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Abstract: In order to clarify the role of different post-weld heat treatment processes in the manu-
facturing process, welding tests, post-weld heat treatment tests, and finite element analysis (FEA)
are carried out for 12C1MoV steel pipes. The simulated temperature field and residual stress field
agree well with the measured results, which indicates that the simulation method is available. The
influence of post-weld heat treatment process parameters on residual stress reduction results is
further analyzed. It is found that the post weld dehydrogenation treatment could not release residual
stress obviously. However, the residual stress can be relieved by 65% with tempering treatment. The
stress relief effect of “post weld dehydrogenation treatment + temper heat treatment” is same with
that of “temper heat treatment”. The higher the temperature, the greater the residual stress reduction,
when the peak temperature is at 650–750 ◦C, especially for the stress concentration area. The longer
holding time has no obvious positive effect on the reduction of residual stress.

Keywords: welding residual stress; post-weld heat treatment; finite element analysis; residual
stress relief

1. Introduction

Welding technology has the advantages of wide adaptability and cost saving, is
widely used in the construction of key components of thermal power units such as steam
pipe, superheater, reheater, and so on. However, due to welding imperfections, welding
residual stress, mismatched local performance, and brittle structures in heat-affected zone,
welded joints are generally regarded as weak links on the component [1–5]. With the
continuous improvement of welding technology and non-destructive testing methods,
welding imperfections have be effectively controlled in the manufacturing process. In the
design process, the local non-uniform microstructure and mismatched mechanical property
of the welded joint can also be considered effectively by introducing the weld coefficient.
However, there are still some controversies and uncertainties in the understanding of
welding residual stress and its effect evaluation. Welding residual stress is one of the key
causes for stress corrosion cracking of weldments [6]. Tensile residual stress is considered
to be the critical factor in increasing the sensitivity of fatigue damage of welded joints [7].
Premature failure and fracture of welded joints caused by welding residual stress usually
occurred [8,9]. Therefore, it is required to reduce welding residual stress. Up to now, there
are many methods to reduce welding residual stress including pre-heating [10], temper
bead welding [11], post-weld heat treatment, hammering, vibration aging, ultrasonic
impact, and so on. Compared with other methods, post-weld heat treatment can not only
reduce the welding residual stress effectively, but also improve the mechanical performance
of the welded joint [12–16]. Therefore, post-weld heat treatment is the main method to
eliminate welding residual stress in engineering application.
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There are several post-weld heat treatment processes, such as dehydrogenation heat
treatment (DHT), normalizing heat treatment, tempering heat treatment, et al., in actual in-
dustrial production. How to choose suitable heat treatment processes according to material
properties and welding characteristics is an important issue for manufacturer. The effect of
DHT on the welding residual stress of high-strength steel was studied by Xue et al. [17],
and the results showed that the DHT can reduce the residual stress slightly. Comparative
study on different heat treatment processes of API X60 grade steel was conducted by Khalaj
et al. [18]. They found that the post-weld heat treatment process composed of two-steps of
“quenching + tempering” is more effective and reasonable than the traditional one-step
normalizing heat treatment. It is worth noting that an improperly designed post-weld heat
treatment process is not only the loss of effect of reducing of residual stress, but also has
negative effects. Chen et al. [19] found that an unreasonable post-weld heat treatment pro-
cess would lead to uneven temperature distribution of 12Cr1MoV pipeline, which would
introduce harmful thermal stress leading to cracking of welded joint. Furthermore, the
influence of post-weld heat treatment on mechanical properties should also be considered.
Based on Chen’s investigation, it is found that qualified welded joints can be obtained
by DHT at 200 ◦C × 2 h, but stress relief heat treatment at 600 ◦C × 2 h will worsen the
performance of welded joints.

