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Re-welding is a technique used to repair welds that are deemed defective
and in danger of causing harm. Post-weld heat treatment is a method for

Fss improving welding-induced residual stresses, microstructural changes,
* [s0 hardness, and toughness. This work investigated the influence of post-weld
Fas heat treatment on the mechanical characteristics of ST 42 steel re-welding
[40 utilizing the SMAW technique and E6013 filler. Four samples with varying
Fas T degrees of rewelding and post-welding treatment were analyzed. Based

on the result, re-welding using SMAW to the St42 steel material led to a 20-
40% decrease in mechanical properties, with the most significant
reduction observed in the modulus of elasticity after two re-welding cycles.
Conversely, post-weld heat treatment (PWHT) applied to the St42 steel
subjected to two re-welding processes resulted in a 6-20% increase in
mechanical properties, notably a 20% increase in the modulus of elasticity.
These findings underscore the effectiveness of PWHT in enhancing
Speciment mechanical properties, particularly microstructure recovery, in materials
that have undergone re-welding.
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1.0 INTRODUCTION the main reasons for this is its high tensile strength and
excellent welding properties, making it suitable for
constructing ship hulls, decks, and other structural

components [7]. Another advantage of ST42 steel is its

Welding is a method of joining two metals without
reducing their strength or shape. Welding is now

employed in the industrial sector for both
manufacturing and maintenance. The shipping sector
is one that heavily relies on welding. Welding accounts
for one-third of all shipbuilding production [1]. Welding
is commonly utilized in ship materials connecting
because it gives a lower connection weight than
metal joining using rivets or nuts and bolts[2], [3]. Due
to their cheap cost, greater efficiency, and shorter
repair fimes, electric welding fechniques, including
shielded metal arc welding (SMAW), gas metal arc
welding (GMAW), and flux-cored arc welding (FCAW),
are widely used in the fransportation industry [4]-[6].
ST42 steel is a type of low-carbon steel that is
commonly used in the shipbuilding industry. One of

excellent corrosion resistance, which is critical for ships
operating in saltwater environments. ST42 steel is often
used for shipbuilding due to its high strength, good
weldability, foughness, and corrosion resistance,
making it a popular choice in the industry [8], [9].

Itis typical for re-welding or repair welding to occur
during field welding fechniques. Detecting faultsin the
weld metal is essentfial to re-welding incidence.
Mechanical characteristics, physical properties,
composition, and microstructure will all be affected by
this repair welding [10]. Consequently, if is vital o
investigate the re-welding procedure to produce
ideal outcomes for the demands of the shipbuilding
industry.
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Post-weld heat Treatment (PWHT) can be required in
circumstances where it is needed to relieve the
locked-up stresses produced by the welding process
[T1]. PWHT may improve the toughness of shielded
steel metal arc welding (SMAW) welds on micro-
alloyed steel used in offshore constructions [12]. Jorge
et al. indicated that PWHT may be performed without
causing significant changes in mechanical properties
[13]. [14]. A good relationship between mechanical
stfrength and impact toughness can be obtfained,
according to some previous works that evaluated the
behaviour of high-strength SMAW process [15], [16].
This was discovered regardless of the fact that these
works had several limitations.

Despite the benefits of PWHT, re-welding a
previously welded joint can lead to new defects and
a reduction in the quality of the joint. Therefore, it is
necessary to investigate the impact of PWHT on re-
welding in SMAW joints to improve the quality of the
welding process. This research explores the
implications of PWHT on re-welding in SMAW joints
made of ST42 steel, a high-strength, low-alloy steel
commonly used in the shipbuilding industry.

2.0 METHODOLOGY

Plates made of ST 42 steel, which typically have a
thickness of 10 millimetres and are intended for use in
maritime applications like plates and tanks, served as
the study's specimens. The specimen will first be cut to
the size indicated for each test before any attempts
are made to connect it or use welding. After cutting
the models to an extent specified in advance, each
specimen will be flattened using a grinding hand
along the longer side. This is done fo simplify the
welding process and achieve the outcomes that are
wanfed from the welding. The dimensions of the
specimens utilized for this investigation can be found
in Table 1, while the mechanical characteristics of the
ST 42 steel can be found in Table 2.

