO – 0.000063
CaO.CaF2 – 0.000190 CaO.Al2O3
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–0.001332 MgO.CaF2 – 0.001429
MgO.Al2O3 + 0.000220 CaF2.Al2O3

(5)

ΔS =  0.002927 CaO + 0.004700 MgO 
+ 0.001642 CaF2 + 0.002072 Al2O3
– 0.000159 CaO.MgO – 0.000070 
CaO.CaF2 – 0.000079 CaO.Al2O3
–0.000102 MgO.CaF2 – 0.000119
MgO. Al2O3 – 0.000019 CaF2.Al2O3

(6)

ΔC =  – 0.001712 CaO + 0.007264 MgO
+ 0.001276 CaF2 – 0.000432 Al2O3
– 0.000125 CaO.MgO + 0.000072 
CaO.CaF2 + 0.000174 CaO.Al2O3
–0.000193 MgO.CaF2 – 0.000182
MgO.Al2O3 – 0.000029 CaF2.Al2O3

(7)
The model summary, coefficients, and

level of significance of regression models
are given in Appendices 1 and 2.

Nature of Variation of Weld Metal Delta
Quantities with the Flux Ingredients

It is observed from the above predic-
tion results (Equations 3–7) that flux in-
gredients have two types of effect on weld
metal delta quantities, viz. 1) individual ef-
fect (xi), and 2) interaction effect of binary
mixtures(xixj). It is to be noted here that
for each response characteristics in the
prediction equations developed by the re-
gression model, only statistically signifi-
cant variables and/or their binary syner-
gism and/or binary antagonism will be
considered to have a predominant effect
on the given response characteristics. The
concept of binary synergism and antago-
nism is quite different from the individual
effect. The binary synergism/antagonism
implies that the response value (weld

metal delta quantities) obtained due to bi-
nary mixture is more than/less than the av-
erage of that response produced by two
pure ingredients forming the same binary
mixture. This is shown schematically in
Fig. 5. The positive sign of the coefficients
of individual flux ingredient in the predic-
tion Equations 3 to 7 implies a gain of el-
ements from flux to weld metal, and the
negative sign implies a loss of elements
from weld to slag. Similarly, a positive sign
of the coefficients of binary flux mixtures
on each response (i.e. binary synergism)
implies a gain of elements from flux to
weld, and the opposite effect (binary an-
tagonism) implies a loss of elements from
weld metal to slag. Among the flux ingre-
dients, only those ingredients and/or their
binary synergic/antagonism are consid-
ered significant, when their corresponding
values given in the last column (sign) of
the tabular form of coefficients (under
Appendixes 1 and 2) are nearly equal to
0.05 (equivalent to 95% confidence level).
The statistically significant variables for
flux ingredients and their binary syner-
gism/antagonism equivalent to 95% confi-
dence level are summarized in Table 6.
The other nonsignificant variables, al-
though they constitute a part of the pre-
diction equations, were not considered to
have predominant effect on the response
because these effects were not distin-
guishable from the random noise gener-
ated in the experiments.

Finally, the prediction equation for the
response delta sulfur (ΔS) (Equation 6) is
not a good fit as evident from R2 values,
given in Appendixes 1 and 2, and hence,
this response is not considered for de-
tailed discussion. However, the effect of
each flux ingredient and its binary mix-
tures are stated in Table 6.

Discussion

The transfer of elements across the weld
pool in submerged arc welding is attributed
to the combined actions of several reactions
that take place simultaneously in the molten
weld pool. It has already been stated (Refs.
1–4, 19) that physical as well as chemical
properties of fluxes are responsible for the
transfer of elements in submerged arc weld-
ing. Among the transfer of elements in
these studies, oxygen is the most important
element of concern, because, beside its ef-
fect on the transfer of other elements like
manganese, silicon,  carbon, etc., oxygen in
weld metal has a significant effect on weld
metal microstructure and mechanical 
properties.

Table 4 — Dilution for 18 Weld Metal Samples
in Model 1 Experiment at Fixed Welding
Parameters

Sample No. Dilution 1-d
(d)

P1 0.41 0.59
P2 0.47 0.53
P3 0.45 0.55
P4 0.47 0.53
P5 0.43 0.57
P6 0.43 0.57
P7 0.46 0.54
P8 0.43 0.57
P9 0.39 0.61
P10 0.49 0.51
P11 0.47 0.53
P12 0.41 0.59
P13 0.46 0.54
P14 0.47 0.53
P15 0.45 0.55
P16 0.46 9.54
P17 0.42 0.58
P18 0.43 0.57

A B

Fig. 8 — Distribution of manganese and silicon in weld metal sample P14. A — Along horizontal centerline of the weld; B — along the vertical centerline of the
weld.
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A B

Fig. 9 — Distribution of manganese and silicon nickel in weld metal sample P17. A — Along horizontal centerline of the weld; B — along the vertical center-
line of the weld.