Currently, experimental testing and finite element simulation are main means to
evaluate residual stress reduction effect. Olabi [14] et al. measured the residual stress of
low-carbon steel welded joint before and after post-weld heat treatment by using the blind-
hole method. The results showed that the residual stress is reduced by 70% after post-weld
heat treatment. Paddea et al. [20] obtained the residual stress distribution of P91 steel pipe
welded joint by neutron diffraction method. The results are as follows: prior to post-weld
heat treatment, the highest tensile residual stress of about 600 MPa was found at the
boundary between the heat-affected zone (HAZ) and adjacent parent material, and at the
weld root near the inner surface of the pipe. The location of the highest tensile stress after
post-weld heat treatment (PWHT) was still near the HAZ, about 120 MPa. Dong et al. [21]
investigated the effects of post-weld heat treatment process parameters including peak
temperature, holding time and component thickness on residual stress through numerical
simulation, and the results showed that peak temperature is the main factor affecting stress
relief. Qian et al. [22] studied influences of post-weld heat treatment from different criteria
at home and abroad on the residual stress and energy consumption. They found that the
heat treatment process from the criteria of ASME-VIII is the best. However, most of the
current research about multiple post-weld heat treatment cycles is focus on its effect on
the microstructure and mechanical properties of welded joints [23–25]. On the country,
there is no much detailed study on evolution of residual stress during multiple post-weld
heat treatment cycles. Therefore, it is of great significance to study the influence of various
post-weld heat treatment processes on the residual stress of welded joints.

In the present work, welding tests, post-weld heat treatment tests, and finite element
analysis (FEA) are carried out for 12C1MoV steel pipes clarify the role of different post-weld
heat treatment processes in the manufacturing process. The evolution of residual stress
distribution of the welded joint during welding and post-weld heat treatment processes
were studied through experimental and numerical methods. The influence of post-weld
heat treatment process parameters on residual stress reduction results is further analyzed.
The tensile properties of welded joints subjected to different heat treatment conditions
were measured by tensile experiments. This study aims to provide a theoretical basis for
the design and optimization of post-weld heat treatment process.

2. Materials and Experimental Procedure
2.1. Materials and Welding Process

The welded joint was manufactured by joining two sections of 12Cr1MoV steel pipe
with the size of Φ168 mm × 14 mm × 200 mm. A V-shaped groove with 30◦ for the butt
joint was selected with the width of 3 mm at bottom. The welding groove and welding
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passes distribution are shown in Figure 1. Totally, 6 welding passes were used for the
12Cr1MoV steel welded pipe specimen. According to the welding sequence, they are
marked as Pass.1~Pass.6 (seen in Figure 1). There is only a 3 mm gap at the root of the
welding groove as shown in Figure 1. Hence, welding rod with small diameter of 3.2 mm
is used for the welding passes marked as Pass.1 and Pass.2. It is worth noting that the
welding current used for Pass.2 is adjusted according the height of Pass.1 to ensure fulfill
the root of the welding groove. The last welding pass, i.e., Pass.6, is the cap pass. Its
width is 14.5 mm and height is about 2 mm (excluding weld reinforcement). R317 was
selected as the filler metal in the experiment, the detailed chemical compositions (wt. %)
of base metal (12Cr1MoV) and electrode (R317) are listed in Table 1 (provided by the
manufacturer). Before welding, pipe surface cleaning was conducted to remove oils and
rusts. Then, pre-heat treatment with temperature of 200 ◦C was performed, as shown in
Figure 2. Finally, shielded metal arc welding (SMAW) was used to fabricate the welded
joint. Technological parameters of the welding process are listed in Table 2.
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Table 2. Technological parameters of the welding process.

Weld Bead
Number Current (A) Voltage (V) Welding Time

(s)
Cooling Time

(s)
Heat Input

Value (kJ/mm)
Filler Rod

Diameter (mm)

Pass.1 150 22 100 1100 0.438 3.2
Pass.2 120 22 120 780 0.418 3.2
Pass.3 140 25 115 785 0.525 4.0
Pass.4 140 25 130 900 0.583 4.0
Pass.5 140 25 140 910 0.628 4.0
Pass.6 150 25 145 Cool to 120 ◦C 0.675 4.0

2.2. Measurement of Welding Heat Cycle Curve

In order to verify the simulated temperature field during the welding process, the
welding heat cycle curve was measured by thermocouples (see Figure 2). Three WRNK-191
armored K-type thermocouples were attached to the points marked as “a”, “b”, and “c” in
Figure 3. The transient temperatures of measured points were acquired and recorded by
HPDJ-8125 dynamic data acquisition and analysis system.
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2.3. Post-Weld Heat Treatment Process

In order to investigate the distribution of welding residual stresses in the case of
different post-weld heat treatment, thermal cycle curve shown in Figure 4 was used, i.e.,
DHT and tempering treatment were carried out successively. DHT was conducted at 350 ◦C
for 2 h, while tempering was conducted based on the industry recommended 730 ◦C for
1.5 h [26].
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2.4. Residual Stress Measurement