Table 1 Specimen Dimension

Dimension Value
Length 800 mm
Wide 100 mm
Thickness 10 mm
Amount Two pcs

Table 2 Mechanical Properties of ST 42 [17]

Mechanical Properties Value
Yield Strength (Mpa) 290
Tensile Strength (Mpa) 490
Elongation (%) 20
Hardness (Hb)/(HV) 123

A single v-butt joint type weld, the plate thickness
of 10 mm, AWS E4013 electrode type with a diameter
of 3.2 mm, and a current of 120 amps are utilized in
the SMAW welding process. This investigation

employed shielded metal arc welding throughout the
welding process (SMAW). Table 3 displays the WPS
(Welding Procedure Specification) utilized for SMAW
welding in this study.

Table 3 Welding Procedure Specification

ltems Notes
Electrode E6013
Currents 120 A, DC+ Polarity
Voltage 26-29 V
Travel Speed 8-12 cm/min
Welding Position 1G

Connection type 60 ° Single V butt joint
Layers Root, fill, cap

The process for the first weld (Specimen A) along
the initial material's three layers, namely root, fill, and
cap, was as follows. Finally, for the third welding
(specimens C and D), the remainder of the second
welding was crushed into filler before being re-
welded. The variants of the specimen are detailed in
Table 4.

Table 4 Specimen Variation

Re-weldin Amount
Specimen . g PWHT of
(times) s .

pecimens
Model A - No 3
Model B 1 No 3
Model C 2 No 3
Model D 2 Yes 3

Temperatures for post-weld heat treatment
typically fall between 150 and 600 degrees Celsius
below the critical femperature (723 degrees Celsius),
with waiting durations varied with material thickness.
This study's temperature was 600 °C for 60 minutes, and
this tfreatment was only performed on specimens of
the 2x re-welding variety. PWHT is performed by
placing the material in the furnace, increasing the
temperature to a certain degree, and holding it for a
specified period [18].

Testing for tensile strength followed, performed on
the Universal Testing Machine (UTM) Type WEW-1000B
at the Laboratory of Ship Material and Strength at
Diponegoro University (Figure 1). The ASTM E8/E8M-13a
standard was followed in this investigation, and a
200mm x 20mm x 10mm specimen was employed.
[19]. Three different specimens are being examined in
this test. Tests of tensile strength are performed to
round out the information and contribute to the
fundamental design of the material's strength. When
a material is subjected to a tensile test, several
characteristics may be determined about it, including
its tensile strength (6 ensie). Strain () , and modulus of
elasticity (MOE).
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(o)
Figure 1 (a) Sample size determined using ASTM E8/E8M-13a,
(b) Material for a tensile test

Afterwards, a WEW-1000B Universal Testing
Machine was used at the Laboratory of Ship Material
and Strength at Diponegoro University to conduct the
bending test. There were a total of four different
samples that were analyzed. The standard test
employed in the bending test is ASTM E290-14 [20]. This
can be seen in Figure 2 by taking a 150 mm x 40 mm x
10 mm in size specimen. The following characteristics
are derived from the bending test:

_ 3FL (1)
7= 2baz
Where ¢ represents bending strength, F represents
the maximum load (N), L represents the length of the
support (mm), b represents the width of the specimen
(mm), and d represents the thickness of the model
(mm).

2

- 150 1t - = 0 =

(b)
Figure 2 (o) Standards for bending fest specimens in
accordance with ASTM E290-14, (b) Bending test specimens

Impact Testing Impact testing is carried out to
determine the value of notch toughness on steel,
plastics, and ceramics. The impact test category can
be classified in terms of loading method (pendulum
blow or drop weight loading) and the specimen type
seen from the notch's shape. The JB-300B Charpy
Impact Test Machine was used for the impact test

conducted at the Laboratory of Ship Material and
Strength on the campus of Diponegoro University. In
this investigation, the ASTM E23-16b was used [21]
according to the norm shown in Figure 3, with a
specimen size of 55 mm x 10 mm x 10 mm. Three
different specimens are being examined in this test.

