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Abstract

Ships are built by joining steels of varying strength values using a welding method. While low-medium strength steels
are advantageous in terms of low cost and easy supply, high strength steels provide a significant advantage in terms of
being preferred in shipbuilding with the high strength values they offer. Examining the welding of steels used in
shipbuilding reveals that while several welding techniques are employed, shielded metal arc welding (SMAW),
submerged arc welding (SAW) and gas metal arc welding (GMAW) are most frequently used. Examination of the
literature indicates that the aforementioned welding procedures have been employed relatively little in studies on the
joining of high-strength steels used in ship construction. Also, it has been noted that no research has been done on the
comparative analysis of the mechanical characteristics of such steels when they are joined using these 3 welding
techniques. In this study, SMAW, GMAW, and SAW are used to join AH32 steel, which is often used in shipbuilding,
and the mechanical characteristics of the welding areas are compared. Examinations revealed that SAW produced the
greatest results in terms of bending force, hardness, strength, and impact toughness. Following GMAW, the best results
were also obtained in terms of bending and tensile elongation.

Keywords: Shipbuilding steels, Shielded metal arc welding, Gas metal arc welding, Submerged arc welding, Mechanical
properties.

Ortiilii Elektrod Ark Kaynagi, Gazalti Kaynag ve Tozalti Kaynag ile
Birlestirilen Yiiksek Mukavemetli AH32 Gemi Insa Celiginin Mekanik
Ozelliklerinin Karsilastirmali Incelenmesi

Oz

Gemiler, gesitli dayanim degerlerine sahip ¢eliklerin kaynak yontemiyle birlestirilmesiyle insa edilir. Diistik-orta
dayaniml celikler diigsiik maliyet ve tedarik kolaylig1 acisindan avantajliyken, yiiksek dayanimli celikler sunduklari
yiiksek dayanim degerleriyle gemi insaatinda avantaj saglamaktadirlar. Gemi ingasinda kullanilan geliklerin kaynaklar
incelendiginde, cesitli kaynak teknikleri kullanilmakla birlikte, en sik ortiilii elektrot ark kaynagi, tozalti kaynagi ve
gazalt1 kaynagmin kullanildigi gériilmektedir. Literatiir incelendiginde, gemi insasinda kullanilan yiiksek mukavemetli
celiklerin birlestirilmesine yonelik ¢aligmalarin oldukga smirlt oldugu goriilmektedir. Ayrica literatiirde bu tiir ¢eliklerin
bu 3 kaynak teknigi kullanilarak birlestirildigindeki mekanik 6zelliklerinin kargilastirmali analizi (zerine herhangi bir
arastirma yapilmadigi da belirlenmistir. Bu baglamda bu ¢caligmada gemi yapiminda yaygin olarak kullanilan AH32 ¢eligi
ortiili elektrot ark kaynagi, tozalti kaynagi ve gazalti kaynagi ile birlestirilerek kaynak bolgelerinin ¢esitli mekanik
ozellikleri incelenmistir. Inceleme sonrasinda sertlik, akma dayanimi, gekme dayanimi, darbe toklugu ve egilme dayanimi
acisindan en iyi sonuglarin tozalti kaynagi sonrasinda, ¢gekme uzamasi ve egilme uzamasi agisindan ise en iyi degerlerin
gazalti kaynagi sonrasi elde edildigi belirlenmistir.

Anahtar Kelimeler: Gemi ingaati geligi, Ortiilii elektrod ark kaynagi, Gazalti kaynagi, Tozalti kaynagi, Mekanik
oOzellikler.
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1. Introduction