Instrumented indentation test was conducted to measure the hoop stress and axial
stress of different points along cross-weld path shown in Figure 3. This method has
the advantage of almost non-destructive nature and convenience in operation [27]. The
residual stress was measured by using the KJS-3 indentation stress tester illustrated in
Figure 5. Firstly, the surface of the welded joint was mechanically polished. Then, the
BA120-1BA-ZKY strain gauges were glued to the test points with professional adhesive
and the stress tester was connected with the strain gauges. Thirdly, the impact indentation
device was placed on the weldment (seen in Figure 5) and the spherical indenter was
aligned with the strain gauge. Finally, the impact force was applied on the weldment by
releasing the spring of the impact device.
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3. Finite Element Simulation
3.1. Finite Element Model

Three-dimensional finite element model was established and meshed according to
actual geometrical size of the pipe, welding groove type and the multi-pass weld metal
arrangement based on the microstructure observation, as shown in Figure 6. Totally,
519,381 nodes and 551,435 elements were meshed. DC3D8, DC3D6, and DC3D4 elements
were used for thermal analysis, and C3D8R, C3D6, and C3D4 elements were used for
structural analysis. In order to improve the calculation efficiency and ensure the calculation
accuracy, the mesh size at the weld metal and the heat-affected zone (HAZ) was refined
and the larger size mesh was adopted in the base metal.

3.2. Thermal Analysis

In order to save calculation time and cost. The volumetric heat source with uniform
density was used in the thermal analysis. The heat flux of each weld pass can be obtained
by the following equation [28–30]:

qi =
ηUi Iitwi

tsVi
(1)

where qi (J/mm3) is the heat flux of the ith-pass weld; η is the arc efficiency factor, which
was assumed as 0.7 for SMAW process; twi (s) is the total welding time of the ith-pass weld;
ts (s) is the heating time used in the simulation; and Vi (mm3) is the volume of the ith-pass
weld; Ui (V) is the welding voltage, and Ii (A) is the welding current. All the parameters
are listed in Table 2.
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The heat loss caused by heat convection can be calculated by the Newton cooling
equation [31]:

qc = −hc(Ts − Ta) (2)

where qc (W/m2) is the heat flux across the welded surface due to convection; hc is the
convective heat transfer coefficient, which was taken as 10 W/(m2·K); Ts (◦C) is the current
temperature on the welded surface; Ta is the ambient temperature, which was taken as
30 ◦C in the calculation.

The heat loss due to heat radiation was calculated by the Stefan–Boltzmann law [31]:

qr = −εσ
[
(Ts + 273.15)4 − (Ta + 273.15)4

]
(3)

where qr (W/m2) is the heat flux across the welded surface due to radiation; ε is the
emissivity, which was taken as 0.85 in the modeling; σ is the Stefan–Boltzmann constant,
i.e., 5.67 × 10−8 W/(m2·K4).

3.3. Simulation of Welding and Post-Weld Heat Treatment

The same FE model used in the thermal analysis was employed in the residual stress
analysis. A thermo-plastic sequential coupling FE program is developed to calculate weld
residual stress by the ABAQUS finite element software (ABAQUS 6.14, Dassault SIMULA,
Providence, RI, USA). Based on incremental plasticity theory, the total measurable strain
can be partitioned into strain components as follows [32]:

ε = εth + εe + εp (4)

The incremental form of the above equation can be expressed as

∆ε = ∆εth + ∆εe + ∆εp (5)

