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Abstract

Seamless steel pipes are often used in oil and gas pipeline applications that work at high pressure,
so the welding process is very important to ensure safety. This study aims to analyze the hardness,
hydrogen test and welding size of seamless steel pipes that undergo post weld heat treatment
(PWHT) process. The pipe diameter dimension is 6 inches with APl 5L Gr.X65 PSLZ2 type. The
experimental method begins with the PWHT process by heating to a temperature of 625 ° C with a
holding time of 1 hour 10 minutes then slowly cooled with a cooling rate of 154 ° C / hour. Specimens
after PWHT were analyzed for hardness, hydrogen testing and welding size simulation. The test
results showed a decrease in hardness in the base metal, Heat Affected Zone (HAZ), and weld center.
Position 0 ° ranges from 126-174 HRB, position 120 ° produces a value of 122 - 143 hardness
rockwell B (HRB) and position 270 ° has a value of 133-154 HRB. The decrease in hardness occurs
due to the tempering process which reduces residual stress. The pressure generated in the hydrogen
test does not exceed the yield strength of the API 5L Gr.X65 PSL2 pipe material, which is 65,300 psi.
The maximum weld size simulation results are produced with a value of 6,448 mm and a minimum
value of 1,572 mm. The maximum value is used as a reference in welding to produce a safe
connection.
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INTRODUCTION

Seamless pipe is made from solid steel sheets or bars formed into billets [1]. The
billets are then heated and pressed into a piercing rod-shaped mold to create a hollow
tube or shell. Seamless pipe has advantages, including its ability to withstand high
pressures and greater efficiency [2]. These advantages make it frequently used in gas
pipelines, oil pipelines, hydraulic cylinders, and the hydrocarbon industry [1], [2], [3].

Shielded Metal Arc Welding (SMAW) is a common welding method for seamless
steel pipes due to its versatility, flexibility, and low cost [4]. SMAW welding on seamless
pipes requires careful attention due to the high pressure involved. Imperfect welds can
resultin hot cracks and residual stress, which directly reduce the strength of the joint [5].
Hot cracks and residual stress occur during high-temperature changes during the welding
process [6], [7]. If not identified early, these conditions can lead to component failure [8],
[9].

One method for minimizing cracking and residual stress is PWHT [10], [11]. PWHT
is performed by reheating the welded pipe section at a temperature of approximately
580°C to 620°C with a holding time of 1 hour for every 25 mm of pipe thickness. After this
process, slow cooling is performed to prevent the generation of new stresses [10], [12].
Previous research has shown that PWHT is effective in stabilizing the fabric against
distortion, reducing residual stress and the risk of brittle fracture, thereby improving the
mechanical properties of welded joints [13]. These improvements include hardness,
toughness, corrosion resistance, and increased safety [14].

Research from Kusminah et al [15] examined API 5L X65 pipes that underwent
PWHT using the Submerged Arc Welding (SAW) spiral method. The analysis focused on
the effect of PWHT temperature variations on residual stress and corrosion. The research
results showed that the relative residual stress value decreased (<2%), in addition,
indications of hydrogen cracking were also seen but were still within the NACE MR0175
standard. Furthermore, research from Ravikiran et al [16] analyzed the crystallography
and microstructure of API X65 pipes that underwent PWHT after high-frequency electric
resistance welding (HF-ERW). The results indicated that the dominant texture orientation
of PWHT was rotated cube and Goss and directly succeeded in reducing the intensity of
adverse textures in the material. Research from Wang et al [17] related to PWHT on X80
steel pipes welded using Gas Metal Arc Welding (GMAW). The analysis carried out was
related to Crack Tip Opening Displacement (CTOD) and its relationship with residual
stress. The results showed that PWHT treatment at a temperature of 580°C with a holding
time of 1 hour did not increase CTOD in the CGHAZ (Coarse-Grained Heat Affected Zone)
but reduced residual stress. Finally, Alipooramirabad et al [18] studied PWHT on API 5L
X70 pipes with Modified Short Arc Welding and Flux Cored Arc Welding. Residual stresses
were measured using neutron diffraction. The results indicated that the initially high
residual stress (650 MPa) after PWHT treatment could be drastically reduced to 144 MPa.

