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Abstract:

Submerged arc welding (SAW) is a fusion type welding and it is considered as one of the most
important welding types due to its inherent capabilities of high welding speed, high deposition rate,
welding large thickness plates owing to its deep penetration characteristic and many other advantages.
In this study, the goal was to investigate the effect of welding parameters, namely (welding current and
welding speed) as well as the joint design on the mechanical properties (yield stress, bending force on
the face of the weldment and hardness of the weld metal. Experiments were conducted employing Design
of Experiment (DOE) software and Response Surface Methodology (RSM) technique. The experiments
were performed by welding (26) pieces of ASME SA-516 Gr. 70 steel plate with dimensions of (300 mm
x 150 mm x 10 mm) to produce (13) specimens depending upon the design matrix developed via the
DOE. Results manifested that the optimum process parameters for maximum vyield stress, maximum
bending force and minimum hardness were (202.659 MPa, 21.662 KN and 139.232 HV), respectively at
(425 amps) welding current and (35 cm/min) welding speed, where the arc voltage was held constant at
(37 volts). Finally, it was found that the predicted and experimental results of yield stress, bending force
and hardness agree very well according to the ultimate error (1.5%, 1.3%, and 3.4 %), respectively.
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1. Introduction

A large number of works has been done by many researchers in the field of submerged arc
welding. This paper briefly covers the previously published works carried out by researchers in the
various fields concerning with the experimental investigation, modeling and optimization of SAW
process parameters that have effect on the mechanical properties. In general, the tensile strength
properties and hardness of the welded joints increase with the increase in number of passes and in the
contrary, the ductility and toughness decrease gradually. These changes in mechanical behavior can be
related to the observed microstructural properties, particularly the amount of morphology and the ferrite
delta distribution [1]. The deposition rate increases greatly with the increase in welding speed at all values
of heat inputs investigated, without affecting the weldment soundness. Hardness values decrease with an
increase in welding speed and heat input [2]. With the formation of acicular ferrite, the ultimate tensile
strength and yield strength of weld metal increases for fluxes containing TiO2, the inclusion percentage
of welds reduces the area of reduction and elongation percentages [3]. It was deduced that the weld metal
grain structure and heat affected zone are affected by the heat input. Both the ultimate tensile strength
and yield strength decreased with the increase in heat input, while the percentage of elongation has
increased [4]. The testing results showed the significance of cladding methods and estimated heat
treatment influences on the stated mechanical properties. The microhardness increased with the decrease
in heat input, also it was found that the percentage of graphite and slow cooling rate which resulted in
better mechanical properties [5]. It was obtained that the high cooling rate and low heat input caused the
higher hardness [6].

The results depicted that the current had a significant effect on the hardness, where with the
increase of welding current from 300 A to 330 A, the hardness decreased [7]. The speed of welding and
the arc voltage possess an important influence upon the residual stress. The speed of welding mostly
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raised the residual stresses over the entire chosen levels of input [8]. The results revealed that the
microhardness decrease significantly with the increase in welding current [9].

From the previous work it can be concluded that a lot of works were done for the optimization of
mechanical properties, where they have taken the effect of number of passes of welding, type/amount of
inclusions and the evolution of weld microstructure, influence of flux chemical composition, addition of
alloying element powder (nickel and molybdenum), TiO- addition to the flux composition and many
other effects. But, there is a little work that considered the modeling and optimization the effect of
welding parameters in SAW pressure vessel materials on their mechanical properties, experimentally and
theoretically. Accordingly, the objective of the present paper is first to study the effect of using the
submerged arc welding parameters, including current, welding speed with the use of square-shape joint
design on the mechanical properties of low carbon steel plate SA-516 Gr. 70 that is usually utilized for
manufacturing pressure vessels. Design of Experiment (DOE) method will be used to model and optimize
the input welding parameters (welding current and welding speed) together with the outputs, including
yield stress, maximum bending force and hardness of the SAW specimens for comparing the predicted
results with the experimental ones.

