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ABSTRACT: In this study, API 5L X52 steel pipe with a diameter of 1/2 inch and a thickness of 2.8
mm was cut into a 100 mm length and the weld grooves were machined for the weldability with
different welding processes using SiC additions. The steel pipes were welded with welding methods
of oxy-gas, electric arc and MAG. The specimens were welded in two ways: with and without silicon
carbide (SiC) reinforcement. The welded samples were prepared for microstructure, tensile, fatigue
and hardness tests in accordance with the standards and mechanical tests were applied. The highest
yield strength was obtained with the electric arc welded sample using a rutile electrode with SiC
reinforcement. It was observed that the mechanical properties of APl 5L X52 steel welds were
improved with the addition of SiC reinforced.
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1. INTRODUCTION

Natural gas, which has a wide area of use in the world, is the most consumed fuel (Biresselioglu
et al., 2015). Safety and economy should be taken into consideration in the selection of natural gas
pipes to be used for transporting the natural gas from its source (Capelle et al., 2013). Pipelines are
the most common method in the world to transport high-consumption and constantly used liquids and
gases over long distances, such as oil, water, and natural gas (Abedi et al., 2007; Baek et al., 2010;
Javidi et al., 2014). Today, these pipes are preferred because they are easy to join by welding, are safe
and economical (Mulder et al., 2007).

X52 type steel pipes are one of the preferred materials used for the transmission of liquid and
gaseous fuels (Ju et al., 2003). X52 type steels constitute an important steel group preferred due to
their high yield strength and high toughness properties. Conventional arc welding methods are widely
used in joining of structural steels including stainless grades (Ezer & Cam, 2022; Senol & Cam, 2023;
Serindag & Cam, 2021; Serindag & Cam, 2022; Serindag & Cam, 2023; Serindag et al., 2022a;
Serindag et al., 2022b). However, the most obvious problem encountered during welding in these
steels is the tendency for hardening that occurs in the heat affected zone (HAZ) (Seyedrezai et al.,
2014). Micro islands consisting of martensite and austenite containing high carbon may form in the
HAZ of these steels (Bhadeshia et al., 2004; Bohemen et al., 2017; Hossain et al., 2017). The amount
of this micro-sized island is directly affected by the cooling rate. The effect of microalloying elements
such as titanium (Ti) and boron (B) on the toughness of HAZ is related to the carbon equivalent value
of X52 type steels. The carbon equivalence of X52 type steels is in the appropriate range for good
toughness in the HAZ (Handoko et al., 2019). High amounts of silicon (Si) are harmful for welding.
However, when the manganese rate is increased, the amount of Si can also be increased. In fusion
welds of steels containing more than 0.7% Si, if necessary, precautions are not taken, it occurs as a
pore and crack defect in the silicon oxide welded area (Ghosh et al., 2013; Jonas et al., 2013). The
presence of Mg in the filler metal can provide useful properties through alloying (Jayashree et al.,
2020).

However, in traditional welding processes, differences occur in the physical properties of the
weld metal and the reinforcement phase due to welding defects such as slag, porosity and recovery
of SiC particles in the melting weld zone. Thus, a brittle phase forms due to chemical reactions
occurring at high temperatures between the weld metal and the reinforcement phase, making high-
quality weld joint difficult (Jayashree et al., 2021). Therefore, lower Si content in SiC reinforced
composites negatively affects the desired results after welding (Iseki et al., 1984).

In this study, the welding of APl 5L X52 steel were investigated using oxy-gas, electric arc
welding, MAG welding methods with and without SiC reinforcement. These welding processes were
performed using different welding methods, and as a result, tensile and fatigue strengths and hardness
distributions were calculated. The microstructure-mechanical property relationship of welded
samples was determined through tensile, fatigue and hardness testing.