Transfer of Oxygen

The positive and negative values of
delta oxygen as given in Table 5B indicate
both gain and loss of oxygen in weld metal
had taken place during welding. The sum-
marized results in Table 6 show that flux
ingredients CaO and Al2O3 resulted in
gain of oxygen for flux to weld metal.
However, all binary mixtures of CaO viz.
CaO-CaF2, CaO-Al2O3, and CaO-MgO
have binary antagonistic effect i.e., which
means in all three cases, a loss of oxygen
has taken place. Although CaO is consid-
ered to be a stable oxide (Ref. 23), the
other characteristics of CaO, such as hy-
groscopic nature and reduction in viscos-
ity of the slag (Refs. 2, 6, 14, 15, 24), in-
crease the chances of contamination with
air and moisture, which might be respon-

Table 5a — Chemical Composition of 18 Weld Metal Samples at Four Different Locations of the Weld Deposits

Sample Oxy Oxy Oxy Oxy Mn Mn Mn Mn Si Si Si Si
No. (ppm) (ppm) (ppm) (ppm) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%)

P1 560 555 557 550 0.56 0.563 0.55 0.558 0.340 0.337 0.341 0.341
P2 568 563 564 558 0.52 0.522 0.521 0.524 0.21 0.211 0.212 0.208
P3 524 525 515 516 0.62 0.624 0.622 0.614 0.28 0.282 0.281 0.282
P4 500 496 505 490 0.47 0.468 0.466 0.478 0.17 0.169 0.173 0.174
P5 528 524 526 520 0.6 0.588 0.594 0.595 0.248 0.244 0.245 0.243
P6 380 370 377 375 0.67 0.673 0.674 0.672 0.229 0.227 0.228 0.230
P7 488 486 482 480 0.488 0.49 0.494 0.485 0.27 0.269 0.271 0.265
P8 481 482 476 484 0.58 0.583 0.582 0.581 0.2 0.202 0.201 0.202
P9 332 335 338 343 0.69 0.691 0.693 0.685 0.26 0.262 0.264 0.257
P10 484 470 477 468 0.54 0.541 0.539 0.536 0.193 0.195 0.191 0.190
P11 300 306 306 310 0.7 0.702 0.703 0.710 0.12 0.124 0.124 0.122
P12 352 351 348 360 0.601 0.6 0.601 0.610 0.15 0.153 0.15 0.153
P13 319 327 323 330 0.62 0.624 0.619 0.614 0.16 0.163 0.159 0.156
P14 302 310 300 316 0.748 0.745 0.75 0.750 0.258 0.256 0.255 0.260
P15 320 315 318 314 0.8 0.806 0.803 0.798 0.37 0.368 0.372 0.364
P16 595 594 593 590 0.507 0.509 0.505 0.502 0.2 0.204 0.203 0.205
P17 468 475 470 482 0.595 0.596 0.594 0.600 0.273 0.273 0.274 0.276
P18 541 530 545 525 0.517 0.513 0.519 0.516 0.16 0.161 0.163 0.168

Table 5a — Continued

Sample S S S S C C C C
No. (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%)

P1 0.042 0.038 0.04 0.040 0.07 0.068 0.069 0.067
P2 0.042 0.04 0.042 0.039 0.07 0.071 0.068 0.068
P3 0.04 0.036 0.041 0.042 0.07 0.07 0.071 0.073
P4 0.034 0.036 0.033 0.036 0.06 0.061 0.062 0.059
P5 0.044 0.044 0.046 0.041 0.068 0.067 0.07 0.065
P6 0.028 0.028 0.03 0.030 0.098 0.096 0.095 0.093
P7 0.04 0.043 0.039 0.037 0.072 0.076 0.072 0.070
P8 0.028 0.03 0.03 0.026 0.07 0.069 0.078 0.072
P9 0.027 0.025 0.027 0.026 0.068 0.070 0.069 0.070
P10 0.034 0.033 0.034 0.030 0.063 0.067 0.066 0.060
P11 0.021 0.022 0.023 0.025 0.073 0.072 0.074 0.075
P12 0.037 0.035 0.036 0.034 0.095 0.092 0.091 0.091
P13 0.016 0.018 0.018 0.020 0.084 0.08 0.082 0.085
P14 0.031 0.029 0.032 0.030 0.089 0.085 0.087 0.091
P15 0.02 0.022 0.023 0.025 0.094 0.095 0.093 0.092
P16 0.024 0.025 0.027 0.027 0.061 0.062 0.059 0.057
P17 0.015 0.016 0.018 0.021 0.082 0.082 0.082 0.078
P18 0.023 0.023 0.025 0.022 0.058 0.057 0.055 0.060
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sible for an increase in oxygen content in
the weld. The other flux ingredient Al2O3
can increase the oxygen content by liber-
ating oxygen into the weld pool by subox-
ide formation (Ref. 6).

