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Abstract

This study investigates the effect of friction stir welding and PWHT on the mechanical
properties of low carbon steel. Parameters of FSW studied include tool diameters of 4, 5, and
6 mm; welding speeds of 40, 55, and 70 mm/min; and tool rotation speeds of 1000, 1100, and
1200 RPM. These parameters were optimized using the L9 orthogonal array, which also
served in studying their effect on weld performance. Optimal parameters recognized were
tool rotation speed 1100 RPM, welding speed 40 mm/min, and tool pin diameter 5 mm.
Welding speeds beyond 70 mm/min and rotation speeds of 1200 RPM adversely affected
mechanical properties, probably due to either poor consolidation of material or excessive heat
input. Tensile strength declined from 540 N before PWHT to 523 N after PWHT, with
hardness falling from 188 HV to 179 HV, thereby indicating that PWHT softened the weld
while releasing residual stresses. In microstructural analysis, PWHT caused an increase of
ferrite and spheroidized pearlite, which brought a slight decrease in strength and hardness but
a remarkable increase in impact toughness and ductility. This study contributes insight to
effectively optimize the parameters of FSW in industrial applications while ensuring a
reliable compromise between strength, hardness, and overall weld integrity.
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1.Introduction

FSW was introduced as a novel welding process by TWI in 1991. From its inception, FSW
has attracted great interest especially in applications for low melting point materials such as
copper, magnesium and aluminum alloys. However, an appropriate tool material could not be
found that could withstand the extreme temperature of over 1000 °C, thus limiting the
application of FSW with steel and other high temperature materials [2-14]. Stainless and
alloy steels are used in very minimal amounts in the oil and gas sectors while building pipes,
heat exchangers, pressure vessels, fin fan coolers, and boilers using carbon steel is the main
priority [15-20]. These welding techniques are currently the most used in construction and
maintenance of oil and gas infrastructures, owing to their reputation with regard to reliability
and adaptability for joining a variety of materials: GTAW and SMAW. The most notable
feature of GTAW welding is the fact that it produces very precise and clean welds, which are
often highly sought in applications where every detail is counted on to be accurate. However,



SMAW is preferred because it is easy to understand and very effective in maintenance
environments [21-28]. In addition, gas metal arc welding has become notorious for speed and
ease of use in new fabrication schemes. While submerged arc welding produces strong welds
and high rates of deposition, it is limited in applications to ones in plants because of
accessibility issues because its set up needs particular arrangements that might not be
possible in small areas. Furthermore, FSW has not been used extensively in this field, more
especially regarding SA 516 Gr. 70, a material that is typically used in the oil and gas
industry specially for heat exchangers, pressure vessels, reboilers, condensers, finfan coolers.
The major constraint behind this restriction is the unavailability of optimized process
parameters specifically for this material. Though the FSW technique has a significant
potential, still further refinement is needed to its parameters for diverse applications. [29-36].

Despite the remarkable advancements in FSW for carbon steels, the establishment of
effective and optimal process parameters for the SA 516 Gr. 70 N low carbon steel plates,
idle or in a PWHT condition, is still the focus of intensive research. These two necessities
require innovative ways of selecting the process parameters, given that carbon steel welding
has high thermal and mechanical demand. The thrust for developing new coatings and
materials is to improve the performance and life of FSW in hostile environments. These
advances may open up new applications for FSW beyond its conventional uses by providing
a promising welding technique suitable for a wider range of engineering materials with and
without PWHT. This is all the more relevant for modern day manufacturing and structural
applications across various industries, such as nuclear, automotive, aerospace, thermal power
plants, petrochemical processes, and oil refining.

2.Experimental Methodology

The specimens used in the FSW investigations were made from SA516 Gr.70 N steel plates
that were purchased on the open market and cut to 80 mm % 50 mm % 12 mm in size. The
FSWM30NC machine was used to join two of these steel plates, as shown in Figure 1. To
avoid any separation at the joint surfaces, the plates were placed adjacent to one another and
firmly secured. The process created by TWI, as detailed in the Thomas et al. patent, served as
the foundation for the FSW method used. Following the Taguchi DOE, this FSW technique
involved manipulating three main variables: the tool's tilt angle with respect to the workpiece
surface, the tool's rotational speed, the feed rate (tool movement speed), and the pin tool's
length. The following section will go into more detail about these factors.

The carbon steel plates were welded in a direction parallel to the joint line. The
material around the rotating pin was stirred and mixed by the tool's rotation, and the welding
process was completed when the tool's linear motion transferred the stirred material from the
front to the back of the pin. The tool's rotation with respect to the joint line determined the
advancing and retreating sides of the welded plates. Because of its tilt to the trailing side, the
tool's shoulder was able to hold onto the material that had been stirred by the threaded pin
while transferring it from the front to the back of the pin with ease. The height (length) of the
pin was related to its depth of insertion into the workpiece, and the depth of insertion
determined the contact area between the workpiece surface and the tool shoulder. As a result,



the welded plates may have developed localized thinning, surface grooves, inner channels, or
excess flash.