Ships are built from a wide variety of materials, including steel, polyethylene, aluminum alloys,
composite materials, and wood. However, particularly in the building of commercial ships it is
evident that steels are more popular because of their exceptional strength and formability (Sekban et
al., 2016). Steels used in shipbuilding may be divided into two primary categories: high strength steels
and low-medium strength steels. High strength steels are recommended for ship types and ship parts
where high strength is required, even though low-medium strength steels stand out for having
qualities like excellent weldability and easy availability. When the high-strength steels used in ship
construction are examined, it is seen that especially AH-32, AH-36, DH-32, DH-36, EH-32, EH-36
and HSLA steels come to the fore in terms of usage and the studies in the literature focus on the
weldability of these steels ( Kim et al., 2008, Zou et al., 2018b, Cunha et al., 2019, Wu et al., 2023,
Pankaj et al., 2020, Zou et al., 2018a, Zhong et al., 2023, Yuan et al., 2022b, Konkol et al., ., 2003,
Zou et al., 2020, Zhang et al., 2019, Donizete Borba et al., 2017, Yuan et al., 2022a, Xie et al., 2021,
Zhang et al., 2022, Tiwari et al., 2019, Unt et al. , 2015, Cater et al., 2016). In the studies, steels
frequently used in ship construction were successfully joined with different welding methods and the
mechanical properties in the welding areas were examined in detail. The investigations' findings
revealed that the strength and hardness values in the welding metal (WM) were often higher than
those in the base material and that these values generally showed a negative trend as one moved from
the WM to the heat-affected zone (HAZ).

As it is known, ships are formed by welding steels which cut and shaped in various lengths.
Conventional arc welding procedures such as shielded metal arc welding (SMAW), gas metal arc
welding (GMAW), gas tungsten arc welding (GTAW) and submerged arc welding (SAW) stand out
in terms of frequency of use in joining steels in various industries including the shipbuilding industry
(Serindag & Cam, 2021; Senol & Cam, 2023; Ezer & Cam, 2022; Serindag & Cam, 2022; Serindag
& Cam, 2023; Serindag et al., 2022). While GMAW is preferred because it can be applied to many
different material groups, SMAW is preferred because it can enter narrow spaces, and SAW is
generally preferred especially in the welding of thick plates due to its ability to reach high current
values. Even though each welding technique has several benefits and drawbacks, it is reasonable to
argue that these three techniques are the most often utilized in shipyards because of their numerous
overall benefits.

Though few, studies on the employment of the aforementioned welding techniques to weld
different types of steel used in shipbuilding are found in the literature (Go6rgiin, 2024, Cho et al., 1999,
Yilmaz and Timer, 2013, S6nmez and Ceyhun, 2014, Colak et al., 2019, Mert et al., 2016,
Hariprasath et al., 2022, Khamari et al., 2020, Ragu Nathan et al., 2023, Ahmed et al., 2022, Yildiz
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et al., 2023, Pratikno et al., 2021). Furthermore, very little research has been done on the mechanical
characterization of the WM of AH-32 steel, which is usually chosen in shipbuilding because of its
high strength, using any of these welding techniques (Kim et al., 2004, Lima Junior, 2018). On the
other hand, no study in the literature comparatively examines the mechanical properties of the welded
joints of AH-32 steel produced with SMAW, GMAW and SAW, which are widely used in ship
construction. As it is known, the mechanical properties of the structure formed in the welding area
after welding are of great importance. In this context, it is very important to determine the mechanical
properties of the structure formed after welding, such as hardness, strength, impact toughness and
bending strength. AH-32 high strength shipbuilding steel was welded using SMAW, GMAW, and
SAW in this study's context—a first in the literature—and the values of the welding area's hardness,

strength, impact strength, and bending strength were compared.

2. Materials and Methods

In the studies, AH32 shipbuilding steel was used, the chemical composition of which is given
in Table 1. The plates prepared with dimensions of 125 mm X 250 mm and thickness of 8 mm were
welded and some images of welded structures are given in Figure 1.

Table 1. The chemical composition of the steel and the parameters used during the welding.
Chemical Composition of AH 32 Shipbuilding Steel

C Mn p S Si Ni Cu Cr Vv Mo Fe
0,19 0,8 0,03 0,035 0,25 0,45 0,3 0,21 0,06 0,07 Balance
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Figure 1. Images of welded structures: (a) gas metal arc welding and (b) submerged arc welding.
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The parameters used during welding are shown in Table 2. SMAW and SAW joints were
performed on both sides, whereas in GMAW was performed on one side since ceramic substrate was
used. During the welding process, no additional metal other than the welding electrode is used. During
double-sided SMAW and SAW, a welding mouth was not opened on the first side surface to be
welded. After welding the first surface, the back side was turned and a thin mouth was opened with
a grinding machine in this part and welding operations were carried out on this side. For all type
welds tack welding was applied at 100 mm intervals to fix the parts in the correct position during the
welding process. In the SMAW ESB 48 electrode, in the GMAW TS EN 1SO 17632-A standard
electrode and during SAW TS EN 1SO 14171-A standard electrode was used. On the other hand, CO2
was used as the shielding gas in the GMAW, and basic powders were used as the shielding powder
in the SAW.