2. MATERIALS AND METHODS

The materials and methods used in the experimental methods for experimental studies are given
below. The chemical composition analysis (% weight) of X52 steel pipe used for welding is given in
Table 1, and its mechanical properties are given in Table 2. At the same time, the ferrite and perlite
ratios of the X52 steel pipe are given in Table 3.
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Table 1. Chemical Composition Analysis (% Weight) Results of X52 Steel Pipe
C Mn Si Cu Al Nb S P \% Cr

X52
0,106 0,91 0,24 0,021 0,039 0,02 0,007 0,013 0,002 0,017
Table 2. Mechanical Properties of X52 Steel Pipe (API specification 5L, 2018)
0.2% offset yield Tensile
strength, MPa strength, MPa

X52 360 (min) 460 (min)

Table 3. Ferrite to Perlite Ratios of X52 Steel Type (Tobon et al., 2014)
Steel Type Ferrite Ratio Perlite Ratio
X52 86,64 13,35

In this study, X52 pipes of 1/2 inch diameter, 2.8 mm thick and 100 mm long were welded
using Oxy-gas, Electric Arc and MAG welding methods. Table 4 shows the weld parameters of all
four weld methods and conditions for SiC reinforcement used for the welding of X52 pipe steels.

Table 4. Prepared Samples and Welding Conditions

Weld | Addition | Comp. | Current(A) Weld | Addition | Compound | Current(A)
2 mm
Oxy- A?SZI E)rgo L 5 Oxy- AlSI .
1| gas Steel gas 1020
Steel
3,25 & 3,25
2 EAW Rutile 115 6| EAW Rutile 29r 115
(E-6013) (E-6013) Cellulosic
3,25 Varnish
3,25 Cellulosi +
3 EAW | Cellulosic 115 EAW c 2grSiC 115
(E8010-G) (E8010-
G)
@ 1mm &1 mm
4 MAG Steel 125 MAG Steel 125
(SG2) (SG2)

Samples 1 and 5 were welded in a single pass with oxy-gas (Oxy-Acetylene) welding (Fig. 1a).
Samples 2, 3, 6 and 7 were tack welded from four different locations and then welded in a single pass
using electric arc welding at 115 A. MAG welding of samples 4 and 8 was done with pure CO>
(100%) gas (Fig. 1b). First, the samples were tack welded from four different locations and then
welded in a single pass with 125 A and 1.5 m/s wire feed speed. For samples 5, 6, 7 and 8, a mixture
of cellulosic varnish (2 g) and SiC (2 g) was prepared and applied to the weld joints.

b)

Figure 1. Welded X52 steel pipe
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Transverse tensile samples were prepared from the welded samples according to TS EN ISO
4136 standard. Tensile test results were obtained with 3 test samples at room temperature and under
each condition, by selecting 2 mm/min as the tensile speed. Hardness values from the welding areas
of the samples welded by different welding methods were measured in Rockwell A (HRA). In
metallographic examinations, the welded parts were cut and ground perpendicular to the direction of
welding progress. The polished samples were etched with 3% Nital + alcohol mixture. During
metallographic examinations, images were taken with a microscope at 100X and 200X
magnifications.

3. RESULTS AND DISCUSSION

The results of the tensile tests of the welded samples with and without SiC addition are shown
in Figure 2. As can be seen, the highest yield strength of 380 MPa was measured in the samples
welded with electric arc welding using rutile and electrode with an addition of SiC. It is seen that SiC
reinforcement has an effect on the yield strength and maximum tensile strength when the welds made
with all welding methods are compared. In welding processes without SiC reinforcement, the yield
strength was obtained as 90 MPa in samples welded with oxy-gas, 95 MPa in EAW samples made
with rutile electrode, and 70 MPa in samples welded using cellulosic electrode. The yield strength of
the samples welded with the MAG welding method was obtained as 160 MPa. In the samples welded
using oxy-gas, electric arc and MAG welding methods without SiC reinforcement, the highest tensile
strength was obtained as 313 MPa in the sample joined by the MAG welding method. The lowest
tensile strength was obtained at 215 MPa in the sample welded with oxy-gas welding. The highest %
elongation value was obtained as 14.7% in the SiC unreinforced welded sample joined by the EAW
method with rutile electrodes. The lowest % elongation was obtained as 3.5% in the sample joined
with MAG welding without SiC reinforcement. The difference in these two tensile strength and %
elongation amounts is due to the difference in the amount of ferrite formed in the microstructure of
the welded joints.