However, for the binary mixture of
CaO, it is important to mention that CaF2
being a nonoxide reduces the oxygen level
by diluting the oxygen active species (Ref.
6). CaF2 also increases viscosity of slag,
particularly when CaO content is above 15
wt-% as observed by Mills and Keene
(Ref. 15). CaF2 may also reduce the hy-
groscopic nature of CaO by the following
reaction:

2CaF2 + 2H2O = 2CaO + 4HF (8)

Therefore, binary antagonistic effect of
CaO-CaF2 mixture on oxygen transfer is
not unexpected. Similarly, in the case of

CaO-Al2O3 mixture, it is the networking
capability of Al2O3 in basic slag that ulti-
mately increases the viscosity of the slag
(Ref. 30), resulting in minimum oxygen
entrapment in the weld metal by atmos-
pheric contamination. Furthermore, CaO
may reduce the activity of Al2O3 through
the formation of stable calcium aluminate,
(Ref. 15), which will reduce the tendency
of suboxide formation of Al2O3. The re-
sult is lesser chance of oxygen liberation in
molten weld pool by suboxide formation
of Al2O3. Mixture of CaO-MgO, to a
lesser extent, also has a binary antagonis-
tic (loss of oxygen) effect, as evident from
its coefficient of estimate given in Equa-
tion 3. The probable reason may be that
MgO is not reported to contribute oxygen
in the weld by atmospheric contamination
associated with reduction in viscosity. Fur-
thermore, Mg has higher deoxidation

characteristics (Ref. 31). Therefore, with
the addition of MgO to CaO, the in-
creased deoxidation characteristics of flux
reduce  the oxygen content of weld metal,
and thus helps to transfer oxygen from
weld metal to slag.

An interesting result emerges from
Table 6 that the effect of binary mixture of
MgO, i.e., MgO-CaF2 and MgO-Al2O3, is
opposite to that of CaO-CaF2 and CaO-
Al2O3 as far as transfer of oxygen is con-
cerned. Regarding binary synergism, i.e.,
(gain of oxygen) by MgO-Al2O3 mixture,
we may say that unlike CaO, MgO is not
observed to decrease the activity of Al2O3
by formation of complex compound, since
MgO-Al2O3 compound has a higher boil-
ing point (2130°C) compared to the boil-
ing point (1600°C) of CaO+Al2O3 com-
pound (Ref. 32). Therefore, activity of
Al2O3 is not decreased and hence no such

Fig. 10 — Comparison between experimental and predicted results for weld metal delta (Δ) quantities. A — ΔO2; B — ΔMn; C — ΔSi; D — ΔS.

A B

C D
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chances of reduction of oxygen content.
Regarding the mixture CaF2-Al2O3, it is
important to mention that formation of
such complex compound of CaF2-Al2O3
has not been reported, so the chances of
decrease in oxygen content by complex
compound formation does not arise for
the mixture CaF2-Al2O3.

Transfer of Manganese and Silicon

The manganese transfer data (ΔMn) in
Table 5B show that gain in weld metal Mn
(i.e., ΔMn +ve) occurs in samples P6, P9,
P11, P14, and P15. Among these samples,
P9, P11, P14, and P15 show loss of oxygen
and sample P6 shows very low level of gain
of oxygen (Δ = 2.9 to 12.9 ppm). It is also
pertinent to note the majority of samples
that show a loss of Mn (Δ Mn = –ve) also

show a gain of oxygen (ΔO = +ve). This
phenomenon suggests that manganese
transfer is also related to the transfer of
oxygen in weld metal. With the increase of
oxygen transfer into the weld metal, loss of
manganese in the weld metal by oxidation
was also observed by previous investiga-
tors (Refs. 4, 8, 14). The variation of ΔMn
with ΔO2 in weld metal, as shown in Fig. 6,
supports such observation. A close look on
the summarized result in Table 6 indicates
two important aspects. Flux ingredient
CaO increases (gain) oxygen transfer and
expectedly decreases (loss) manganese
transfer in weld metal. Flux mixtures
CaO-CaF2 and CaO-Al2O3 have binary
antagonistic effect (loss) on oxygen trans-
fer, whereas the same mixtures have bi-
nary synergistic (gain) effect on man-
ganese transfer. The other two mixtures,