Additionally, PWHT was carried out in compliance with the rules outlined in ASME
Section VIII Div. 1. The welded joints mechanical qualities and integrity were guaranteed by
the PWHT process, which involved precisely regulated heating and cooling rates. This
improved the joints performance and dependability.

Figure 1. FSW process.

3.Materials and Methods

The focus of this study is low carbon steel, specifically ASME SA516 Grade 70 N,
commonly known as pressure vessel steel. Tables 1 and 2 provide detailed information about
the material's composition and mechanical properties. The material was supplied as
normalized steel plates. We used the test certificates supplied by the manufacturing company
to thoroughly assess the chemical makeup of the steel plates and the related tool material.
These certifications include vital information that demonstrates the precision of the material's
requirements and guarantees conformity to industry norms, both of which are necessary for
its use in high pressure settings.

Table 1 Parent material mechanical properties

Material SA 516 Gr.70N

Properties Required Actual

Yield strength (Mpa) 220(min) 243




Tensile Strength (Mpa) 415-550 489

Elongation (%) 27(min) 32

Table 2 Parent material chemical compositions

Comp. (%) Required Actual
C 0.28(max) 0.14
Mn 0.79-1.30 1.26
Si 0.13-0.45 0.32
P 0.035 0.004
S 0.035 0.0005
Cu - 0.19
Ni - 0.22
Cr - 0.07
v - 0.001
Ti - 0.014
Al - 0.024

4.Welding Process

The L9 orthogonal array design has been successfully used in executing the FSW process for
studying the effects of the three most critical parameters on the mechanical characteristics of
joints in low carbon steel. The parameters under investigation were tool diameter, welding
speed, and tool rotation speed. The levels 1000, 1100, and 1200 rpm were examined for this
variable, which has significance because it is said to affect the flow of material and bonding
quality, because of the heat produced during welding. The three welding speeds 40, 55, and
70 mm/min each gave to heat input into the joint and hence to mechanical properties and
microstructure of the weld. In addition, the sizes were evaluated at diameters of 4, 5, and 6
mm since the parameter also greatly affects how much material can be stirred and
consequently shapes the weld and affects its strength. The L9 orthogonal array design made it
possible to make a good assessment of all these parameters by using a systematic approach to
modifying them, while considering their possible. Therefore, the quality of the welded joint
may be fully understood owing to this strategy improving the reliability of the findings.
Sample welding operation at 1000 rpms of tool rotation speed, 40 mm/min of welding speed,
and a pin diameter of 4 mm is presented in Figure 2 as a reference amid changing the other
parameters. Through this systematic study, it is hoped that optimal conditions will be
determined by which the best mechanical properties are gained upon welding low carbon
steel, which could have large implications for manufacturing processes. The ANSYS data for
SA 516 shows that, as the tool's rotational speed rises, so does the temperature of the
weldment; but the opposite is true when the welding speed increases. [37-38].



Figure 2. Sample 1 FSW

The L9 orthogonal array was used in this investigation to simplify the experimental
protocol by examining a number of factors while reducing the overall number of experiments
necessary. As shown in Table 3, it consists of nine different experimental runs that carefully
balance three major parameters: tool diameter, welding speed, and rotation speed. The L9
design thus permits a balanced assessment of the interactions and effects of these parameters
on the mechanical properties of low carbon steel joints, each being considered at three levels.
Such an approach not only enhances the efficiency of the experimental procedure, but also
allows one to optimize the knowledge gained from each run resulting in important findings at
minimal expense in time and cost. Thus, the L9 orthogonal array is a potent means of refining
welding conditions and the overall properties of the welded joints, thereby contributing
meaningfully to the fields of materials engineering and manufacturing processes.

Table 3. Process Parameters.

Tool rotation welding Pin Diameter
5. No Speed (rpm) speed (mm)
(mm/min)
FSW 1 1000 40 4
FSW 2 1000 55 5
FSW 3 1000 70 6
FSW 4 1100 40 5
FSW 5 1100 55 6
FSW 6 1100 70 4
FSW 7 1200 40 6
FSW 8 1200 55 4
FSW 9 1200 70 5

4.1 Post Weld Heat Treatment details



PWHT was carried out for low carbon steel FSW joints, in accordance with ASME Section
VIII Division 1, to improve material strength, relieve residual stresses, and to acquire
hardness within the specification ranges. The PWHT procedure was done in accordance with
ASME Section VIII Division 1 requirements regarding UCS 56-1 through UCS 56-11, which
publishes heating cycle data required for PWHT material specifications according to the P
Number and group number of the material as mentioned in ASME Section IX.