where εth, εe, and εp are thermal, elastic, and plastic strain, respectively. Stress-free stated
can be achieved by setting the temperature-related material property, i.e., the correspond-
ing elastic modulus at the liquid temperature is 0.001, which makes simulated result
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approaches stress-free state. The elastic strain was calculated according to the isotropic
Hook’s law. The elastic modulus and Poisson’s ratio of the law are related to temperature.
The plastic behavior was considered by Von Misses yield criterion. The work hardening was
considered using the isotropic hardening rule. It is worth noting that ∆ε is only related with
the constraint conditions (i.e., the geometric structure). For example, under fully restrained
conditions, ∆ε = 0 must be maintained throughout the heating and cooling stages [33]. In
this case, εth will increase during the heating process, i.e., εth = α∆T. Correspondingly, εe
and εp must be changed to satisfy Equation (4). However, the variation of εe is limited,
the maximum value of εe is σy/E, where σy and E are yield stress and Young’s modulus,
respectively. Further heating results in no change in elastic strain. However, the increase
in thermal strain with increasing temperature all goes to the equal amount of increase in
compressive plastic strain εp. After cooling to room temperature, although the thermal
strain disappears, there is still residual elastic strain and residual elastic strain, leading
to residual stress and welding deformation. When post weld treatment is simulated, the
calculated residual stress field is taken as the pre-stress condition of the post-weld heat
treatment simulation. During PWHT, with the increase of temperature, the elastic modulus
and yield strength of the material decrease accordingly. In other words, plastic strain will
increase in turn. To effectively relieve residual stress, the amount of permanent tensile
deformation that needs to be introduced into the welded joint should can be in the order of
εy (=σy/E). This can be achieved through increase of plastic strain as mentioned above in
uniform post-weld heat treatment (PWHT). This is a brief introduction, and the detailed
information can be found in the literature [21,33]. The detailed thermo-physical properties
of 12Cr1MoV steel used in the simulation are list in Table 3 [34]. It is worth noting that the
matched filler metal, i.e., whose mechanical properties is similar to that of base metal, are
used in this study. Hence, it is assumed that the thermo-physical properties of filler metal
are in accordance with those of the base metal.

Table 3. Thermo-physical properties of 12Cr1MoV steel used in the finite element model.

Temperature Specific Heat Thermal
Conductivity

Thermal
Expansion
Coefficient

Elastic
Modulus Poisson Ratio Yield Stress

T (◦C) C (J/Kg·K) λ (W/m·k) α (10−6/◦C) E (Gpa) µ σ (MPa)

20 560 45.2 10.8 214 0.29 393
100 569 45.2 13.0 211 0.29 374
200 586 45.2 13.4 206 0.29 -
300 611 42.7 13.6 195 0.30 308
400 653 40.5 13.8 187 0.30 285
500 682 37.7 14.2 179 0.30 266
600 729 35.5 14.4 167 0.32 251
700 - 33.4 14.6 - 0.32 -

During the actual welding process, the pipe was clamped on a special fixture as shown
in Figure 2. Therefore, in the simulation process, the inner surface of the pipe model was
fixed and constrained according to the actual clamping mode.

When the heat treatment is simulated, the calculated welding stress field is taken as
the pre-stress condition of the post-weld heat treatment simulation. During PWHT, with
the increase of temperature, the elastic modulus and yield strength of the material decrease
accordingly. When the residual stress is greater than the yield strength, the weldment pro-
duces plastic deformation, which releases the residual stress. The thermal load consistent
with the thermal cycle curve as shown in Figure 4 is applied on the whole model.
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4. Results and Discussion
4.1. Verification of Simulation Results

Figure 7 shows the measured welding thermal curves of points marked as “a”, “b”,
and “c” in Figure 3. It is found that the temperature increase dramatically to a peak value
when the heat source is loaded. While, it decrease slowly as the heat source is removed.
When the next pass is started, the phenomenon is repeated. It is worth noting that that
peak temperature increase gradually with the increase of the number of thermal cycles.
The order of different locations based on the peak temperature is: a > b > c, i.e., the closer
to the weld center, the higher the peak temperature of each thermal cycle curve.
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To verify the accuracy of the simulation results of welding temperature field, the
measured thermal curves of the points marked as “a”, “b”, and “c” are compared with
those obtained by simulation, respectively. The results are shown in Figure 8. It is clearly
to see both peak temperature error and interlayer temperature error of points “a”, “b”, and
“c” are less than 5%. Both heating rate and cooling rate are consistent with the experimental
results. Therefore, it is proved the thermal simulation results are effective and reliable.
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Both hoop stress S11 and axial stress S22 along outer surface P1 and inner surface P2 
were measured by instrumented indentation method. There are seven points on each 
path. The detailed location is illustrated in Figure 9. Figure 10 shows the comparison be-
tween experimental results and simulation result of residual stress after different heat 
treatment. Overall, the simulation results are in good agreement with the measured value. 
It indicates that the simulation method could predict the residual stress precisely. 

 

Figure 8. Comparison of the thermal cycle curves obtained from experiment and simulation at
different points, a (a), b (b), and c (c). For the specific positions of a, b, and c points, refer to Figure 3.