Previous research related to PWHT has mostly focused on API X65 SAW spiral joints
with residual stress and corrosion analysis [15], API X65 HF-ERW with crystallographic
texture studies [16], X80 with GMAW through CTOD evaluation [17], and X70 with
MSAW/FCAW using neutron diffraction measurements [18]. The research emphasis is
still limited to residual stress, corrosion and microstructure analysis. Until now, there are
still very limited reports related to API 5L Gr.X65 PSL2 seamless pipe research using the
SMAW method, especially those integrating hardness analysis, hydrogen test (hydrotest),
and numerical simulation of weld size in evaluating the effect of PWHT on the safety and
efficiency of welded joints in high-pressure pipes.

METHODS AND ANALYSIS
The methods used in this study were experiments and simulations. Experiments
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Tablel 1. Chemical Composition of API 5L Gr.X65 PSL2 Material

Elements C Mn Si Ni Cr Mo Cu P
Max (%) 0.11 1.2 0.35 0.3 0.3 0.15 0.35 0.2

mm

— —
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Figure 1. Welding Specimen with Single V Groove Method
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Figure 2. a) Fit Up Process befo

included material preparation, PWHT treatment, hardness testing, and hydrogen testing.
Simulations served as supplementary data, starting with pipe design, material selection
based on experiments, welding connector selection, meshing, boundary conditions, and
results (welding size, equivalent von misses).

Material

The material used in this study was seamless steel pipe with type API 5L Gr.X65
PSL2. The pipe size has a diameter of 6 inches with a thickness of 15.08 mm. The results
of the chemical composition test can be seen in Table 1. The chemical composition in Table
1 is obtained from the manufacturing certificate of API 5L Gr. X65 PSL2 product.

Welding Preparation

The pipe specimen to be welded was cut and formed into a single v groove with a
slope of 60°C. Details of the size dimensions can be seen in Figure 1. The specimens
prepared were 3, coded A, B and C. Before welding, a fit-up process was carried out as in
Figure 2. Welding used SMAW with an E7018 electrode type, 4.0 mm diameter, and a
current of 180 A.

PWHT Process

The welded pipe is then immediately subjected to PWHT in a portable furnace. This
treatment aims to minimize the occurrence of hydrogen cracking by quickly removing the
diffusible hydrogen content. The PWHT process was carried out using a portable furnace
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(Cooperheat 6, Cooperheat Equipment Ltd., UK). Heating was carried out in stages to a
temperature of 626°C with a holding time of 1 hour and 10 minutes, after which it was
slowly cooled at a cooling rate of 155°C/hour. This graph can be seen in Figure 3.
Temperature uniformity was controlled by rotating the thermocouple at 0°, 120°, and
240° around the pipe circumference. The pipe was then slowly rotated in a portable
furnace before holding time was applied.

Hardness Test

Hardness testing using a portable hardness tester Krisbow brand with model
number 10238107. 5 points were taken in the weld area and then points were taken at
rotations of 0°, 120° and 240°. The position of the weld area points can be seen in Figure
4, while the rotation points can be seen in Figure 5. Figure 4 at points 1 and 5 show the
base metal, points 2 and 4 are the HAZ area, while point 3 is the center of the weld area.
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Figure 3. PWHT Process
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Figure 7. Weld Connector Position

Hydrogen Test

The hydrogen test uses a pressure of 1.5 times the maximum operating pressure for
a period of 30 minutes to 1 hour. The hydrogen test schematic is shown in Figure 6. The
hydrogen level is increased gradually from 50%, 75%, and 100%. Hydrogen testing refers
to the standardization of ASME B31.12 (Hydrogen Piping and Pipeline Code).

Welding Size Simulation

Simulation testing aims to analyze the recommended pipe weld size limits to
prevent over-welding and their effect on stress concentration compared to the yield
strength of the pipe material. Welding size simulation using Solidworks 2018 software.
The meshing type uses tetrahedral, global element size 3 mm, control at the elbow section
with element size 1.5 mm. Mesh quality uses a Jacoban ratio = 0.3. Convergence is
assessed based on the highest stress results <5% between consecutive mesh levels. The
connector used is a single-sided groove (Figure 7), weld sizing uses American standards
with E70 electrodes. A fixed support was applied at the inlet end of the pipe, while a
longitudinal force was applied at the outlet end. The applied force was calculated from the
design pressure and the pipe’s cross-sectional area using Equation (1):
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F=Px A (1)

Where F is the applied force (N), P is the design pressure (Pa), and A is the pipe cross
sectional area (m?).