The cycle parameters and requirements for this treatment were as follows: heating
temperature from 610 to 630°C; holding time of 150 minutes to allow even temperature
distribution and effective stress relief; heating rate of 85°C/h to minimize thermal shock; and
cooling rate of 45°C/h in a controlled way to avoid further introduction of any new stresses in
the material, as categorized in Table 4. The aim of this exhaustive PWHT procedure is to
enhance the mechanical properties of the FSW joints so that they sufficiently meet the
performance standard required for the applications for which they are intended.

Table 4 PWHT details
SLno Description Value
1 Temperature range 610-630°C
2 Soaking Period 150 Minutes
3 Heating rate 85°C/ Hr
4 Cooling rate 45°C/ Hr

4.2 Tensile test

In order to determine the mechanical property of the weld joints, tensile tests were performed
on welded specimens following ASME Section IX and ASTM A370. Specimens were as
welded as well as PWHT processed. The specimens were prepared to ASTM A370
dimension and gauge length standards to ensure trueness in measurement of yield strength,
ultimate tensile strength, elongation, and area reduction. The as welded specimens were used
for initial tensile test for assessing mechanical integrity. Thereafter, PWHT was carried out
on a fraction of welded samples in order to relieve residual stress and improve ductility.
Table 5 tabulates the PWHT effect on weld quality, as appreciated from the difference in
mechanical properties determined from subsequent tensile testing of the PWHT samples. This
test shows the measure of properties associated with the performance of welded joints, and
consequently would help understand and improve welding procedures as per adopted industry
standards.

Table 5. Tensile test (Before &after PWHT)



Tensile test | Tensile test :—:::dness g:trdness :;rsl:)act ::slfaa
S.No gi;t:;) i’tiVﬂI?IrT) (Before (After (Before | (After

MPa MPa PWHT) PWHT) EWHT) EWHT)

HV HV

FSW1 | 520 500 186 170 76 69
FSW 2 | 487 482 174 172 78 70
FSW3 | 478 461 166 159 81 71
FSW4 | 540 523 188 179 82 75
FSWS5 | 496 485 174 164 76 70
FSW6 | 489 470 177 162 76 71
FSW 7 | 488 470 173 166 78 72
FSW &8 | 479 463 168 159 80 73
FSW9 |535 515 187 173 79 73

Tensile strength measurement shows variations in samples before and after PWHT.
Before PWHT, the tensile strength values are in the range of 478 MPa and 540 MPa with an
average strength of about 496 MPa, indicating a fairly good performance overall by the
samples. On the contrary, all specimens lost their tensile strength after PWHT, with a
decrease in tensile strength values of between 461 MPa to 523 Mpa is represented in Figure
3. This may be due to the stress relief and microstructure alteration caused by heat treatment,
emphasizing the effect of PWHT on the mechanical integrity of welded joints
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Figure 3. Tensile Strength (Before &After PWHT)

4.3 Hardness test




The hardness tests were done on the welded samples according to ASME Section V and
ASTM E384-16 to evaluate the mechanical properties in the parent metal, heat affected zone
(HAZ), and weld metal. All nine specimens were hardened through a hardness tester as
welded and after PWHT. The specimens were prepared based on ASTM specifications to
achieve appropriate sizes for testing. The hardness values of each area of interest were noted,
with results carefully calculated and averaged before being condensed into a table of easy
comparison. This thorough evaluation of hardness over various weld regions contributes
significantly towards a better understanding of the mechanical behaviour of welded joints and
provides key insights into the effects of the welding process and subsequent heat treatments.
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Figure 4. Hardness Test (Before &After PWHT)

Furthermore, hardness testing of the FSW specimens strengthens observation of PWHT's
effect on the weld mechanical properties. Hardness values prior to PWHT, which were said to
have represented the welded materials strength characteristics, ranged from 166 HV to 188
HV. However, PWHT exhibited a general decrease in hardness, with final values ranging
from 159 HV to 179 HV as shown in Figure 4. This reduction implies that there must be a
compromise between strength and ductility in PWHT welded joints and indicates the possible
formation of a ductile microstructure as a result of the softening effects due to stress relief of
the heat treatments that decrease hardness.

4.4 Impact test

In term of standards and acceptance criteria, the impact toughness of welded joints shall be
assessed according to recognized code specifications such as ASME Section VIII Division 1,
ASME Section IX, and ASTM A516/A516M. For example, for materials such as SA-516
Grade 70, impact tests are generally performed at -20°C (-4°F) or 0°F in order to represent
service conditions at low temperature. The acceptance criteria normally stipulate a minimum
average impact energy of 20 Joules (roughly 15 ft-1b), and that no individual specimen shall
have an impact energy of less than 16 Joules (approximately 12 ft-1b). The mentioned criteria
guarantee that welded joints are adequately tough in resisting service environments, and if at



low temperature, brittle fracture might be a hazard. Welds shall be qualified for structural
applications only if the impact test results meet or pass the present acceptance criteria;
otherwise, the process may have to be modified or the welds may have to be subjected to
additional heat treatment to improve toughness.