= 55 MM = = 10 MM -

Figure 3 (a) Sample size according to ASTM E23-16b, b)
Impact test sample

3.0 RESULTS AND DISCUSSION
3.1 Tensile Test Result

Each specimen's utmost load (Pn..) is determined
using the Universal testing machine (UTM) and tensile
test specimens. The test results are tensile strength
(G 1ensite). STrain (g), and modulus of elasticity (MOE). The
tensile strength of each model was determined by
calculating maximum stress using the maximum load
values obtained from the machine. Subsequently, the
results were evaluated according to the minimum
standard requirement for mechanical properties set
by the Indonesian Bureau of Classification (BKI) of 400
MPa [22], as outlined in Table 5.

Table 5 ST 42 Steel Tensile Strength Test Results

Mean

Model No [Fmax Otensite Crensi sD % Diff
(kN) (Mpa) (s (%)
1 51.5 431
A 2 497 417 423.56 7.02
3 4838 423
1 50.6 381
B 2 46 390 382.45 7.09 -9.70
3 515 376
1 48.2 331
C 2 467 347 332.35 1405 -21.54
3  48.4 319
1 48.4 368
D 2 472 379 368.64 10.02  -12.97
3 483 359
BKI
Standard 400

[22]
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The data from the tensile fest indicate that the
restoration procedure significantly impacts the
material's strength. The rewelding ST 24 steel
procedure decreased the fensile strength starting
from the value after repair welding.

Table 5 and Figure 4 provide the data on the tensile
strength of ST 24 steel both before and after
undergoing repair welding operation. The base
material without re-welding used in this study
demonstrated the highest tensile strength value of
423.56 MPq, surpassing the requirements set by the BKI
standard [22]. The specimen with one-time re-welding
showed a tensile strength value of 382.45 MPa, while
the two times re-welding material displayed a value of
332.35 MPa. The two-times repair material with post-
weld heat treatment showed a tensile strength value
of 368.64 MPa.

There is a downward trend after the material has
beenrewelded and then anincrease after it has been
repaired by welding twice with post-weld heat
freatment. The lowest tensile strength value from the
two times repair welding process without post-weld
heat treatment is 332.35 Mpa. There was an increase
in tensile strength of 11% when heat-tfreated ST42 steel
by re-welding two times. Hence, the ST 24 steel
underwent two times repair welding process with post-
weld heat freatment, which is sfill feasible because the
tensile strength value is still higher than the value of ST
24 steel without repair welding.

500 Model A

K

N\ Model B
B Model C|
E=—Model D|

450 4

WO~ == == mmm e e e mm =

BKI Standard [22]

NN W W
o al o a
o o o o
1 1 1 1

Tensile Strentgh (MPa)

T T T T
Model A Model B Model C Model D
Speciment

Figure 4 Average Tensile Stress under four different test
variants

Tables 6 and 7 show the comparative findings for
tensile strain and MOE under various repair welding
variations. Figure 5 shows the specimens with the
maximum  strain - without rewelding (model A),
followed by one-time repair welding (model B), two-
time repair welding with PWHT (model D), and two-
time repair welding (model C). When a force is
applied to a specimen, MOE is used to determine its
resistance to elastic deformation. The slope of the
stress-strain curve in the elastic deformation zone was
defined as a specimen's MOE. Figure 8 indicates that
different amounts of repair welding resulted in
different MOE values. The representative without

repair welding (Model A) had the greatest MOE of
11.27 GPa. A specimen with one times rewelding
(model B) had a 20% lower MOE than a specimen
without repair welding (model A). Furthermore, the
samples with two-time repair welding with PWHT
(Model D) had a higher tfrend, around 27%, than those
without (Model C).