The force calculation is obtained from pipe parameters such as: the pipe design
specification is 5.6 MPa, the outer diameter is 152.4 mm, and the thickness is 15.0 mm.
The cross-sectional area of the pipe was calculated using Equation (2):

. (Douter-28)° (2)
4

Where Do is the outer diameter of the pipe (m) and t is the thickness of the pipe (m).
So that the results of the calculation of the pipe cross-sectional area become

A=Tt

(152.4-2x15.04)*

4
A = 0.01174 mm?

A=Ttx

Therefore, the internal force can be calculated as:
F=Px A

F=5.6x0.0117

F=66000N

RESULTS AND DISCUSSIONS
Hardness Results

The hardness results after PWHT can be seen in Figure 8. Hardness decreased after
PWHT in all positions of the basic metal, HAZ and center of weld. Position 0° ranged from
126-174 HRB, position 120° produced a value of 122-143 HRB and position 270° had a
value of 133-154 HRB. This condition indicates that there is a change in the mechanical
properties of the welding joint. Figure 8 shows that the hardness value before PWHT
treatment is higher, this occurs because the microstructure such as ferrite needles
produces stress concentration points in the welding area.
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Figure 8. Hardness Results Before and After PWHT
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PWHT treatment causes the microstructure to become finer, the grain size of the
cementite and ferrite lamellae becomes smaller and evenly distributed, thus increasing
toughness and decreasing hardness [19], [20]. The decrease in hardness occurs because
at a temperature of 626°C the reinforcing phase becomes incoherent with the matrix [21].
Liu's research [22] also indicates that the density of the precipitation phase in the center
of the weld is higher than in the HAZ area. The condition of reduced hardness indicates a
decrease in residual stress, this occurs because when the holding time releases internal
stresses due to the high temperature of the welding. The release of internal stresses
results in a rearrangement of the metal structure and produces large and uniform grain
sizes. Research by Gunawan et al. shows that reducing hardness will have an impact on
toughness and standardize grain size so that it is safe in sulfide stress cracking, the
hardness is obtained at around HAZ 143-147 HV [23].

Hydrogen Test Results

The results of the hydrogen test after PWHT can be seen in Table 2. Based on Table
2, the highest pressure produced was 3150 psi, the recorder temperature increased from
28°C to 29°C - 35°C. The recorder temperature stabilized at 31°C. The environmental
temperature increased gradually from 31°C to 35°C. The high temperature increase in
environmental temperature indicates the need for cooling time.

Overall, the pressure generated in the hydrogen test did not exceed the yield
strength of the API 5L Gr.X65 PSL2 pipe material, which is 65,300 psi [24]. This condition
indicates that the pipe did not experience failure and leakage at the welding joints. The
resulting environmental temperature was <150°C, which indicates that there is no risk of
hydrogen embrittlement [25]. Hydrogen testing with PWHT treatment is very risky
because it will increase hydrogen traps (micro holes) which has an impact on increasing
hydrogen concentration. Increasing hydrogen concentration results in a decrease in
plasticity properties and crack tip propagation. In general, the cracks that occur are of the
quasi-cleavage type [26]. The weak point for crack occurrence is in the Coarse-Grained

Table 2. Hydrogen Test Results

Pressure Environmental
Temperature
recorder Temperature Note
.. recorder (°C)
chart (Psi) (°C)
— 5
0 28 31 Start test pressurizing to 50% TP
(Test Pressure)
1500 28 31 Holding 15 minute
1500 28 31 Cont. to pressurizing to 100% TP
3000 29 31 _
100% TP and Hold 60 min
3000 29 32
3050 29 32 Holding time 100% 70 mi
3100 30 33 olding time 0 70 min
3150 30 33 End of holding and depressurized to
3200 30 33 design pressure
2000 31 34 75% TP and holding for 15 min
2050 31 34 Depressurized to 50% TP
1500 31 34 50% TP and holding for 15 min
1500 31 35 Depressurized to 0% TP
0 32 35 Finish test
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Heat Affected Zone (CGHZ) area even though the residual stress is reduced [17], but in
this study based on hydrogen tests, no crack growth was found in the HAZ and basic metal
areas. In this study, PWHT significantly reduced residual stresses and dislocations in the
area surrounding the HAZ. This reduction in dislocations can be attributed to trapping
sites, which reduce their capacity to absorb and trap hydrogen [27], [28].