Table 2. Welding parameters.

Welding Parameters

Welding Type  Wire Diameter (mm) Current Value (A) Voltage Value (V)

SMAW 3 120 30
GMAW 1.6 210 32
SAW 4 600 32

As seen in Figure 2, hardness, tensile, impact toughness and bending test samples were taken
after the welding processes. In the hardness tests carried out using the Vickers hardness method on a
Duramin brand hardness measurement unit at room temperature, a load of 300 g and a waiting time
of 10 seconds under load were used. Hardness scans of the welding areas of the samples were carried
out horizontally at 1 mm intervals, starting from 1 mm below the surface. Tensile experiments were
carried out on an Instron 3382 brand universal tensile device at room temperature and a deformation
rate of 5x10-4 s. During the test, two different test samples were used, one containing the base
material in the tensile zone (big tensile sample) and one without (small tensile sample), as shown in
Figure 2. Dimensions of small-sized tensile samples extracted from the welding zone is 3 mm x 4
mm x 27 mm. On the other hand, the tensile test samples containing the main structure in the tensile
area prepared according to the ASTM E8M standard are 13 mm x 4 mm x 52 mm. Tensile tests were
performed at least 3 times for both sample types for each welding technique, and stress-strain curves
were created by averaging the obtained values. The impact toughness values of the welded structures
after each welding were determined with the average values obtained in the impact tests performed
at least 3 times at room temperature. The samples used in the impact tests were prepared in size 3
mm x 4 mm x 27 mm according to the KLST DIN 50115 (miniaturized specimens) standard. Bending

tests were performed at room temperature on an Instron 3382 brand test machine. The tests were
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performed with samples prepared according to the ASTM E 190 standard with measuring 2 mm x 7
mm x 32 mm. The samples were subjected to bending force at a jaw speed of 1 mm/min during the
test. At least three samples for each case were subjected to bending testing during room temperature

testing, and the graph and table show the average of the data.

" u Bending Sample

E' Big Tensile Sample
-,
“ Small Tensile Sample |

\| EEEREE tmpact Sample

Hardness Sample

Figure 2. Schematics illustrations of samples removed from welded plates.
3. Findings and Discussion
3.1. Heat Input Calculations
The following formulation was used to calculate the heat inputs during the welding process and
the heat inputs were determined. The current and voltage values used during welding were included

in the formulation as set values, and the thermal efficiency values were selected as 0.8 for SMAW
and GMAW and 1 for SAW. Welding speeds were determined by measuring the time during welding.

Arc Voltage x Arc Current x Thermal Efficiency ( 1)

Heat Input = Travel Speed

As expected after the calculations, the highest heat input values were obtained after SAW as
seen in Table 3. On the other hand, although the GMAW and SMAW heat inputs were close to each

other, slightly lower heat input values were calculated after GMAW.

Table 3. Heat input values occurring during welding.

Welding Type Heat Input (kj/mm)
SMAW 0.594
GMAW 0.574

SAW 1.089
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3.2. Hardness

Figure 3 shows the distribution of hardness values horizontally from the weld center in the
samples removed from the welded plates. As a result of the examinations, it is seen that the hardness
value of 169 HV in the base material increases in the WM after every 3 weld types. When the average
hardness values in the WM are compared, the lowest values were reached in SMAW welding with
182 HV. Also, while an average hardness of 208 HV was obtained in WM after GMAW, this value
increased to 231 HV after SAW. It is believed that the quick cooling that follows high temperatures
is the primary cause of the highest hardness value after SAW. (Lee et al., 2014). On the other hand,
although the heat input during GMAW is lower than in SMAW, the main reason for obtaining higher
hardness values is thought to be the controlled heat input caused by the gas protection during welding
and the higher quality weld seam resulting from this. It is observed that in all three weld types, the
reduced heat input leads to comparatively lower hardness values when the moves outside the WM
zone. Also the hardness values in all weld types decline and approach the base material's hardness

value of 169 HV when we move outside the HAZ.