viz. MgO-CaF2 and MgO-Al2O3, have re-
verse effects i.e., binary synergistic (gain)
effect on oxygen transfer and binary an-
tagonistic (loss) effect on manganese
transfer. The relationship between ΔMn
and ΔO2, as shown in Fig. 6, supports such
behavior of flux mixtures as predicted in
Table 6. Contrary to ΔMn, all samples ex-
cept P11 recorded a gain of Si in the weld
metal i.e. (ΔSi +ve). Since the flux system
has SiO2 as one of the constituents (10 wt-
%), gain in Si (ΔSi +ve) may be possible
due to the transfer of Si from flux to weld
metal by thermochemical dissociation
(Refs. 33, 34) and electrochemical reac-
tion mechanism (Ref. 19). Flux ingredient
Al2O3 may allow silicon in the flux to
transfer into the weld metal by replace-
ment of silica in silicate slag (Ref. 1).

The gain of manganese and silicon by
MgO is reported in Equations 4 and 5.
Table 6 may be explained by electrochem-
ical reaction. In DCEN welding, Mg dis-
sociates from MgO deposited at the base
metal cathode by electrochemical reduc-
tion reaction of the filler metal. Man-
ganese and silicon will form MnO and
SiO2, respectively, and dissolve in the weld
pool. Due to limited solubility in molten
metal (Ref. 33), Mg will react with these
oxides (MnO and SiO2) and form again as
MgO. As a result, Mn and Si are expected
to increase in the weld metal. However,
difficulties may arise if Ca and Al are
picked up from the slag by electrochemi-
cal reaction at the cathode, since CaO and
Al2O3 are more stable than MgO at the
high temperature encountered in sub-
merged arc welding (Ref. 20). The higher
the concentration of magnesium in the
weld metal, the lower are Ca and Al, as ob-
served by EPMA studies of weld metal
samples (refer to P14 and P17) shown in
Fig. 7. They probably support the hypoth-

Table 5b — Delta (Δ) Quantities of Weld Metal Constituents at Four Different Locations of Same Weld Deposit

Sample ΔO2 ΔO2 ΔO2 ΔO2 ΔMn ΔMn ΔMn ΔMn ΔSi ΔSi ΔSi ΔSi
No. (ppm) (ppm) (ppm) (ppm) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%)

P1 192.3 187.3 189.3 182.3 –0.08669 –0.08369 –0.09669 –0.08669 +0.20718 0.20418 0.20818 0.20818
P2 202.1 197.1 198.1 192.1 –0.13923 –0.13723 –0.13823 –0.13523 +0.06506 0.06606 0.06706 0.06306
P3 157.5 158.5 148.5 149.5 –0.03505 –0.03105 –0.03305 –0.04105 +0.1391 0.1411 0.1401 0.1411
P4 134.1 130.1 139.1 124.1 –0.18923 –0.19123 –0.19323 –0.18123 +0.02506 0.02406 0.02806 0.0296
P5 160.9 156.9 158.9 152.9 –0.05087 –0.06287 –0.05687 –0.05587 +0.11114 0.10714 0.10814 0.10614
P6 12.9 2.9 9.9 7.9 +0.01913 0.02213 0.02313 0.02113 +0.09214 0.09014 0.09114 0.09314
P7 121.8 119.8 115.8 113.8 –0.16914 –0.16714 –0.16314 –0.17214 +0.12708 0.12608 0.12808 0.12208
P8 113.9 114.9 108.9 116.9 –0.07087 –0.06787 –0.06887 –0.06987 +0.06314 0.06514 0.06414 0.06514
P9 –36.3 –33.3 –30.3 –25.3 +0.04749 0.04844 0.05049 0.04249 +0.13122 0.13322 0.13522 0.12822
P10 118.7 104.7 111.7 102.7 –0.12341 –0.12341 –0.12441 –0.12741 +0.04402 0.04602 0.04202 0.04102
P11 –65.9 –59.9 –59.9 –55.9 +0.04077 0.04277 0.04377 0.05077 –0.02494 –0.02094 –0.02094 –0.02294
P12 –15.7 –16.7 –19.7 –7.7 –0.04569 –0.04669 –0.04569 –0.03669 +0.01718 0.02018 0.01718 0.02018
P13 –47.2 –39.2 –43.2 –36.2 –0.03714 –0.03314 –0.03814 –0.04314 +0.01708 0.02008 0.01608 0.01308
P14 –63.9 –55.9 –65.9 –49.9 +0.08877 0.08577 0.09077 0.09077 +0.11306 0.11106 0.11006 0.11506
P15 –46.5 –51.5 –48.5 –52.5 +0.14494 0.15094 0.14794 0.14294 +0.2291 0.2271 0.2311 0.2231
P16 228.8 227.8 226.8 223.8 –0.15014 –0.14814 –0.15214 –0.15514 +0.05708 0.06108 0.06008 0.06208
P17 100.6 107.6 102.6 114.6 –0.05378 –0.05278 –0.05478 –0.04878 +0.13816 0.13816 0.139.16 0.14116
P18 173.9 162.9 177.9 157.9 –0.13387 –0.13787 –0.13187 –0.13427 +0.02314 0.02414 0.02614 0.03114