Both hoop stress S11 and axial stress S22 along outer surface P1 and inner surface P2
were measured by instrumented indentation method. There are seven points on each path.
The detailed location is illustrated in Figure 9. Figure 10 shows the comparison between
experimental results and simulation result of residual stress after different heat treatment.
Overall, the simulation results are in good agreement with the measured value. It indicates
that the simulation method could predict the residual stress precisely.
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However, DHT plays an evident influence on axial stress S22. Figure 11b shows that the 
maximum tensile axial stress S22 decreased obviously, while the DHT has no effect on 
residual compressive stress S22. This result is basically consistent with the measurement 
results of the residual stress value before and after the DHT by Xue et al. [17], but the finite 
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heat treatment (DHT); S11 (c) and S22 (d) is the residual stress after tempering heat treatment.

4.2. Comparison of Residual Stress Reduction Effects of Different Heat Treatment Processes

Generally, DHT is used to improve the welding quality by reducing hydrogen content
in weld metal and heat affect zones. Hence, there is little attention paid to the residual
stress reduction effects caused by DHT. However, profound understanding of residual
stress evolution mechanism of DHT plays an important role in optimization of heat treat-
ment process. In order to assess stress relief effect, residual stress distribution contours
after welding without heat treatment, DHT, and tempering heat treatment are shown in
Figure 11. As can be seen from Figure 11a, it shows that the hoop stress S11 distribution
in longitudinal section of the pipe welded joint after DHT is similar to that after welding
without heat treatment. It indicates that DHT has almost no effect on hoop stress S11 relief.
However, DHT plays an evident influence on axial stress S22. Figure 11b shows that the
maximum tensile axial stress S22 decreased obviously, while the DHT has no effect on
residual compressive stress S22. This result is basically consistent with the measurement
results of the residual stress value before and after the DHT by Xue et al. [17], but the finite
element simulation cloud chart shows the residual stress release effect more intuitively.
In comparison, tempering heat treatment has obvious effect on the amplitude and distri-
bution of residual stress. It is worth noting that the stress distribution pattern after DHT
+ Tempering is same to that after Tempering without DHT. This means that DHT only
required if immediate tempering heat treatment is not possible.
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tion heat treatment” and “Tempering heat treatment”: (a) S11 and (b) S22.

In the study of residual stress of 12Cr1MoVR tube welded joints with/without PWHT
by Wang et al. [16], only the residual stress distribution of the weld and HAZ was studied,
but the difference in the residual stress distribution between the inner and outer surfaces
of the pipeline was not studied. Figure 12 compares the hoop stress S11 and the axial stress
S22 after different heat treatment along outer surface P1 and inner surface P2, respectively.
The S11 distribution along P1 is similar to that along P2, and the peak values were found at
the weld (seen in Figure 12a,b). The maximum value of S11 on P1 and P2 are 315 MPa and
395 MPa, respectively. After DHT the maximum S11 decrease slightly, they are 230 MPa
and 370 MPa, respectively. However, the maximum S11 are reduced to 135 MPa and
210 MPa, respectively. Hence, the order of different heat treatment based on the magnitude
of stress relief is: Tempering heat treatment > DHT. For axial stress S22, although the stress
distribution along outer surface P1 is different from that along inner surface P2, but there
is no change in the residual stress reduction effects of different heat treatment processes.

4.3. Optimization of Post-Weld Heat Treatment Process

As discussed in Section 4.3, the residual stress reduction effects of DHT + Tempering
is same to that of Tempering. This means that DHT only required if immediate tempering
heat treatment is not possible. Paddea et al. [20] and Tan et al. [35] only studied the residual
stress reduction effect of a specified PWHT, but disregarded the influence of various
parameters of PWHT on the release of residual stress. In order to realize optimization of
post-weld heat treatment, the effect of peak temperature and holding time of tempering on
stress relief is studied in detail. Figure 13a,b illustrate the Mises stress distribution along
P1 and P2 at 650 ◦C, 700 ◦C, 730 ◦C, and 750 ◦C with holding time of 1.5 h, respectively.
It is found that the higher the peak temperature, the better the effect of residual stress
release. However, the stress release is mainly concentrated in the stress concentration area,
and the magnitude of stress reduction is comparatively small. Figure 14a,b illustrate the
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Mises stress distribution along P1 and P2 at 730 ◦C with holding time of 1 h, 1.5 h, 2 h, and
2.5 h, respectively. Comparison of the simulation results show that the influence of the
holding time is slight. Therefore, from the viewpoint of reduction of residual stress, it is
recommended to increase the peak temperature and shorten the holding time.
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4.4. Influence of Post-Weld Heat Treatment on Microstructure and Tensile Property

The microstructures of 12Cr1MoV steel pipe weldment after DHT and tempering heat
treatment are shown in Figures 15 and 16, respectively. According to the microstructural
morphology and grain size, the welded joint is divided into four subzones: base metal
(BM), heat affected zone (HAZ), fusion zone and weld metal (WM).
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Figure 16. Microstructures of the 12Cr1MoV welded joint after tempering heat treatment. (a) Base metal, (b) heat-affected
zone (HAZ), (c) fusion zone, (d) weld metal.