190 215

SMAW 210 - GMAW
185 205
S "2 200 4
180 =
Ej’ E 195
o »
£ £ 190 4
» 175 &
@ ~ 185 4
< 2
= &
T 170 g 180 4
o -
] {
- g 175
165 170 4
BASE HAZ WM HAZ BASE 651 BASE HAZ WM  HAZ BASE
P =P G m————————— P =P === > € —————— PP e —————— > P —————— L
14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14
Distance From Welding Centre (mm) Distance From Welding Centre (mm)
240
235 - SAW
230
225
- 220 A
g 215
< 210 4
£ 205
§ 200 -
» 195 -
& 190
g 185 -
= 180
175 -
170 - )
165 - BASE HAZ WM HAZ BASE
160 Stz e >

14 12 10 8 6 4 -2 0 2 4 6 8 10 12 14
Distance From Welding Centre (mm)

Figure 3. Variation of hardness values after welding according to weld type.
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3.3. Strength

The curve representing the change in strength and elongation values in the WM after welding,
as well as the values generated from this curve, are shown in Figure 4 and Table 4, respectively. The
strength values in the WM increased following the application of all welding types. So much so that
the yield strength value of the base AH32, which was 367 MPa, increased to 396 MPa after SMAW,
427 MPa after GMAW and 437 MPa after SAW. While the tensile strength values were 564 MPa in
the base material, it increased to 611 MPa after SMAW, 679 MPa after GMAW and 697 MPa after
SAW. Itis believed that the structures generated as a result of cooling following the high temperatures
attained during welding are what explain this rise in strength levels after welding (Conte et al., 2023,
Mahala, 2019). The relatively high temperature reached in submerged arc welding and the subsequent
high cooling rates lead to the formation of relatively highest strength values after this welding method.
On the other hand, as can be seen in Figure 4 and Table 4, the elongation values in the base material
decreased after all welding methods. The total elongation value, measured as 33.8% in the main
structure, decreased to 31.7% after SMAW, 30.1% after GMAW and 27.8% after SAW. It is believed
that the inhibitory influence of the changes in grain size and morphology after the attained
temperature and cooling is what causes this fall in elongation values after welding (Soleymani et al.,
2012).

800
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Figure 4. Strength and elongation curves of the welded samples (completely removed from the
welding area) and base AH32 steel.
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Table 4. Strength and elongation curves of the welded samples (completely removed from the welding area) and
base AH32 steel.

Condition Yield Strength (MPa) | Tensile Strength (MPa) Total Elongation (%6)
Base AH32 Steel 367 + 07 564 + 12 33,8+1,7
SMAW 396 + 10 611 + 09 31,7+13
GMAW 427 + 14 679+ 16 30,1+24
SAW 437 + 09 697 + 13 278+21

Strength and elongation values only for the WM were determined by using small-sized tensile
samples that did not include the base material in the gauge length region. Therefore, within the scope
of the study, large-sized tensile samples, including the base material in the gauge length region, were
removed from the samples subjected to welding processes and these samples were subjected to tensile
tests. In this way, it was determined in which regions the deformation would occur in the loads that
may be applied to the welded samples. The strength-strain curves of the tests performed are shown in
Figure 5 and the values obtained from these curves are shown in Table 5. During all of the samples
prepared in the figure, it was seen that the ruptures were not from the weld metal region, but from the
base material. As can be seen from the curves and tables, while there was no significant change in the
strength values of the samples as the samples broke away from the base material, there was a
significant decrease in the amount of elongation. The reason for this situation is the difference in yield
strength between the base material and the welded zone. During the tensile test, deformation occurs
throughout the entire dimension of the sample consisting entirely of the base material, while only the
base material undergoes deformation in the samples including the welded zone. While the gauge
length in the samples consists of both the base material and the welded zone, only the base material
largely contributes to the elongation during the experiment. As a result, the total elongation rate in
the samples decreases significantly compared to that of the sample consisting entirely of the base
material. (Cam et al., 1998, Cam et al., 1997, Kim et al., 2001).
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Figure 5. Strength and elongation curves of the welded samples (including the both base and
welded zone in the gauge length) and base AH32 steel.

Table 5. Strength and elongation curves of the welded samples (including the both base and welded zone
in the gauge length) and base AH32 steel.