[EZZ Modulus of Elasticity (MOE)|
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Figure 5 Modulus elasticity and strain results for several test
versions

Table 6 ST 42 Steel Tensile Strain Test Results

Variati N ly Al Mean & Mean sD
ariafion  NO  (mm) (mm) al(mm) (%) (;)
1 200 6.00 3.00
A 2 200 510 563 255 282 024
3 200 580 2.90
1 200 3.0 1.85
B 2 200 38 363 190 182 0.10
3 200 3.40 1.70
1 200 3.00 1.50
c 2 200 350 313 175 157 0.6
3 200 290 1.45
1 200 470 2.35
D 2 200 300 340 150 1.80 048
3 200 3.0 1.55

Table 7 ST 42 steel modulus of elasticity test results

Mean
Cinsic £ MOE % Dif
Model Mo (Mpa) (%) (ePa) oo P @)
1 431 375 11.49
A 2 417 340 1226 11.78 0.42
3 423 3.65 11.59
1 381 4.15 9.18
B 2 390 4.25 9.18 937 0.34 -20.44
3 376 3.85 9.77
1 331 5.25 6.30
C 2 37 510 680 691 075 -40.0
3 319 4.10 7.78
1 368 4.10 8.98
D 2 379 4.00 9.48 881 0.76 -25.23
3 359 4.50 7.98
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3.2 Bending Test Result

Flexural testing was performed to ascertain the
sample's capacity to withstand the utmost bending
strain before it fractures. The ST 42 steel buckling fest
refers to the ASTM E290-14 [20]; the fest was
conducted on each variation without re-welding and
re-welding variations in 12 specimens, with identical
test dimensions for each model. Beginning the testing
procedure is the preparation of the computer and
hydraulic machinery. In addition, the specimen is
deposited on the machine and then dragged by a
hydraulic machine beginning at 0 kg, causing the
object to deform aft its maximal capacity.

The test outcomes are displayed in Tables 8 and
Figure 6. The model without re-welding treatment
(Model A) has a maximum bending stress value of
662.41 MPa. Re-welding resulted in a 7.87% reduction
in bending stress value for one-time re-welding (Model
B) with a bending stress value of 611.50 MPa and a
27.20% decrease in bending stress value for two-times
re-welding (Model C) with a bending stress value of
482.20 MPa. The freatment of the model that got two
re-welds and a post-weld heat treatment (Model D)
was found to enhance the bending stress value of the
specimen by 13% when compared to the model that
had two times re-reasoning (Model C), which had a
bending stress value of 544.35MPa. In addition, the
bending stress of every model used in this study was
more than the cutoff value established by BKI (305
MPa)[22]. which was used as a benchmark.

The correction of bending stress values for steel
that has been re-welded twice occurs because post-
weld heat freatment affects the microstructure of the
base material and the weld area where heat
freatment during PWHT can improve the
microstructure of the base material due to re-welding
as found by Selvabharathi [23] where the Ferrite ratio
decreased in the PWHT coated samples due to the
involvement of heat which improved the bending
strength.

Table 8 ST 42 Steel Bending Test Results

V) Model A
700 R Model B
R Model C
600 - —— Model D

3]

o

o
1

BKI Standard [22]

Bending Stress (MPa)

T T T T
Model A Model B Model C Model D
Speciment

Figure 6 Average Bending Stress under four different test
variants

3.3 Impact Test Result

In the given Charpy impact test scenario, the word
"impact strength" was used to refer to the material's
capability to withstand the energy demands of a load
rapidly applied fo it. An impact test is carried out
whenever a ship structure is subjected to impact load
due to a slamming phenomenon, a ship collision, a
collision between a ship and a pier, a collision
between a ship and its bridge, efc. The brittfleness of
the test specimen had fo be evaluated concerning
an impact load, which was the reason for the impact
testing. Impact testing demands a significant amount
of energy in order to splinter the specimen in a single
blow using a hammer of a certain weight that is
dropped from a certain angle. After testing every
model of a particular material, the impact energy of
that material, measured in joules per meter, is
obtained and can be found in Table 9.