2. Experimental Work
2.1 Used Material

The base material used in the welding process was low carbon steel plate (ASME SA-516 Gr.
70) with a thickness of 10 mm; it is usually employed for producing tanks in the petroleum industry,
boilers, and pressure vessels. All plates were submerged welded utilizing ASME SFA-5.17M EM12K
wire (3.25 mm diameter) and ASME SFA-5.17M F48A2 flux having 0.8 basicity index. Table (1) lists
the chemical analyses of the used and nominal ASME SA-516 Gr. 70 for a plate thickness of less than
(12.5 mm), and Table (2) depicts their mechanical properties for the purposes of comparison and
conformity. Also, the chemical composition of the used and nominal of ASME SFA-5.17M EM12K is
given in Table (3).

Table (1): Chemical compositions of nominal and used steel plate
(ASME SA-516 Gr. 70) [10].

: %C : %P %S

Material wt.% Max %Mn %Si Max Max

(for TET;“;J"mm) 027 | 0.79/13 | 013045 | 0035 | 0035
Used 0.22 1.31 0.3

Table (2): Mechanical properties of nominal and used steel plate
(ASME SA-516 Gr. 70) [10].

Tensile Yield Elongation Bending Hardness
strength | strength (%) force HY
Mpa Mpa KN
Nominal 485/620 | 260 Mn 21 (min)
Used 520 385 35 36 160

2.2 Submerged Arc Welding Conditions

To investigate the influence of the input factors on the hardness and mechanical properties
developed via the process of SAW, two welding factors (current and travel speed) were utilized as an
individual factor with five levels as shown in the Table (4). These levels were chosen depending upon
the actual practices that used in the Heavy Engineering Equipment State Company (HEESCo).

Table (3): Chemical composition of nominal and used electrode wire (Askanyak

AS S2Si).
Materials wt. %
%C %Mn %Si %P %S %Cu
Nominal [11] | 0.05/0.15 0.8/1.25 0.1/0.35 0.03 (max) 0.03 (max) 0.35 (max)
Used [12] 0.07 1.0 0.15 0.025
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Table (4): Used levels of input factors
| Input parameter Levels
2 | -1 0 | +1 | +2
Welding current (Ampere) 275 | 325 | 375 | 425 | 475
Welding speed (cm/min) 20 | 25 | 30 | 35 | 40

2.3 Welding Procedure

First, the plate was cut to (26) pieces having dimensions (300x150x10 mm) and their surfaces
were then cleaned for the oxides and contamination removal via the sand blasting. Milling cutter was
utilized to produce a square joint in a single-butt weld joint that then submerged arc welded to make (13)
specimens. All the experiments were achieved depending upon design matrix (Table 5) made via the
DOE software with five levels of input factors for finding out their effect on the mechanical properties
induced in the SAW process. Fig. (1) Shows a simple schematic of the type of joint design used in the
experiment. Fig. (2) Displays the used welding machine, type (EsabA2 Multitrack with the A2-A6
process controller PEK).

2.00

Fig. (1): A simple schematic of joint design used in the experiment

Fig. (2): EsabA2 Multitrack with the A2-A6 process controller PEK

Table (5): Experimental design matrix for both actual input factors
and responses

. . Maximum

Std. \Qf,erlféﬂg \A;nge'Sg Yield stress bending Hardness

No. (Ampere) (cm/min) (MPa) force-face (HV)
1 325 25 152.74 21.58 203.25
2 425 25 183.34 25.83 195.30
3 325 35 170.84 19.63 185.3
4 425 35 205.66 21.95 134.65
5 275 30 166.35 19.19 206.41
6 475 30 222.67 24.84 164.93
7 375 20 153.51 27.46 214.13
8 375 40 196.34 20.21 146.67
9 375 30 169.74 20.76 173.48
10 375 30 167.59 20.47 175.69
11 375 30 170.23 19.85 177.74
12 375 30 171.84 20.59 179.28
13 375 30 166.42 20.66 174.55
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2.4 Measurements of Yield Stress, Maximum Bending Force and Hardness

