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properties of SMAW welded joints on ST37 plate material that undergoes the PWHT
process, as well as contribute as a practicum teaching material or case study in learning
welding techniques in the technical education environment. In this study, welding was
carried out with E7016 electrodes, and then three variations of the PWHT process were
carried out, namely at temperatures of 400, 500, and 600°C with a holding time of 30,
60, and 90 minutes, respectively. The joints were tested using a penetrant test and a

Keywords: hardness test. The results showed that PWHT at 600°C with a holding time of 90
PWHT; Welding; minutes produced the highest average hardness value compared to 400°C and 500°C
Mechanical Properties with 30 and 60 minutes. This finding reinforces the understanding that temperature
Effective Practice and holding time in the PWHT process significantly affect the hardness value of the

weld. Therefore, the results of this study are not only useful in the development of
manufacturing technology but also utilized as an applicable learning medium. By
knowing the effect of PWHT on the mechanical properties of welded joints, welding
instructors can design a more effective practicum in teaching the principles of welding.

1. Introduction

The metal industry is currently experiencing significant growth. In the welding sector, various
techniques have been developed to enhance the physical and mechanical characteristics of welded
metal products. One important method is the post-weld heat treatment (PWHT), which plays a vital
role in determining the durability and performance of welded materials. PWHT is a thermal process
applied to welded joints to obtain desired structural properties such as improved strength, ductility,
hardness, and toughness. This treatment involves heating the material to a temperature below its
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transformation point at a controlled rate, maintaining it at that temperature for a certain period, and
then allowing it to cool in a regulated manner (Putra Nugraha et al., 2017).

In the evaluation of welded joints, several measures can be implemented to enhance the
material's strength and toughness during the welding process. These include regulating the heat
input, modifying the composition of alloying elements, and performing heat treatments either before
or after welding. Moreover, it is important to account for environmental factors present during
welding, as these can significantly influence the final weld quality. The effects of localized heating or
varying ambient conditions during high-temperature welding cause the metal to expand and contract
upon cooling, leading to the formation of residual stress and elevated hardness in the heat-affected
zone (HAZ). Residual stress is a permanent condition that arises from non-uniform thermal and
cooling cycles.

Based on research and hardness testing on ST 37 steel subjected to annealing temperatures of
450°C, 550°C, and 650°C on SMAW welded joints, with holding times of 30 minutes, 60 minutes, and
90 minutes, it was observed that increases in both annealing temperature and holding duration
influence the hardness values at the test points, especially in the weld area (Abdillah Windratama et
al.,, 2019). Higher annealing temperatures and longer holding times tend to decrease hardness,
resulting in weld joints that exhibit lower hardness levels compared to surrounding regions
(Safriwardy et al., 2023).

Shielded Metal Arc Welding (SMAW) is a welding process that uses an electric arc as the heat
source to melt the metal (Figure 1). Due to the heat from the electric arc, the base metal and the
electrode tip melt and solidify together. The transfer of electrode metal occurs when the electrode
tip melts and forms droplets carried by the electric arc current (Aljufri et al., 2024). When a high
electric current is used, the droplets of molten metal carried become fine, and conversely, when a
low current is used, the droplets become larger. Filler is a reinforcing or filling material that typically
has strong and rigid properties. In the production of reinforcing composites, the reinforcing material
is usually in the form of fibers or powders. The fibers used in composite production typically include
E-glass fibers, boron fibers, carbon fibers, and natural fibers such as bamboo fibers, pineapple leaf
fibers, kenaf fibers, ramie fibers, and others.
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Fig. 1. SMAW welding components and working principles

Weld metal
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ST 37 steel is categorized as a low-carbon steel, containing less than 0.30% carbon (see Table 1).
This relatively low carbon content makes it a soft material, well-suited for both hot and cold forming
processes. Although its strength is lower compared to medium- and high-carbon steels, ST 37 offers
excellent ductility and toughness. It is commonly used in applications such as bolts, screws, and
similar components. The designation "ST 37" follows the standard classification from the German
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National Standards Organization (DIN — Deutsches Institut fiir Normung), which denotes a tensile
strength of 37 kg/mm? (refer to Table 2).