Table 5b — Continued

Sample Δs ΔS ΔS ΔS ΔC ΔC ΔC ΔC
No. (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%)

P1 0.01672 0.01272 0.01472 0.01472 –0.08038 –0.08238 –0.08138 –0.08338
P2 0.01624 0.01424 0.01624 0.01324 –0.08746 –0.08646 –0.08946 –0.08946
P3 0.0144 0.0104 0.0154 0.0164 –0.0851 –0.0851 –0.0841 –0.0821
P4 0.00824 0.01024 0.00724 0.01024 –0.09746 –0.09646 –0.09546 –0.099846
P5 0.01856 0.01856 0.02056 0.0156 –0.08474 –0.08574 –0.08274 –0.08774
P6 0.00256 0.00256 0.00456 0.00456 –0.05474 –0.05674 –0.05774 –0.05974
P7 0.01432 0.01732 0.01332 0.01132 –0.08428 –0.08028 –0.08428 –0.08628
P8 0.00256 0.00456 0.00456 0.00056 –0.08274 –0.08374 –0.07474 –0.08074
P9 0.00408 –0.00208 0.00408 0.00308 –0.08002 –0.07802 –0.07902 –0.07802
P10 0.00808 0.00708 0.00808 0.00408 –0.09682 –0.09282 –0.09382 –0.09982
P11 –0.00475 –0.00376 –0.00276 –0.00076 –0.08446 –0.08546 –0.08346 –0.08246
P12 0.01172 0.00972 0.01072 0.00872 –0.05538 –0.05838 –0.05938 –0.05938
P13 –0.00968 –0.00768 –0.00768 –0.00568 –0.07228 –0.07628 –0.07428 –0.07128
P14 0.00524 0.00324 0.00624 0.00424 –0.06846 –0.07246 –0.07046 –0.06646
P15 –0.0056 –0.0036 –0.0026 –0.0006 –0.0611 –0.0601 –0.0621 –0.0631
P16 –0.00168 –0.00068 –0.00132 –0.00132 –0.09528 –0.09428 –0.09728 –0.09928
P17 –0.00836 –0.00936 –0.00376 –0.00736 –0.06956 –0.06956 –0.06956 –0.07356
P18 –0.00244 –0.00244 –0.00044 –0.00344 –0.09474 –0.09574 –0.09774 –0.09274
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esis of more Mg pick-up from the slag.
It is also observed from Table 5B that

sample P14 recorded a gain of Mn. The
EPMA analysis of sample P14 along the
horizontal and vertical centerline of weld
(Fig. 8) shows maximum transfer of Mn
occurs at the central region of the weld de-
posit. This may be due to the fact that weld
metal remained liquid and solidified  last,
therefore giving more chances of both
thermochemical and electrochemical re-
action. Similarly, the maximum transfer of
Si was observed for sample P14 at the cen-
tral region of the weld deposit as evident
in EPMA analysis silicon in Fig. 8. Inter-
estingly sample P17 recorded loss of Mn
(ΔMn from –0.04878 to –0.05478) but gain
of Si (ΔSi from 0.13816 to 0.14116) as
shown in Fig. 9. However, the transfer
process (loss and gain) was mostly re-
stricted along the central region of the
weld deposit, similar to that observed in
sample P14.

The loss of ΔMn and ΔSi by MgO-CaF2
mixture could be justified as the addition
of MgO in CaF2 increases density and de-
creases conductivity of the melt (Ref. 15),
which may hinder the transfer of Mn and
Si across slag-metal interface. The other
mixture CaO-MgO has a binary antago-
nistic (loss) effect on Si content. This be-
havior is associated with the reduction of
SiO2 activity by formation of complex sili-
cates (Ref. 32). With the reduction of
SiO2 activity, the transfer of Si into the
weld metal also decreased.

Transfer of Sulfur

The prediction results given in Table 6
show that individual flux ingredients CaO,
MgO, CaF2, and Al2O3 are responsible for
the gain of sulfur in the weld metal.
Whereas, the binary mixtures, viz. CaO-
MgO, CaO-CaF2, CaO-Al2O3, MgO-
CaF2, and MgO-Al2O3 causes loss of sul-
fur (desulfurization) from the weld metal.
It has been observed by U. Mitra and T. W.