Condition Yield Strength (MPa) Tensile Strength (Mpa) Total Elongation (%)
Base AH32 Steel 361 + 09 552 + 14 324+1,9
SMAW 366 + 12 556 + 11 17,6 + 1,4
GMAW 362 + 15 562 + 15 16,1+21
SAW 371+ 08 558 + 19 149+16

3.4. Impact Toughness

The visuals of the impact toughness determined in WM for all 3 welding methods after the

impact tests and the table containing the obtained values are shown in Figure 6 and Table 6,

respectively. The impact toughness value, which was 9.4 J in the base material, rose to 11.1 J
following SMAW, 12.9 J following GMAW, and 12.5 J following SAW. The change in the fracture
energy of AH32 steel depending on the welding method is due to the fact that each method has

different thermal and metallurgical properties. In GMAW, the protective gas environment reduces

oxidation and produces a more uniform and fine-grained microstructure, resulting in high fracture

energy. It is also thought that the low level of internal stresses resulting from the relatively low heat

input during GMAW may also lead to higher impact strength. In SAW, deep penetration and high

strength are achieved with high heat input, while it is thought that the fracture energy level remains
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low compared to gas metal arc welding after relatively low elongation values. On the other hand after
SMAW, the effect of the slag layer and relatively low welding speed can cause relatively larger grains
to form in the microstructure and increase internal stresses. This situation leads to a decrease in

fracture strength and explains the relatively lower fracture energy obtained in welding with SMAW.
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Figure 6. Variation of impact toughness values after welding according to welding type.

Table 6. Impact toughness values obtained in the base material and weld zones.

Condition Impact Toughness (J)
Base AH32 Steel 94+04
SMAW 11,1£0,7
GMAW 12,9+0,6
SAW 12,5+0,8
3.5. Bending

The formability of welded structures is of great importance and this feature is generally
determined by bending tests in welded structures. Figure 7 and Table 7 display the curve, which
depicts the change in bending force and bending elongation values in the weld zone following
welding, and the values derived from this curve, respectively. 486 N bending force value in the base
AH32 steel increased in parallel with the increase in strength in the welded structures and increased
to 517 N after SMAW, 598 N after GMAW and 633 N after SAW. The deflection values at the
maximum bending force decreased after welding, in parallel with the decreasing elongation values

after all welding methods. On the other hand, when the welding methods are examined among
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themselves, the highest bending force values are reached after submerged arc welding, where the

highest strength value is formed, while the lowest values in bending elongation also occur after this

welding method. Among the welding methods, the lowest bending force and highest bending

elongation values occurred after welding with shielded metal arc welding. It is thought that GMAW

exhibits higher strength values in bending tests due to the finer grain structure in the welded area,

lower internal stresses and clean weld seam due to the lower heat input and gas protection compared

to SMAW.

Bending Force (N)
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Figure 7. Variation of bending force after welding and bending elongation at maximum force depending on

the welding type.

Table 7. Bending force and displacement values obtained in the base material and weld zones.

Condition Bending Force (N) Displacement at Maximum Bending Force (mm)
Base AH32 Steel 486 + 12 6,7 +0,4
SMAW 517 + 14 6,2 +0,7
GMAW 598 + 10 57 +0,6
SAW 633+ 16 51+0,4

4. Conclusions

In the study, high-strength AH-32 steel, which is widely used in shipbuilding, was joint with

shielded metal arc welding, gas metal arc welding and submerged arc welding, and the mechanical

properties of the welding zone were investigated comparatively. As a result of the investigations, the

results summarized below were reached:
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1- The highest hardness value in WM was reached after submerged arc welding with 231 HV.

2- After all three welds, strength values increased in WM and the highest strength value was
reached in the submerged arc weld with 437 MPa. On the other hand, after all 3 welds, the elongation
at break values reached in the WM decreased compared to the base AH32.

3- In the tests performed with tensile samples including the base material deformation occurred
in the base material region. After tests no significant changes were observed in the strength values
compared to the base AH32 steel. Also, in the tests performed with these samples, it was determined
that the elongation values decreased in all welding methods.

4- The highest impact toughness value was reached after gas metal arc welding with 12.9 Joules.

5- After the bending tests applied to welded joints, the highest bending force was reached after
submerged arc welding with 633 N.
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