Welding Size Results

The welding size simulation results can be seen in Figure 9. The maximum weld size
is 6,448 mm and the minimum is 1,572 mm. The graph shows sharp fluctuations along the
welding joint. The critical point occurs at the welding position 100-280 mm, where the
peak drops to a minimum value. This condition can indicate insufficient weld size and can
result in a decrease in the strength of the welded joint. The maximum value is used as a
reference in welding pipe joints because it avoids cracks, brittle fractures, and ensures
sufficient heat. In addition, the purpose of welding size analysis is for efficiency. If the
welding size is too large, it will result in increased heat which directly affects the
concentration of distortion stress, wasted electrode usage, and welding time.

Edge-weld size plot
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T A
1.00 + } + } " } ' } ; ]
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Figure 9. a) Weld Size Results b) Weld Size Details
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Figure 10. Von Mises Equivalent Simulation Results
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The weld size results were then analyzed based on the equivalent von misses stress
(Figure 10). The highest stress was generated in the pipe radius area (elbow) right at the
position of the straight pipe weld joint with a value of 340.167 MPa (red section). The
weld joint area is relatively very safe because it is below the yield strength value of
seamless pipe material, which is 450 MPa. The highest stress generated in the elbow area
is the point of stress concentration where the local stress has a higher value than the
nominal value [29]. This condition often occurs in the pipe elbow area, especially on the
inner wall, due to the bourdon effect and deformation due to curvature [30]. In addition,
high stress in the pipe elbow can occur due to the presence of a higher bending moment
and the creation of oval deformation, where this condition will create stress concentration
[31].

In addition, high pressure in the pipe and the combination of bending stress will
cause an increase in hoop stress because the wall cannot withstand the pressure evenly.
The analysis of the forces that occur on the outside and inside of the pipe experiences
tensile forces, while the radius experiences high compressive stress, so that the stress
distribution will focus on the extradox and intradox. The weld sizing simulation yielded
values of 1,572 to 6,448 mm. The maximum value was used as a reference to ensure
adequate fusion and minimize insufficient weld size in the 100-280 mm segment. The
critical peak stress of 340 MPa at the elbow radius was still below the yield stress,
indicating that the weld sizing met the allowable stress criteria and ensured an elastic
response under operating load conditions.

CONCLUSIONS

The purpose of this study was to analyze the hardness, hydrogen test, and welding
size of seamless steel pipes with post weld heat treatment (PWHT). The resulting
hardness of the basic metal, HAZ, and center of weld decreased after PWHT. The 0°
position ranged from 126-174 HRB, the 120° position produced a value of 122-143 HRB,
and the 270° position had a value of 133-154 HRB. The decrease in hardness indicates a
decrease in residual stress and an increase in toughness. The hydrogen test indicated that
the resulting pressure did not exceed the yield strength of the seamless pipe. In addition,
the resulting environmental temperature was less than 150°C, which means the pipe was
not at risk of hydrogen embrittlement. The welding size simulation results for the
maximum value were 6,448 mm and the minimum value was 1,572 mm. The maximum
value was used as a welding reference, so as to avoid brittle fracture, sufficient heat, and
efficiency in electrode usage. Hydrogen and temperature test results indicate improved
resistance to hydrogen embrittlement, thus improving the safety of welded joints under
operating conditions. Furthermore, weld size simulation results provide a practical
guideline for selecting optimal weld dimensions to maintain mechanical integrity, prevent
brittle fractures, and improve electrode efficiency. Further research can expand this
approach through residual stress testing using X-Ray Diffraction (XRD), HAZ morphology
testing using Scanning Electron Microscopy (SEM), and fracture toughness testing.
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