All the tensile and bending tests were conducted in the Department of Production Engineering
and Metallurgy at the University of Technology using WDW-200E Testing machine with a constant load
of (0.04 KN), crosshead speed of (2 mm/min). The average of yield stress and max bending force was
taken from two tests, as listed in Table (5). Hardness measurements were carried out at the Department
of Mechanical Engineering at the University of Technology using LARYEE HBRVS testing machine on
a polished surface specimen at the neutral axis of the weld metal only, taking the mean of three readings.
The indents were formed by a diamond indenter, in the form of a right pyramid with a square base and
an angle of 136 degrees between opposite faces subjected to a load of 100 kgf (980.7 N), and the resident
time was 10 seconds. The indentation imprinted on the specimen by the indenter was measured and
recorded, as given in Table (5).

2.5 Design of Experiments

In the current investigation, the RSM approach was employed for developing mathematical model
depending upon the experimental results. Quadratic functions of the response surface must be regarded,
since the curvature may be insufficiently modeled via employing the first-order function during the
ranges of the common working states. 13 experiments were conducted depending upon the experimental
design matrix. The tests were carried out randomly at various coded levels from (-2) to (+2) utilized with
each factor, where each used level corresponded to an actual value adapted to the coded one. Therefore,
the welding input factors investigated include the current and the travel speed. The experimental design
matrix employed for the input factors with the resulted output (response) values is elucidated in the Table
(5). The prediction model with a 95% confidence level was established via "DESIGN EXPERT Version
10.”

3. Results and Discussion

3.1 Modeling of Yield Stress

The proper model was first chosen and made via employing the approach of RSM, and then the
characteristics of the response were utilized to determine the regression expressions to the model. The
experimental results given in Table (5) were employed to make the regression expressions, which were
drawn to explore the process factors effect on the various characteristics of response. Analysis of variance
(ANOVA) for the response surface quadratic model for yield stress was achieved with backwards
elimination of insignificant coefficients for analyzing statistically the results, as given in the Table (6).

The F-value of (233.92) of the model shown in the Table (6) depicts that the model is ‘significant’
with 95% confidence level. The "Prob> F" values less than (0.05) indicate that the terms of this model
are important. In such case, the terms (A, B, A2z and B?) are significant ones in such model. Thus, such
model explains that the current (A) of welding, speed (B) of welding and their squared terms possess the
largest impact on the yield stress. Also, the lack of fitting refers to a good model.

The tentative quadratic predicted model established for yield stress induced in the SAW of
(ASME SA-516 Gr. 70) low carbon steel is given as follows:

Yield stress = + 405.36121 - 1.61041* Current - 1.40510* Welding speed + 2.54291E-003* Current? +
0.058441Welding speed? (1)
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Table (6): ANOVA for response surface quadratic model for yield stress

Mean F P-value
Source Sum of Squares df Square Value Prob > F
Model 4895.79 4 1223.95 23392 | <0.0001
significant
A-Current 37.64 1 37.64 7.19 0.0278
B-Welding speed 1324.68 1 1324.68 253.17 < 0.0001
A? 926.05 1 926.05 176.99 < 0.0001
B2 48.91 1 48.91 9.35 0.0156
Residual 41.86 8 5.23
Lack of Fit 23.22 4 5.81 1.26 0.4182
not significant
Pure Error 18.64 4 4.66
Cor Total 4937.65 12
Std. Dev. 2.29 R-Squared 0.9915
Mean 176.71 Adj. R-Squared 0.9873
CV.% 1.29 Pred. R-Squared 0.9624
PRESS 185.44 Adeq. Precision 51.220
Normal Plot of Residuals
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Fig. (3): Normal distribution of yield stress data

The model adequacy checking was performed via the analysis of residual, and the outputs are
evinced in the Figures (3 and 4), respectively. The plot of normal probability is presented in Fig. (3). The
errors are distributes normally as appeared in such figure, where the residuals exist on a straight line. The
standardized residuals relevant to the predicted results are shown in the Fig. (4).