The yield strength of SiC reinforced welds was obtained as 340 MPa in samples welded with
oxy-gas welding method, 380 MPa in samples welded with EAW, and 200 MPa in samples welded
with MAG welding method. Vargas-Arista et al., 2012, in their study, stated that the yield strength
was 420-520 MPa in samples joined using submerged arc welding. In another study (Candan et al.,
2006), it was stated that the highest values were obtained in the welding of X52 steel pipes with the
MAG welding method.

The maximum % elongation in welded specimens were 15.5% in samples welded with oxy-gas
with SiC reinforcement, 16% in samples welded with EAW with rutile electrode, 17.5% with
cellulosic electrode and 4.25% in MAG welding. When the tensile test results are examined, the
values closest to the yield limit of the main material, which is approximately 360 MPa (Table 2), were
obtained in SiC reinforced samples. The yield stress in the SiC reinforced EAW sample was obtained
higher than that of the main material (380 MPa). The yield strength of the samples joined by welding
without the use of reinforcement was lower than the yield strength of the base material. Regarding
the tensile strength of the samples welded by SiC reinforced oxy-gas, electric arc and MAG welding
methods, the highest tensile strength was obtained as 544 MPa in the sample joined by the rutile
electrode EAW method, and the lowest tensile strength was obtained as 329 MPa in the sample joined
by the MAG welding method. The highest average % elongation of the SiC reinforced welded
samples was obtained as 17.5% in the sample joined by the cellulose electrode EAW method. The
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lowest % elongation value was obtained as 4.25% in the sample joined with SiC reinforced MAG
welding. The results of the fatigue test performed are given in Table 5.
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200 ll L [ 1 10
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0 . . 0
- + + .
Oxy-gas (EFQ‘{V) (EC‘;‘I’K MAG ga‘ggic E‘}‘F’QVUS'C E‘}‘évellf'c MAGHSiC
Yield Stress (MPa) 90 95 70 160 340 380 350 200
Tensile Stress (MPa) 215 312 270 313 388 544 543 329
% Elongation 10 14,7 11 35 155 16 17,5 4,25

Figure 2. Tensile test results graph

Table 5. Fatigue Test Results

No 1 2 3 4 5 6 7 8
Number

of 1000 1291 3700 26298 60000 52000 27648 27740
Cycles
Frza‘g:]‘;re WZ WZ WZ HAZ BM. WZ WZ HAZ

When the fatigue test results of welds without SiC reinforcement were examined, the longest
number of cycles was seen in the sample 4 that was joined using MAG welding method. The lowest
number of cycles was obtained in the oxy-gas welded sample. Except for the sample joined with the
MAG welding method, it was observed that there were ruptures in the weld area in the samples welded
with other welding methods.

However, the rupture occurred in the HAZ region of the sample welded with the MAG welding
method. The Mn and C content of the additional wire used here affected the tensile and fatigue test
results in the welded samples. This effect was observed clearly in the MAG welding method. In
microstructure studies, changes in the properties of the electrodes used have led to changes in the
weld microstructures.

When the fatigue results were examined, the longest number of cycles in the samples welded
with SiC reinforcement was obtained in the welding process with oxy-gas welding (sample no. 5).
The lowest number of cycles was seen in sample number 8, which was welded by the MAG welding
method with SiC reinforcement. The hardness of the weld areas of the welds was also measured. To
compare the hardness results of each weld, first the hardness of the base material and then the welded
samples were measured. The hardness values obtained here are given in Table 6.