Eagar (Ref. 8) that apart from flux basic-
ity, type of flux also has a significant influ-
ence on sulfur transfer. In steel making,
sulfur is removed by reduction reaction.
Desulfurization is promoted by high-
basicity and low-oxygen potential of the
flux. In order to find out the effect of flux
ingredients as well as their binary mixtures
on weld metal oxygen content, prediction
equations were developed for oxygen con-
tent as given below.

Oxygen (O2 ppm) = 63.305 CaO – 12.420
MgO – 6.457 CaF2 – 16.775 Al2O3 – 0.945
CaO.MgO – 1.557 CaO.CaF2 – 2.061
CaO. Al2O3 + 0.835 MgO.CaF2 + 0.767
MgO.Al2O3 + 0.378 CaF2.Al2O3 (9)

The predominant effects of flux ingre-

A B

Fig. 11 — Fillet surface contour of weld metal. A — ΔΟ2; Β — ΔMn.

Table 6 — Predominant Effect of Flux Ingredients and Their Binary Mixtures on Weld Metal
Delta (Δ) Quantities

Predominant Effects
Pure Flux Ingredient Binary Mixtures of Flux Ingredient

(Responses) Increase Decrease Synergism Antagonism
Weld Metal
Delta (Δ)
quantities

Mgo-CaF2 CaO-MgO,
Δ O2 CaO, Al2O3 — MgO-Al2O3 CaO-CaF2,

CaF2-Al2O3 CaO-Al2O3

Δ Mn MgO CaO CaO-CaF2, MgO-CaF2

CaO-Al2O3 MgO-Al2O3

CaO-CaF2,
Δ Si CaO, MgO, — — MgO-CaF2

CaF2, Al2O3 MgO-Al2O3

CaO-MgO,
CaO-CaF2,

Δ S MgO, CaF2, — — CaO-Al2O3

Al2O3 MgO-MgO,
MgO-Al2O3

CaO-MgO,
Δ C MgO, CaF2 — CaO-CaF2, MgO-CaF2

CaO-Al2O3 MgO-Al2O3

MgO-CaF2, CaO-MgO,
O2 CaO, — MgO-Al2O3 CaO-CaF2,

CaF2 Al2O3 CaF2-Al2O3 CaO-Al2O3

Table 7 — Randomly Designed Submerged
Arc Flux Composition

Mixture Variables Composition
Sample CaO MgO CaF2 Al2O3

No. (wt-%) (wt-%) (wt-%) (wt-%)

T1 17 20 30 13
T2 30 15 15 20
T3 25 30 15 10
T4 15 25 10 30
T5 20 28 12 20
T6 23 27 15 15
T7 19 18 11 32
T8 16 17 25 22

N.B.: Other additions to flux samples. SiO2=10 wt-%, Fe-
Mn=4.0 wt-%, Fe-Si=3.0 wt-%, bentonite=3.0.
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dients and their binary mixtures are also
incorporated in Table 6. The statistical de-
tails of the equations are  given in Appen-
dixes 2 and 3.

Since CaO, CaF2, and Al2O3 increase
weld metal oxygen content, as given in
Table 6, desulfurization reaction will not
be favored by these ingredients due to the
reason that sulfur is removed by reduction
reaction (Refs. 8, 9), therefore these three
ingredients will help the gain of sulfur in
the weld metal. However, MgO was not
reported to increase weld metal oxygen
content (Table 6). In spite of that, the gain-
ing of sulfur by MgO indicates MgO is not
capable of desulfurization. The probable
reason may be 1) the radius of Mg2+ ions
(0.78°A) is less than that of Ca2+ ions
(1.06°A), 2) the stability of MgS is less than
that of CaS, and 3) the solubility of desulfu-
rization product MgS in weld metal is more
than that of CaS (Ref. 34). All these phe-
nomena probably reduce the sulfur absorb-
ing capacity of MgO in the flux. 

The loss of sulfur by CaO-MgO flux
mixture (Table 6) could be due to an in-
crease in free oxygen ion with addition of
basic oxide and a decrease in the content
of Fe++ by dilution. Both of these circum-
stances are favorable to the desulfuriza-
tion process (Ref. 35). On the other hand,
loss of sulfur by flux mixtures MgO-Al2O3
and CaO-Al2O3 could be due to the for-
mation of oxygen ion in the slag, which re-
sults in the formation of a complex com-
pound by the reaction of aluminate ion (or
silicon aluminate ion) with the sulfur ion
(Ref. 35). Furthermore, since CaO-CaF2
and CaO-Al2O3 mixtures decrease (binary
antagonism) oxygen content (Table 6),
desulfurization reactions will be favored
by these two mixture also, leading to loss
of sulfur in the weld metal.