The residuals don’t appear any explicit unfamiliar style and are distributed in both positive and
negative direction. This demonstrates the adequacy of the model. Fig. (5) illustrates that the yield stress
predicted results are close to the actual ones that measured in tests, explaining that both predicted and
experimental outputs possess a good agreement. This output is confirmed via the (2D) contour graph and
(3D) surface graph displayed in Figures (6 and 7), respectively in terms of current and travel speed of

welding.
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Residuals vs. Predicted
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Fig. (4): Residual versus predicted data
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Fig. (5): Predicted versus actual data

It can be seen from Fig. (6) that increasing the welding speed caused increasing yield stress and
increasing current also resulted in an increase in yield stress. This is confirmed by Fig. (7) showing that
the maximum yield stress occurred at the highest level of welding speed (35 cm/min) and the highest
level of current (425 Ampere). This result is likely attributed to the effect that increasing the welding
speed at higher current resulted less thermal effect on the material, higher cooling rate and deposition
rate, thus increasing the yield stress.
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Yield Stress (Mpa)

35

33

31

29

B: Welding speed (cm/min)

27

25
325 345 365 385 405 425

A: Welding current (Ampere)

Fig. (6): 2D contour graph of yield stress as a function of welding speed and welding
current

Yield Stress (Mpa)
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Fig. (7): 3D surface plot of yield stress as a function of welding speed and welding
current

3.2 Modeling of Maximum Bending Force

In a similar way, for the maximum bending force for the face of the weld results given in Table
(5), a quadratic model in the coded terms was analyzed using the backwards elimination of the
unimportant coefficients. Table (7) reveals the statistical analysis of variance (ANOVA), and this model
is significant at 95% confidence. In such model, the welding speed (B) and the squared terms (A?) and
(B?) are all significant. This model explains that these three terms possess the greatest impact on the
maximum bending force. Also, there is no interaction between the current and welding speed. Also, the
lack of fitting test refers to a good model.

The final equation of maximum bending force (face) in terms of the actual factors is:

Maximum bending force = +72.59630 - 0.089247* Current - 2.38307* Welding speed +1.58707E-004*
Current?+ 0.034071* Welding speed? (2)
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Table (7): ANOVA for response surface quadratic model for maximum bending force

(Face)
Mean F P-value
Source Sum of Squares df Square value Prob > F
Model 78.28 4 19.57 56.56 <0.0001 significant
A-Current 0.19 1 0.19 0.54 0.4825
B-Welding speed 34.44 1 34.44 99.55 <0.0001
A? 3.61 1 3.61 10.43 0.0121
B2 16.62 1 16.62 48.05 0.0001
Residual 2.77 8 0.35
Lack of Fit 2.25 4 0.56 433 0.0923 not
significant
Pure Error 0.52 4 0.13
Cor Total 81.04 12
Std. Dev. 0.59 R-Squared 0.9658
Mean 21.77 Adj. R-Squared 0.9488
CV.% 2.70 Pred. R-Squared 0.8638
PRESS 11.04 Adeqg. Precision 23.932

For checking statistically, the adequacy of this model, the plot of the normal probability of
residuals (Fig. 8) for the max bending force results showed that generally the residuals (errors) fall on a
straight line and they are distributed normally. Also, there are no clear patterns or uncommon structure,
implying accurate models. The standardized residuals relevant to the predicted results are shown in the
Fig. (9). The residuals do not appear any explicit uncommon style and are distributed in both positive
and negative direction. This clarifies the adequacy of the model. Fig. (10) shows the predicted versus the
actual data for comparison purpose.
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Fig. (8): Normal distribution of maximum bending force data