In a study (Candan et al., 2006), micro hardness values of X52 steel pipes were obtained as
155-160 HV5 in samples welded in horizontal groove position with the MAG welding method. The
hardness value was higher as a result of welding with the MAG welding method compared to the
main material and oxy-gas welding method. It was observed that the 66.2 HRA value obtained in
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experimental studies was approximately 318 HV from the hardness conversion table. This can be
explained by the fact that the SiC reinforcement breaks down due to the high temperature generated
by welding electrode during the welding process, creating carbon-rich regions in the weld metal
structure.

Table 6. Hardness Values

No B.M. 1 2 3 4 5 6 7 8
Hardness
(HRA) 23,2 225 406 41,8 40,7 433 447 564 66,2

The samples were examined metallographically to determine the microstructure-mechanical
property relationship. The microstructure of the base material is given in Figure 3. Separate optical
microstructure images were taken from the HAZ and weld metal of the welded samples. When the
overall microstructures were examined, it was observed that the needle structures seen were acicular
ferrite. The rapid solidification of the samples after welding explains the reason for the formation of
this acicular ferrite structure.

Figure 3. Microstructure of base material

The microstructure of the samples welded with oxy-gas welding method is given in Figure 4
(@), the weld metal without SiC reinforcement, the HAZ with SiC reinforcement in Figure 4 (b), and
the weld metal with SiC reinforcement in Figure 4 (c). Here, it is observed that after the oxy-gas
welding, the grain size of the sample becomes larger compared to the base metal.

\) ‘ \ A
oxy-gas weldin
reinforced, HAZ, (c) SiC reinforced weld metal microstructure

The SiC-reinforced weld metal of the sample welded using EAW with a rutile electrode is
shown in Figure 5 (a), the SiC reinforced HAZ is shown in Figure 5 (b), and the microstructure of the
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SiC reinforced weld metal is shown in Figure 5 (c). The microstructure obtained with the SiC
reinforcement appears to be coarsened. The phases in the intergranular region also appers darker due
to refinement of local microstructure. It is also possible that the decomposition of SiC and hence the
addition of Si and C into weld metal increased the amount of residual phase that appear as dark region
due to increased activity of alloying elements insoluble in ferrite phase. Thus, with slow cooling, both
the grains and the carbides in the intergranular region became larger. The SiC-reinforced weld metal
of the sample welded using EAW with cellulosic coated electrode is shown in Figure 6 (a) and (b),
the SiC reinforced HAZ, and the microstructure of the SiC reinforced weld metal is shown in Figure
6 (c).

Figure 5. Microstructure of the sample welded using rutile electrode by electric arc welding method (100X) (a) SiC
without, weld metal, (b) SiC reinforced, HAZ, (c) SiC reinforced weld metal microstructure

without, weld metal, (b) SiC reinforced, HAZ, (c) SiC reinforced weld metal microstructure

In the microstructure of the MAG welded sample, it can be seen that as the ratio of elements
such as C and Mn in the welding filler wire increases, the perlite ratio in the microstructure increases
and the grains become quite coarse (Figure 7). The intragranular microstructure consists of very fine
acicular ferrite. In MAG welding without SiC reinforcement, the desired microstructure is
approximately 95% acicular ferrite.
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Figure 7. Mlcrostructure of the sample Welded by MAG weldlng method (100X) (a) SiC Wlthout Weld metal, (b) SiC
reinforced, HAZ, (c) SiC reinforced weld metal microstructure

4. CONCLUSION

In this study, it was observed that the cooling time in the welding area and the carbon and other
alloying elements in the additional wire content affected the phase amounts and grain structure
change, and also affected the mechanical test results. A needle and oriented epitaxial microstructure
was formed in the suddenly cooled region. It was observed that the mechanical properties of samples
welded with oxy-gas were the lowest compared to other applied welding methods. When EAW,
which is performed with lower heat input, is compared to welds made using the oxy-gas welding
method, it is seen that the intragranular structures become thinner.

It was observed that the mechanical properties of SiC reinforced samples improved compared
to the samples without SiC reinforcement. It has been determined that SiC reinforcement significantly
increases the hardness values of the weld zone.
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