Adequacy of the Developed 
Prediction Equation 

The adequacy of the prediction equa-
tions for weld metal delta quantities was

checked by performing sub-
merged arc welding using ran-
domly designed fluxes — Table 7.
The experimentally determined
and theoretically predicted re-
sults of ΔO2, ΔMn, ΔSi, and ΔS
are compared graphically in Fig.
10. It is observed from Fig. 10
that there is reasonably good
agreement between the experi-
mental and predicted results.
Therefore, we may infer that the
prediction model is quite ade-
quate in describing weld metal
delta (Δ) equation, viz. ΔO2,
ΔMn, ΔSi, and ΔS.

Occasionally experiments are
planned to be performed in some

reasonably well-defined region of interest,
centered about the operating conditions.
The reason for exploring the region of in-
terest is to see if there are other blends
(mixture) in the vicinity of current condi-
tions that can produce a response similar
to or better than those currently being
produced (Ref. 36). These response con-
tour plots will be a useful tool for the de-
signer in selecting the proper flux ingredi-
ent (composition) ranges in order to
achieve their desired target value of that
response.

The iso-response contour plots for se-
lected responses, such as weld metal delta
oxygen content and delta manganese con-
tent, were developed in the present exper-
iment as an example. These are shown in
Fig. 11A and B, respectively. The iso-
response contour plots in three dimen-
sions has been developed for the selected
response (ΔMn), as shown in Fig. 12. The
shades in each of these iso-response con-
tour plots represent the value of the re-
sponses that may be achievable at differ-
ent combinations of flux ingredients in the
present set of experiments.

Conclusions

Following conclusions can be drawn
from this study:

1) The transfer of elements, viz oxygen,
manganese, silicon, and sulfur across the
weld pool in submerged arc welding
(SAW) can be predicted by developing
suitable regression models with the help of
statistical design of mixture experiments.

2) The variation of transfer of elements
across the weld pool is primarily due to
chemical reactions associated with SAW
fluxes at fixed levels of the welding para-
meters.

3) Increase in viscosity by CaO and
suboxide formation properties by Al2O3
are also the reason for oxygen transfer
from flux to weld.

4) The interaction of CaO with CaF2
and Al2O3 results in the loss of oxygen (re-

fining) and a gain of manganese (alloying)
content in the weld metal. However, the
interaction of MgO with CaF2 and Al2O3
shows an opposite effect toward oxygen
and manganese transfer.

5) Gain of manganese in the weld
metal resulted from an electrochemical
reaction in the weld pool.

6) Gain of silicon in the weld metal was
due to thermochemical dissociation and
electrochemical reaction in the weld pool.

7) Transfer of sulfur from weld to flux
is affected by an increase in oxygen in the
molten weld pool. Low carbon is mainly
due to the oxidation of available oxygen in
molten weld pool.
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Appendix 1 — Standard Error, t Statistic, Level of Significance and Confidence Interval for the Responses (Dependent Variables)

Response: Weld Metal Delta Oxygen (ΔO2) Content

Confidence Interval (95%)
Effect Std. Error t Statistic P Significance Lower Upper

CaO 6.651202 8.86032 0.000000 45.6362 72.22735
MgO 9.177225 –1.87863 0.064999 –35.5856 1.10441
CaF2 2.708845 0.97910 0.331337 –2.7627 8.06713
Al2O3 3.385175 3.77529 0.000360 6.0131 19.54688
CaO.MgO 0.272755 –3.33137 0.001460 –1.4539 –0.36342
CaO.CaF2 0.193945 –7.94330 0.000000 –1.9282 –1.15287
MgO.CaF2 0.248777 3.44178 0.001040 0.3589 1.35354
CaO.Al2O3 0.211295 –9.66250 0.000000 –2.4640 –1.61926
MgO.Al2O3 0.264115 3.01597 0.003711 0.2686 1.32452
CaF2.Al2O3 0.175454 2.08681 0.041024 0.0154 0.71687

Response: Weld Metal Delta Manganese (ΔMn) Content

Confidence Interval (95%)
Effect Std. Error t Statistic P Significance Lower Upper

CaO 0.006001 –4.97699 0.000005 –0.041862 –0.017871
MgO 0.008280 6.73601 0.000000 0.039223 0.072326
CaF2 0.002444 –1.76890 0.081829 –0.009209 0.000562
Al2O3 0.003054 –0.72955 0.468413 –0.008334 0.003877
CaO.MgO 0.000246 –1.92738 0.058517 –0.000966 0.000018
CaO.CaF2 0.000175 7.00053 0.000000 0.000875 0.001575
MgO.CaF2 0.000224 –6.02449 0.000000 –0.001801 –0.000904
CaO.Al2O3 0.000191 7.14100 0.000000 0.000980 0.001742
MgO.Al2O3 0.000238 –6.42759 0.000000 –0.002008 –0.001055
CaF2.Al2O3 0.000158 1.28571 0.203325 –0.000113 0.000520