Table 1. Chemical composition of ST37 steel Table 2. Mechanical properties of ST37 steel

No. Element Value No. Element Value

1 Carbon (C) 0.20% 1 Tensile Strength (ot) 360-460 Mpa

2 Silikon (Si) 0.15-0.35% 2 Yield Strength (ay) 235 Mpa

3 Mangan (Mn) 0.35-0.75% 3 Elongation (&) at 259

4 Fosfor (P) 0.05% break

5 Sulfur (S) 0.05%

6 Nitrogen (N) 0.01%

Hardness is an important mechanical property of materials that must be considered, particularly
for components exposed to friction. It refers to a material’s ability to resist compressive deformation,
which can manifest as either elastic or plastic behavior. When two surfaces interact or slide against
each other, both types of deformation may take place—elastic deformation tends to occur on harder
surfaces, while plastic deformation is more likely on softer ones. The extent of this deformation is
influenced by the relative hardness of the materials involved. Additionally, hardness is closely linked
to a metal’s yield strength or tensile strength, as deformation involves strain developing over time
during loading.

Wheel

Fig. 2. Components of the Rockwell hardness tester

Rockwell testing (Figure 2) is carried out by pressing the surface of the test specimen with an
indenter. The indenter is pressed into the test specimen by applying a minor preliminary load, then
adding a major main load, then releasing the main load while maintaining the minor load. Below is
the formula used to determine hardness using the Rockwell method.

HR =F —e¢
Where:
HR = The magnitude of hardness
E = Distance between indentors
e = Distance between conditions 1 and 3 divided by 0.002 mm

2. Methodology
2.1 Research Variables

All variables used in this study were grouped into three categories: independent, fixed, and
dependent variables. The independent variables consist of PWHT time (30, 60, 90 minutes) and PWHT
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temperature (400, 500, 600°C). In this process, nine test specimens of the same size (length 200 mm)
were cut from the test material. Constant variables include welding type (SMAW), electrode used
(E7016), current strength (120 A), material (ST 37), and bevel (60°). Hardness value is the only
dependent variable in this study.

2.2 Preparation of test specimens

In this process, nine test specimens were cut to the same size, namely 200 mm in length and 50
mm in width, in accordance with the respective testing standards, using a grinding machine, and
welding grooves were made with a scrap machine at a 60° angle. Then, in the welding stage, the steel
plate was welded lengthwise for all test specimens.

After the test specimens are welded, the next step is the PWHT process. PWHT is performed in a
heating furnace with a capacity of 3000°C. The test material is heated to varying temperatures of
400, 500, and 600°C, with holding times of 30, 60, and 90 minutes. The material is then cooled to
room temperature inside the furnace.

2.3 Rockwell hardness testing

The test piece is taken, and the deformation marks are observed under a microscope or
magnifying glass, and the diameter of the indenter marks is measured at two intersecting points.
Rockwell testing is performed with a cone indenter.

3. Results
3.1 Welding results

The welding results obtained after the welding process and welding with an E7016 electrode with
a welding current of 120 A. After the welding process was carried out, the welded material was
checked for defects so that hardness testing could be performed. The weld defect inspection results
were obtained using a penetrant test on the welded material produced by the E7016 electrode with
a diameter of 3.2 mm.

™~ ,«]' —

(a)

Undercut

(b)
Fig. 4. (a) Penetrant test results, (b) PWHT process results

From the results of the penetrant test on the weld area, we can see that there are several
undercut weld defects (Figure 4(a)) caused by uneven hand movements during welding so that the
sides of the weld groove were not completely covered by the electrode during welding.
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Then, the PWHT process was carried out on the welded material at temperatures of 400, 500,
and 600°C with holding times of 30, 60, and 90 minutes, resulting in differences in the surface of the
test material, as shown in Figure 4(b).

3.2 Hardness test results

The results of the Rockwell hardness test conducted with a 120° diamond cone indenter on the
weld using an E7016 electrode with a current strength of 120 amperes can be seen in Table 3.

