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Abstract- This paper presents a method for predicting the tensile strength of Q460 low-alloy steel welds produced
by submerged arc welding using ceramic flux, based on experimental data and analysis of variance (ANOVA). The
selection of appropriate welding parameters, electrode wire, and ceramic flux composition compatible with the base
metal is evaluated through mechanical testing to determine the strength and reliability of the welded structure,
thereby enabling adjustments to flux composition or welding parameters if necessary. In this study, the ceramic flux
mixture consists of SiO,, MnO,, and TiO, as the main components, combined at different percentage ratios. The
experiments were designed using the Taguchi L9 method and analyzed using ANOVA. The analysis shows that the
percentage contributions to tensile strength are as follows: SiO, = 24.13%, MnO, = 12.78%, and TiO, = 63.69%.
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I. INTRODUCTION

Submerged arc welding (SAW) using ceramic flux is
widely adopted in heavy industry and structural
engineering, particularly in shipbuilding, large-
diameter pipe welding, and heavy-duty structures. A
weld joint is considered durable if it is free from
hydrogen-induced cracking, gas porosity, slag
inclusions, and other defects. In SAW, weld quality is
critically determined by the choice of wire diameter,
flux composition, and welding parameters. Research
confirms that welding parameters, ceramic flux
composition, and the selection of welding wire
suitable for the base metal are key factors
influencing weld strength [1].

Important characteristics, such as improved slag
detachability, arc stability, and weld alloying, are
known to increase with higher SiO, content in the
flux composition [2]. The presence of manganese
(Mn) and calcium silicate (CaSiOs) effectively reduces
sulfur levels and removes phosphorus from the weld
pool [3]. However, high contents of SiO, and TiO,
increase heat input but can adversely affect the
mechanical properties of the weld [4]. In SAW, arc
voltage is particularly important when using SiO,-
based fluxes [5]. The formation of acicular ferrite (AF)
in the weld structure, controlled by oxides such as
CaO, contributes significantly to desirable

mechanical properties like toughness and impact
strength [6].

The combined effect of the welding wire and the
chemical composition of the flux influences the
transformation of slag and weld metal, which has
been shown to improve tensile strength and load-
bearing capacity of the weld metal [7]. FeO content
in the slag governs oxygen levels during welding;
although low oxygen content is required in the weld
metal, the decomposition of SiO, during welding
must be taken into account. A detailed study
compared the chemical composition of various flux
batches alongside resulting weld structure and
tensile strength in submerged arc welding [8].

The effects of chemical components in ceramic flux
during SAW have been clearly explained through
various experimental studies [9]. Ceramic welding
flux plays a vital role in determining weld metal
quality, which has been thoroughly elucidated by
multiple testing methods [10]. Adjustments in MnO
and Fe-Cr contents in the ceramic flux aim to achieve
desired hardness limits in the weld metal [11].
Moreover, increasing MnO, MgO, and Fe-Cr content
enhances the ductility of the weld metal [12]. Finally,
the grain size of ceramic flux, typically ranging
between 0.5 and 1.2 mm, and weld penetration
depth can be optimized by adjusting the SiO, flux
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composition and applying Taguchi analysis in SAW
[13].

Il. ANALYTICAL METHOD

Table 1. Tensile test results of Q460 steel specimens
according to TCVN 197:2002

Q460 Steel
Tio2 | Si02 | MnO2 i

No. | Code | o | 0o | o ;ternei;eth
(MPa)
1 0 8 12 18 587,0
2 11 8 14 20 454,0
3 22 8 16 22 564,0
4 101 10 12 20 669,0
5 112 10 14 22 566,0
6 120 10 16 18 674,0
7 202 12 12 22 634,0
8 210 12 14 18 671,0
9 221 12 16 20 680,0

Based on the experimental dataset (Table 1), analysis
of variance (ANOVA) is employed to evaluate the
influence of TiO,, SiO,, and MnO, proportions in the
ceramic flux composition on the mechanical
properties of the weld metal. This serves as the
foundation for determining the optimal combination
of these components to ensure the desired
mechanical performance of the welded joint.

ANOVA is a statistical technique used when
comparing the means of three or more groups. It
allows quantification of the relative influence and
significance of contributing factors on the target
response. Since variance represents the degree of
dispersion of observations relative to the mean,
ANOVA facilitates the comparison of means by
examining differences in variances among groups.

The steps in the analysis of variance (ANOVA)
include:

Step 1: Assign factor levels.