Response: Weld Metal Delta Silicon (ΔSi) Content

Confidence Interval (95%)
Effect Std. Error t Statistic P Significance Lower Upper

CaO 0.004538 2.68324 0.009336 0.003105 0.021247
MgO 0.006261 8.88579 0.000000 0.043119 0.068151
CaF2 0.001848 3.41049 0.001146 0.002609 0.009997
Al2O3 0.002310 5.87068 0.000000 0.008942 0.018175
CaO.MgO 0.000186 –7.32795 0.000000 –0.001736 –0.000992
CaO.CaF2 0.000132 –0.47717 0.634916 –0.000328 0.000201
MgO.CaF2 0.000170 –7.84564 0.000000 0.001671 –0.000992
CaO.Al2O3 0.000144 –1.31626 0.192834 –0.000478 0.000098
MgO.Al2O3 0.000180 –7.92859 0.000000 –0.001789 –0.001068
CaF2.Al2O3 0.0000120 1.83448 0.071365 –0.000020 0.000459

Response: Weld Metal Delta Sulphur (ΔS) Content

Confidence Interval (95%)
Effect Std. Error t Statistic P Significance Lower Upper

CaO 0.000495 5.91035 0.000000 0.001937 0.003917
MgO 0.000683 6.87823 0.000000 0.003334 0.006066
CaF2 0.000202 8.13973 0.000000 0.001239 0.002045
Al2O3 0.000252 8.22036 0.000000 0.001568 0.002576
CaO.MgO 0.000020 –7.83173 0.000000 –0.000200 –0.000118
CaO.CaF2 0.000014 –4.86116 0.000008 –0.000099 –0.000041
MgO.CaF2 0.000019 –5.53316 0.000001 –0.000140 –0.000065
CaO.Al2O3 0.000016 –5.03865 0.000004 –0.000111 –0.000048
MgO.Al2O3 0.000020 –6.03380 0.000000 –0.000158 –0.000079
CaF2.Al2O3 –0.000019 –1.48386 0.142913 –0.000045 0.000007

Response: Weld Metal Delta Carbon (ΔC) Content

Confidence Interval (95%)
Effect Std. Error t Statistic P Significance Lower Upper
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CaF2.Al2O3 0.000027 0.93231 0.354781 –0.000080 0.000029
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Appendix 2 — Text of Whole Mixture Model for the Responses (Dependent Variables)

Dependent R2 SS df MS SS df MS F P
Variable Model Model Model Residual Residual Residual Value Significance

Delta O2 0.686865 467971.5 9 51996.84 213343.9 62 3441.031 15.11083 0.000000
Delta Mn 0.648355 0.370643 9 0.041183 0.201023 62 0.003242 12.70159 0.000000
Delta Si 0.682053 0.212610 9 0.023623 0.099110 62 0.001599 14.77791 0.000000
Delta S 0.382705 0.005212 9 0.000579 0.008406 62 0.000136 4.270905 0.000242
Delta C 0.528908 0.006010 9 0.000668 0.005353 62 0.000086 7.734355 0.000000
Oxygen 0.680338 476622.7 9 52958.02 223945.3 62 3612.02 14.66162 0.000000
content

Appendix 3 — Standard Error, t Statistic, Level of Significance, and Confidence Interval for the Responses

Response: Weld Metal Oxygen Content
Confidence Interval (95%)

Effect Std. Error t Statistic P Significance Lower Upper

CaO 6.814592 9.28970 0.000000 49.6834 76.92770
MgO 9.402668 –1.32095 0.191373 –32.2161 6.37522
CaF2 2.775389 2.32653 0.023273 0.9061 12.00495
Al2O3 3.468333 4.83663 0.000009 9.8420 23.70816
CaO.MgO 0.279456 –3.38446 0.001241 –1.5044 –0.38718
CaO.CaF2 0.198709 –7.83541 0.000000 –1.9542 –1.15975
MgO.CaF2 0.254888 3.27729 0.001720 0.3258 1.34486
CaO.Al2O3 0.216486 – 9.52158 0.000000 –2.4940 –1.62854
MgO.Al2O3 0.270603 2.83515 0.006177 0.2263 1.30813
CaF2.Al2O3 0.179764 2.10640 0.039224 0.0193 0.73800

— continued from page 144-s
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