Table 3. Rockwell hardness test results

Hardness value (HRC) Weld area

Test Specimen
Point number At a temperature of At a temperature of At a temperature of
400 °C with a holding 500 °C with a holding 600 °C with a holding
time of 30 minutes time of 60 minutes time of 90 minutes
1 29 41 25
2 1 15 25 25
3 33 18 18
1 38 27 24
2 2 20 24 31
3 30 20 36
1 14 26 29
2 3 29 22 31
3 18 20 23
Mean 25.1 24.7 26.8

The results of the weld hardness test after undergoing a PWHT process at a temperature of 400°C
for 30 minutes at three test points showed the hardness values shown in Figure 5.
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Fig. 5. Hardness value of PWHT at a temperature of 400°C with a holding time of 30 minutes
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Figure 5 shows that the highest value was found in the second specimen, with the first test point
having a hardness value of 38 HRC. The lowest hardness value was shown in the third specimen with
the first test point with a hardness value of 14 HRC, and the average hardness value obtained from
the weld area hardness test with PWHT Temperature 400°C Holding Time 30 minutes was 25.1 HRC.
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Fig. 6. Hardness value of PWHT at a temperature of 500°C with a holding time of 60 minutes

Figure 6 illustrates the results of the weld area hardness test conducted at a PWHT temperature
of 500°C with a holding time of 60 minutes. The highest hardness value was recorded in the first
specimen at the first test point, reaching 41 HRC. Conversely, the lowest value was observed in the
third specimen at the third test point, with a hardness of 18 HRC. The average hardness across all
measurements under these conditions was 24.7 HRC.

For the weld area hardness test performed at a PWHT temperature of 600°C with a 90-minute
holding time, the highest hardness was observed in the second specimen at the third test point, with
a value of 36 HRC. The lowest reading, 18 HRC, occurred in the first specimen at the third test point.
Under these conditions, the average hardness value was calculated to be 26.8 HRC, as shown in

Figure 7.
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Fig. 7. Hardness value of PWHT at a temperature of 600°C with a holding time of 90 minutes
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Based on the results of hardness testing on the weld area using E7016 electrodes by performing
PWHT processes at different temperatures and holding times, we obtained a comparison of average
hardness values as shown in Figure 8.
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Fig. 8. Comparison of hardness values with different PWHT process variations

From Figure 8, we can see that every increase in PWHT temperature and time will always have
animpact on the hardness value obtained in the hardness test conducted on the welded area, causing
it to increase.

However, if we look at the bar graph comparing the average hardness value of PWHT at a
temperature of 400°C with a holding time of 30 minutes with the average hardness value of PWHT
at 500°C with a holding time of 60 minutes, this shows that the longer the holding time and the higher
the temperature given during PWHT, the lower the hardness of the weld area. This study aligns with
the research conducted by (Arifah & Ruswanto, 2020), which found that the highest microhardness
was observed in the welded sample that did not undergo PWHT in the welded area, at 500.5 HV,
while the lowest hardness was observed in the welded area that underwent PWHT for 3 hours, at
302 HV. This shows that the longer the holding time, the lower the hardness of the weld area. The
decrease in hardness value is directly proportional to the length of the holding time.

Helianto's (2018) research states that when welding without heat treatment, the process causes
a decrease in hardness value when compared to raw materials (raw 51.4 HRB, weld metal 46.8 HRB).
Furthermore, with an increase in heat treatment temperature, the hardness value of the weld metal
increases and even exceeds the hardness value of the raw material. This indicates that at the lowest
heat treatment, the strain that occurs in the metal is neutralized, while at higher temperatures, strain
hardening forms due to the difference in heat treatment temperature increase compared to cooling
(48.2 HRB, 52.6 HRB, 54.3 HRB). This also shows that this study is in line with the PWHT at a
temperature of 600°C with a holding time of 90 minutes; the average hardness value increases
compared to PWHT 400°C and PWHT 500°C. Both studies used ST37 material, but this study used the
Brinell hardness test to measure hardness.

Good welding results, as seen from the higher hardness values in the weld metal and HAZ areas,
indicate that both the welding process and the strength of the welded joint are improving. The higher
hardness value in the weld metal area than in the base metal area also indicates that the tensile
strength of the material, especially at the welded joint, has increased.
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4, Conclusions

The results of the Rockwell hardness test on the welded area of the ST 37 plate show that the
higher the temperature and holding time in the PWHT process, the higher the hardness value of the
welded area. PWHT at a temperature of 600°C for 90 minutes produced the highest hardness value
compared to treatments at temperatures of 400°C and 500°C. This shows that PWHT greatly affects
the hardness of the weld. Variations in the PWHT process also affect the distribution of hardness at
several test points in the weld area. The hardness values at each point tend to be consistent in one
specimen; for example, at PWHT 500°C for 60 minutes, the hardness values are 26 HRC, 22 HRC, and
20 HRC, respectively.
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