Referring to the Fig. (11) for the (2D) contour plot, one can note that, generally, the maximum
bending force has the highest value at a higher level of welding current and lower value of welding speed
due to high deposition rate on the face of the weld. It can also be seen that at the higher current and higher
welding speed, the bending force decreases. Where, Fig. (12) manifests the (3D) plot of bending force in
terms of welding current and travel speed and confirms that the increment of arc current remained the
maximum bending force constant at a lower level of welding speed, while the increase of welding speed
decreases the maximum bending force at lower and higher level of welding current. However, the
welding current alone is not influential during welding over the used range of its levels.
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Residuals vs. Predicted
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Fig. (9): Residual versus predicted data
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Fig. (10): Predicted versus actual data
3.3 Modeling of Hardness

The average responses obtained for hardness were utilized in the calculation of the models of
response surface per response employing the method of the least squares. For the hardness prediction, a
quadratic model in the coded terms was analyzed via the backwards elimination of unimportant
coefficients.
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Fig. (11): 2D contour graph of maximum bending force as a function of welding speed
and welding current
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Fig. (12): 3D surface plot of maximum bending force as a function of welding speed and
welding current

This model reveals that the terms (A), the interaction (AB) and (A2) are significant. This means
that these three terms (welding current, its squared term and the interaction of both current and welding
speed) have the highest impact on hardness. Table (8) manifests the statistical analysis of variance
(ANOVA) produced by the software for the rest of terms. This model is significant with 95% confidence
level. The lack of fitting test indicates a good model.

The final equation of harness in terms of the actual factors is:

Hardness = + 9.22569 + 0.42134* Current +12.45383* Welding speed - 0.042700 * Current * Welding
speed + 8.31630E-004 * Current? €)]
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Table (8): ANOVA for response surface quadratic model for hardness

Mean F P-value
Source Sum of Squares df Square Value Prob > F
Model 6032.72 4 1508.18 102.53 | <0.0001 significant
A-Current 731.75 1 731.75 49.74 0.0001
B-Welding speed 491 1 4.91 0.33 0.5793
AB 455.82 1 455.82 30.99 0.0005
A? 107.73 1 107.73 7.32 0.0268
Residual 117.68 8 14.71
. 0.0935 not
Lack of Fit 95.46 4 23.86 4.29 significant
Pure Error 22.23 4 5.56
Cor Total 6150.40 12
Std. Dev. 3.84 R-Squared 0.9809
Mean 179.34 Adj. R-Squared 0.9713
CV.% 2.14 Pred. R-Squared 0.8912
PRESS 669.33 Adeqg. Precision 31.015

For checking statistically, the adequacy of the model, the normal probability plot (Fig. 13) for the
hardness data shows that the residuals generally fall on a straight line, revealing that the errors are
normally distributed. Also, from the residuals versus predicted responses plot (Fig. 14) for the hardness
results, it’s noted that there are no clear patterns or uncommon structure, depicting that the models are
accurate. Fig. (15) manifests the predicted hardness versus the actual ones.
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Fig. (13): Normal distribution of hardness data

Fig. (16) demonstrates the 2D contour plot of hardness in terms of welding current and travel
speed. Referring to this figure, it can be noticed that the increment in current and travel speed individually
causes a higher decrease in the hardness. This means that both current and travel speed have a greater
influence on the hardness individually and they proportionate inversely. Regarding the interaction of
welding speed and current, this figure also shows that at (325 Amp and 25 cm/min), the combined
influence of both factors gives a higher hardness (about 199 HV) than that caused by each one
individually.
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Residuals vs. Predicted
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Fig. (14): Residual versus predicted data
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Fig. (15): Predicted versus actual data

Fig. (17) clarifies the 3D graph (surface plot) of hardness as a function of welding speed and
current and confirms the observations mentioned in the 2D graph. One can observe that the increment of
travel speed and current caused a decrease in the value of hardness at their higher level, whereas at their
lower levels, they gave the highest value of hardness. This behavior is thought to be due to the thermal
influence on the structure of the welded steel at both lower and higher levels. This is in agreement with
ref. [2, 5, 6,7, 9].
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Fig. (16): 2D contour graph of hardness as a function of welding speed and welding
current