Table 9 ST 42 Steel Impact Test Results

Mean
Model No Fmaxr  Tbending O hending sD 7 Dift
(kN)  (Mpa) (Mpa) (%)
1 21.22 636.6
A 2 2201 660.3 662.41 27.07
3 23.02 690.6
1 20.63 618.9
B 2 1993 597.9 611.50 11.81 -7.87
3 20.59 617.7
1 16.13 483.9
C 2 1645 493.5 482.20 12.24 -27.20
3 15.64 469.2
1 18.96 568.8
D 2 18.3 549.0 544.35 2683 -17.82
3 17.9 515.7
BKI
Standard 305

[22]

Mean .
Model  No ‘(EJT)C (J;:'n ) L, sD %67',3)'"
(J/m)
1 60.13 751.6
A 2 59.72 746.5 744.83 7.76
3 58.91 736.4
1 52.13 651.6
B 2 51.03 637.9 64276 7.57 -13.70
3 5114 639.3
1 47.19 589.9
C 2 4612 576.5 586.79 9.15 -21.22
3  47.52 594.0
1 49.72 621.5
D 2 50.80 635.0 630.12 7.49 -15.40
3 50.71 633.9
BKI
Standard 470
[22]
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As shown in Figure 7, the impact energy of the PWHT
samples (Model D) is higher than that of the no PWHT
samples (Model C) for every design put through the
testing process. However, the specimens that have
never been rewelded (Model A) and those that have
been rewelded once (Model B) have the highest
values, with 744.83 J/m and 642.76 J/m, respectively.
Because re-welding treatment causes the weld joint
to endure repeated heating, changing the
microstructure and affecting the impact strength. The
sample with two re-weldings without PWHT had the
lowest impact energy value of all the variations, at
586.79 J/m. This was due to the fact that the weld joint
was subjected to repeated heating [24].

10007 Model A
Model B
800 B Model C

600 -

L - BKI Standard [22]

400

Impact Energy (J/m)

200 4

? T T
Model A Model B Model C Model D
Speciment

Figure 7. Average Impact Energy under four different test
variants

Ahead of annealing, it was discovered that the re-
welding procedure for all variants (Model B - D) had
lower impact energy than the sample without
rewelding (Model A). Compared to model A, the
impact energies were reduced by 13% to 21%, with
the most significant reduction of 21.22% happening in
the model with repeated welding two times without
heat tfreatment. The impact strength of the samples
may have diminished because internal tensions
(residual stresses) were released during the annealing
phases [25], [26]. The impact strength value increases
by 7% in the model with two times rewelding with heat
freatment (Model D) compared to the model with two
times rewelding without heat freatment (Model C)
due to the recovery process in the dislocation
structure through heat treatment at the base material.
This is consistent with prior findings by Schénmaier et
al. [27]. PWHT at a specific temperature reduces
dislocation density significantly compared to the as-
welded condition. Regardless of the phenomena
seen in all test models, the impact energy due to re-
welding and PWHT in this research met the BKI Impact
Energy requirement of 470 MPa [22].

4.0 CONCLUSION

Various mechanical tests were conducted fo
investigate the influence of post-weld heat freatment

on re-welding in shielded metal arc welding joints
constructed of ST42 steel. According to the results of
the experimental testing, there was a 20-40%
decrease in the value of the mechanical properties as
a result of re-welding to the St42 steel material, with
the most significant reduction in  mechanical
properties for the modulus elasticity of St42 steel with
two fimes re-welding.

The results of the post-weld heat treatment (PWHT)
performed on ST42 steel by re-welding twice
compared to ST42 steel by re-welding twice without
heat treatment revealed an increase of 6-20% in the
mechanical property values, with the most significant
growth occurring in the modulus elasticity value,
which increased by 20%. As a whole, the appropriate
use of PWHT on materials that have been re-welded
can affect microstructure recovery through heat
freatment of the base material.

Several gaps in our findings around microstructure
in material follow from our results. Further research
would benefit, including exploring the microstructural
changes induced by PWHT during repair welding,
which is crucial. The study should delve deeper into
understanding how PWHT affects phases, grain
boundaries, and precipitates in the repaired zone. This
could lead to a better understanding of how
microstructural  fransformations  influence  the
weldments' mechanical properties and long-term
performance.

List of Abbreviations

Abbreviation Definition

ASTM American Society for Testing
Materials

AWS American Welding Society

BKI Indonesian Bureau
Classification (In
Indonesia)

FCAW Flux Cored Arc Welding

GMAW Gas Metal Arc Welding

MOE Modulus of Elasticity

PWHT Post-Weld Heat Treatment

SD Standard Deviation

SMAW Shielded Metal Arc Welding

UT™M Universal Testing Machine

WPS Welding Procedure

Specification
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