Step 2: Calculate the sum of experimental results.
Step 3: Compute the correction factor for the factors.
Step 4: Calculate the sum of squares for each factor.

Step 5: Determine the degrees of freedom for the
experiment and for each factor.

Step 6: Calculate the mean squares (variance) of the
factors.

Step 7: Calculate the total sum of squares as the basis
for comparing the variation around the mean.

Step 8: Calculate the percentage contribution of
each factor to the objective function.

Step 9: Compile the results into the ANOVA table.

I1l. RESULTS AND DISCUSSION

Based on the content and implementation steps of
the Taguchi method, the influence analysis and
determination of the optimal proportion of flux
components to ensure the weld joint strength were
conducted as follows:

Step 1: The selected objective function is the tensile
strength (o_b) of the weld joint. The factors
influencing this objective function include TiO,, SiO,,
and MnO..

Step 2: Each influencing factor was assigned three
levels with specific values, as shown in Table 2.

Table 2. Levels and corresponding values of
influencing factors

Factor Level 1 (%) | Level 2 (%) | Level 3 (%)
TiO, 8 10 12
SiO; 12 14 16
MnO, 18 20 22

With three factors each at three levels, the L9
orthogonal array was selected. Accordingly, nine
experimental  conditions ~ were  established,
corresponding to the nine rows in Table 3.

Table 3. Experimental conditions, measured results,
and S/N ratios of tensile strength

MSD
TIOz S|02 MnOz ob 2
M e | co | oo [oveay| | G
1 0 8 12 18 587 |344569| 2.90 |55.37
2111 8 14 20 454 1206116| 4.85 |53.14
3 122| 8 16 22 564 |318096| 3.14 |55.03
4 (101 10 | 12 20 669 [447561| 2.23 |56.51
51112 10 | 14 22 566 |320356| 3.12 |55.06
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6 (120 10 | 16 18 674 |454276| 2.20 |56.57 Degrees of Freedom fSi02 2

7 (202 12 | 12 22 634 [401956| 2.49 |56.04 () fMn0O2 2

8 (210 12 | 14 18 671 [450241| 2.22 |56.53 VTiO2 13477,33
9 [221] 12 | 16 | 20 | 680 [462400| 2.16 |56.65 Meansq:\;})revalues Vsio2 5106,33
Step 3: The experiments were conducted according VMnO?2 2577
to the conditions listed above, and the tensile PTiO2 63,69
strength values corresponding to each experimental CO:;:E:EEG(PD PSiO2 24,13
condition were recorded. The measured tensile PMnO2 12,18

strength values are presented in Column 6 of Table
3.

Step 4: The S/N ratio was calculated based on the
“larger-the-better” quality characteristicc.  The
resulting S/N ratios for each experimental condition
are shown in Column 9 of Table 3.

To quantitatively evaluate the influence of TiO,, SiO,
and MnO; on the tensile strength of the weld joint
and to determine the optimal factor levels, an
ANOVA analysis was performed. Based on the S/N
ratio results in Table 3, the ANOVA parameters were

computed. The results are summarized in Table 4.

Table 4. Factor levels and percentage contributions
of factors to weld tensile strength

Experiment | 1 | 2 | 3 4 516(7]8]9
ob (MPa) |587|454| 564 | 669 |566|674(634|671(680
Mean tensile strength, m (MPa) 611
Total of experimental results, T 5499

Correction factor, CF 3359889
Total degrees of freedom, fT 8
m(TiOy)4 54,51
m(TiOy), 56,05
m(TiO,)s 56,41
. m(SiOy) 55,97
Leveling c()f ??rameters M(Si0)z 54,91
™ m(SiOy); 56,08
m(MnO3), 55,97
m(MnQO,) 54,91
m(MnO3) 56,08
STiO2 56,16
Sum of Squares (Sj) SSi02 55,43
SMn0O2 55,37
Total sum of squares 4232133
(ST
fTio2 2

Based on the experimental results (Table 3) and the
ANOVA procedure, the factor-level plots and
percentage contribution charts were constructed, as
shown in Figures 1 and 2. Note that X, Y, and Z
correspond to TiO,, SiO,, and MnO,, respectively.
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Figure 1. Level plots of the factors for the tensile
strength of the weld joint
a) Level plot of TiO,; b) Level plot of SiO;
c) Level plot of MnO,
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S10;
=24,13%

T10,=63,69%

Figure 2. Percentage contribution of the factors
TiO,, SiO,, and MnO, to the tensile strength of the
weld joint

Based on the level plots of the factors, it can be
observed that:

For the “larger-the-better” quality characteristic, the
optimal levels of the factors to achieve the maximum
tensile strength are TiO; at level 3, SiO; at level 3,
and MnO; at level 1. The predicted tensile strength
corresponding to the combination of factors at these
optimal levels obtained from the experiment is:

Y =T+(X,-T)+(Y,-T)+(Z,-T)="723 (Mpa)

opt
The regression model is established in the form of a
multiplicative function as follows:

o, =bX"Y"Z" 4
Taking the logarithm (base 2) of both sides of

equation (1), we obtain:

Ino,=Inb,+bIn X +b,InY +b,InZ @)

Let:
6,=Ino,; a,=Inb,; a =b;a, =b,;
=In(X);y=In(Y);z=1In(Z)

o, =a,+ax+a,y+a,z

3)

a, =b;;x

“
Here, the coefficients a0, a1, a2, a3 are unknown and
need to be determined.

Meanwhile, x, y, z are the logarithms of the
corresponding factor levels TiO,, SiO,, MnO; in the
experiment.

Using the least squares method, the objective is to
determine the coefficients a0, a1, a2, a3 such that the
following expression is minimized:

S(ay,a,,a,,a;) = Z[(O‘h)i —oN',,()cl.,yl.,zl.)]2 — min
i=1

or equivalently:
S(ay,a,,a,,a;) =

—Z[ (o)

In these expressions,

2 .
—(ay+a,.x, +a,.y, +a,.z )] — min

(O-b)i

experimentally measured values,

represents the

whereas G,
values
model.

the

denotes the corresponding theoretical
predicted by the regression
The necessary conditions for minimizing
objective function are obtained from:

oS < 2
522[(Ub)i_&b(xiﬁynzi)j| =0 (]:13)
j i=1
Thus:
9
sS =Z(2a1x +2a,z,+2a,y,+2a,-20,)=0
a, ‘o
9
a_S:ZZx(ax +a,z, +a,y,+a,— 0') 0
oa, ‘o
9
8_522 yi(ax, +ayz, +a,y, +a,—0,) =0
Oa, ‘I
9
6_S:z 2z, (ax; +ayz, +a,y, +a,—0,)=0
Oa; 3

©)
Solving the system of four linear equations (5) using
an iterative algorithm implemented in MATLAB
yields the following results:

b, = 640,92;
b, = 0,547
b, =0,022;
b, = —0,457;

With the coefficients obtained above, the linear
regression equation can be expressed as follows:
o = 640 92X0,547Y0,02224),457
b (6)

As previously determined, the optimal levels for
achieving the highest tensile strength are: TiO, at
level 3, SiO; at level 3, and MnQ; at level 1.

Combining these optimal factor levels with the
regression equation (6), the influence of the flux
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component proportions on tensile strength is
illustrated in the following plots.

vy, X=12

Figure 3. 3D power-law surface plots showing the
dependence of tensile strength on individual flux
components at their optimal levels

Based on the plots describing the dependence of
tensile strength on the proportions of the flux
components and regression equation (6), the
following observations can be made:

The tensile strength of the weld joint is directly
proportional to TiO, and SiO, and inversely
proportional to MnO..

From Figure 3a, an increase in SiO, leads to an
increase in tensile strength. Conversely, increasing
MnO; results in a decrease in tensile strength.
Similarly, increasing TiO, increases the tensile
strength, while increasing MnO, decreases it (Figure
3b).

The tensile strength increases significantly when
both TiO, and SiO, are increased simultaneously
(Figure 3c).

IV. CONCLUSION

Based on the experimental results, analysis, and
evaluation of nine weld samples prepared with nine
different batches of filler mixtures, several
conclusions can be drawn.

From the distribution graph illustrating the influence
of TiO,, SiO,, and MnO; on the tensile strength of the
welds, it was observed that TiO, has the most
significant effect at 63.69%, followed by SiO, with a
moderate effect of 24.13%, and MnO, with the least
effect at 12.78%. This distribution indicates that,
when designing welds to achieve high tensile
strength, priority should be given to adjusting the
proportion of TiO..

Therefore, the tensile strength of the welds depends
on the ratios of TiO,, SiO,, and MnO; in the ceramic
welding flux. To establish a mathematical
relationship between these components and the
target variable, i.e., the tensile strength of the welds,
and to analyze the trend of their influence as well as
assess the effect of technological parameters on the
target variable, the least squares method was
employed to construct a mathematical model. This
model represents the dependence of weld tensile
strength on the proportions of TiO,, SiO,, and MnO,
in the ceramic flux.
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