Hardness (HV)

A: Welding current (Ampere)
27 )

B: Welding speed (cm/min)

25 325

Fig. (17): 3D surface plot of hardness as a function of welding speed and welding current

4. Optimization of Responses

Numerical optimization was employed by the DOE software using the results from Table (5) to
obtain the optimum parameters combinations so as to achieve the desired needs, depending on the results
from the predicted quadratic models for the mechanical properties as responses (yield stress, bending
force and hardness) terms of two input factors (current and travel speed).

The ultimate goal of such optimization was to find the maximum output (response) that at the
same time satisfied all the changeable characteristics. Each variable constrains to optimize numerically
the yield stress, bending force and hardness were used, and the input factors were selected for their used
ranges, while the responses were selected to be the maximum for yield stress and bending force and
minimum for hardness. Accordingly, one possible solution satisfied these constrains to find the desired
values of the responses (202.659 MPa yield stress, 21.662 KN bending force and 139.232 HV hardness),
as shown in Table (9) at the optimum values of welding current (425 Amp) and welding speed (35
cm/min).

Table (9): The optimum values of input factors and responses

Welding current | Welding speed | Yield stress b:rﬁlgixr:m?onrqce Hardness
(Amp) (cm/min) (MPa) (KgN) (HV)
425 35 202.659 21.662 139.232
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5. Confirmation Tests at the Optimum Conditions

For checking the model’s validity, confirmation tests were conducted at the optimum predicted
results of the input factors determined in these models in order to measure the yield stress, bending force
and hardness. The experimental measurements results are listed together with the predicted data in the
Table (10) for purpose of comparison. This table exhibits that the predicted and experimental results
possess a good agreement according to the maximum error (1.5%, 1.3% and 3.4%) for yield stress,
maximum bending force and hardness, respectively.

Table (10): Results of confirmation tests at the optimum conditions

Welding | Welding | 2P Pred. =D el Exp. Pred.
Yield Yield Maximum Maximum
current speed Stress Stress bending force bending force Hardness Harduess
Amp. cm/min
(Amp) | (mmin) | vpa) | aPa) ®N) &N el =
425 35 205.66 202.659 21.95 21.662 134.65 139.232
Error (%) 1.5 1.3 34

6. Joint Efficiency

The efficiency of the joint is a concept that exists in many (API) and (ASME) codes. It’s a
numerical value that is represented as a percentage, stated as the ratio of a welded, brazed or riveted joint
strength to the base material strength. It’s also a method for introducing the factors of safety in shells
welding for the containment, and it can be written as following [13]:

Yield strength of weld

int Effici E) =
Joint Ef ficiency (E) Yield strength of base material

Depending on the yield strength values of the material before and after welding, the joint
efficiency was 0.534.

7. Conclusions
From the previous results the following concluded points can be obtained:

1- The higher-level of welding speed and the higher level of welding current resulted in the maximum
yield stress.

2- The higher level of welding current and the lower level of welding speed gave the maximum value of
bending force. However, the welding current was found not influential during welding over the used
range of its levels.

3- The increase in both welding speed and current individually results in a higher decrease in the
hardness, and both input factors proportionate inversely. Their combined effect at their lower levels
gives the highest value of hardness.

4- Depending on the numerical optimization results, the optimum predicted values of the mechanical
properties of the steel plate SA-516 Gr. 70 are (202.659 MPa) yield stress, (21.662 KN) maximum
bending force and (139.232 HV) hardness at the optimum values of welding current (425 Amp) and
welding speed (35 cm/min).

5- According to the outputs of the confirmation tests, a very well agreement was obtained between the
predicted and experimental outputs according to the maximum error (1.5%, 1.3% and 3.4%) for yield
stress, maximum bending force and hardness, respectively.
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