Both BMs subjected to DHT and tempering heat treatment are composed of ferrite and
pearlite. However, the amount of pearlite is obvious different. Microstructural observations
revealed that the pearlite content in the BM with DHT (seen in Figure 15a) is higher
than that with tempering heat treatment (seen in Figure 16a). The comparison between
Figures 15b and 16b show that the grain size of HAZ with DHT is smaller than that with
tempering heat treatment. For WM with DHT, there are a large number of grain boundary
ferrite, as shown in Figure 15c,d. However, the content of grain boundary ferrite of WM
with tempering heat treatment decreased obviously, as shown in Figure 16c,d.

Micro-hardness of subzones in welded joints with different heat treatment are summa-
rized in Table 4. For both welded joints, based on the micro-hardness, the order of different
subzones is: WM > HAZ > BM. In addition, the overall micro-hardness of welded joint
with DHT is higher than that with tempering heat treatment.

Table 4. Micro-hardness of subzones in welded joints with different heat treatment.

Heat Treatment
Micro-Hardness (HV)

Base Metal HAZ Weld Metal

DHT 200.6 233.1 274.9
DHT + Tempering 183.8 199.1 226.7

According to GB/T 228.1-2010 “Metallic materials-Tensile testing-Part 1: Method of
test at room temperature” and GB/T 2651-2008 “Tensile test method on welded joints”,
standard round bar specimens with diameter of 6 mm were used for tensile testing on a
MTS 647 type universal testing machine. The tensile rate is 0.5 mm/min. The obtained
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tensile curves are shown in Figure 17. The yield strength and tensile strength of the welded
joint with DHT are 487 MPa and 665 MPa, respectively. While those of the welded joint
with tempering heat treatment decreased to 427 MPa and 574 MPa. However, all the tensile
properties confirm to the requirement of GB 5310-2017 standard, i.e., the yield strength
must exceed 255 MPa and the tensile strength must exceed 470 MPa. For both specimens,
fracture occurred in BMs due to their lower strength.
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Figure 17. Tensile stress (σ)-strain (ε) curves of the 12Cr1MoV steel welded joints after DHT or after
tempering heat treatment.

5. Conclusions

The role of different post-weld heat treatment processes in the manufacturing process
was studied experimentally and numerically. Conclusions are summarized as follows:

(1) The residual stress relief effect of DHT is limited to the weld metal and heat-affected
zone with reduction margin of about 10%. DHT has no effect on hoop stress S11, it
only affects axial stress S22. Tempering heat treatment can reduce the residual stress
including hoop stress S11 and axial stress S22 by 65%. After tempering heat treatment,
the nonhomogeneous residual stress tend to be uniform.

(2) The residual stress field after “DHT + tempering heat treatment” is same as that after
tempering heat treatment alone. Therefore, it is not absolutely necessary to conduct
DHT for as-welded joints. If the actual conditions permit, tempering treatment shall
be carried out immediately after welding to save time and cost.

(3) The higher the peak temperature of tempering treatment, the more obvious the
residual stress reduced. However, a longer holding time has no obvious effect on
the reduction of residual stress. If the main purpose of post-weld heat treatment is
to reduce residual stress, the holding time can be appropriately shortened to obtain
higher economic benefits.

(4) For both welded joints, based on the micro-hardness, the order of different subzones
is: WM > HAZ > BM. This is consistent with the observation of fracture occurred in
BMs due to their lower strength. In addition, the micro-hardness of DHT welded joint
is about 15–50 HV higher than that of tempering heat treatment. After tempering heat
treatment, due to the decrease in pearlite content, the yield strength decreases from
487 MPa to 427 MPa and the tensile strength from 665 MPa to 574 MPa. While, the
elongation increases with the decrease of grain boundary ferrite of WM.
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