Prior to PWHT, all FSW joints had good toughness with impact energies ranging
from 76 to 82 Joules. Among them, FSW 4 had an impact energy of 82 Joules, which
indicates the best toughness. Impact toughness values of the welds are well above the
minimum requirements normally prescribed for structural steels such as ASTM A516 Grade
70, which are normally impact tested at -20°C (or 0°F). After PWHT, all samples saw a
decrease in impact test values, with the highest reading of 75 Joules being recorded in FSW
4. The decrease in the value shows the microstructural refinement and residual stress relief;,
hence, further improvement of weld mechanical properties is achieved.

5. Results and Discussion

5.1 Tensile Strength Analysis

With variations in tool rotation speed, welding speed, and pin diameter, tensile strength
exhibited a nonlinear trend. Tensile strength was comparatively low at lower tool rotation
speeds (1000 rpm), and it continued to decline after PWHT. Tensile strength increased to a
maximum of 540 N prior to PWHT when the rotation speed was raised to 1100 rpm (FSW 4:
1100 rpm, 40 mm/min, 5 mm pin diameter). The tensile strength, however, generally declined
somewhat at 1200 rpm, suggesting that too much heat input at high rotation speeds causes
softening and reduced joint strength. According to the general trend, very high or very low
tool rotation speeds weaken the tool, while moderate speeds produce the best tensile
properties.

Tensile strength clearly decreased with increasing welding speed. The highest tensile
strength values were recorded at 40 mm/min, as in FSW 4 (540 N before PWHT, 523 N after
PWHT). Tensile strength values decreased somewhat as welding speed increased to 55
mm/min; the lowest tensile strength was measured at 70 mm/min (FSW 3: 478 N before
PWHT, 461 N after PWHT). This suggests that inadequate heat input from higher welding
speeds results in inadequate material mixing and decreased tensile strength. The pattern
demonstrates how better material flow and joint consolidation at lower welding speeds
produce stronger welds.

There was a trend in the influence of pin diameter as well. Tensile strength was
typically lower for smaller pin diameters (4 mm), while the highest values were obtained for
pin diameters of 5 mm. FSW 4 (1100 rpm, 40 mm/min, 5 mm pin diameter) and FSW 9
(1200 rpm, 70 mm/min, 5 mm pin diameter) showed the best tensile strength, indicating that
a 5 mm pin diameter improves mechanical interlocking. Tensile strength, however, dropped
as the pin diameter rose to 6 mm, most likely as a result of excessive material stirring and
potential defect formation. According to the findings, pin diameters that are too small or too



large have a negative impact on strength, while moderate diameters (5 mm) offer the best
tensile characteristics.

5.2 Hardness Strength Analysis

Because of the tempering effect, which lowers internal stresses and softens the material, the
hardness of the FSW joints showed a declining trend following PWHT. The maximum
hardness was 188 HV prior to PWHT (FSW 4: 1100 rpm, 40 mm/min, 5 mm pin diameter),
and it dropped to 179 HV following PWHT. Likewise, prior to PWHT, the lowest hardness
was 166 HV (FSW 3: 1000 rpm, 70 mm/min, 6 mm pin diameter), and following PWHT, it
further decreased to 159 HV. This implies that whereas lower hardness values exhibit a
smaller reduction, higher initial hardness values are more impacted by PWHT.

Hardness was found to be significantly impacted by tool rotation speed. Prior to
PWHT, hardness values at 1000 rpm ranged from 166 to 186 HV; following heat treatment,
they further decreased. At 1100 rpm, the hardness rose to its maximum value of 188 HV,
suggesting that moderate rotation speeds produce the best heat input and produce a fine
grained structure. Hardness, however, dropped once more at 1200 rpm, indicating that too
much heat input causes the material to soften. The trend demonstrates that the best hardness
values both before and after PWHT are obtained at 1100 rpm.

Hardness trends were also impacted by welding speed. Hardness values were higher
at lower welding speeds (40 mm/min), suggesting improved material refinement and
bonding. Hardness, however, decreased with increasing welding speed to 70 mm/min; FSW 3
had the lowest values (166 HV before PWHT, 159 HV after PWHT). This implies that
greater welding speeds result in lower hardness values by reducing heat input and plastic
deformation. The relationship between pin diameter and hardness was comparable to that of
tensile strength. As demonstrated by FSW 4 (188 HV before PWHT, 179 HV after PWHT)
and FSW 9 (187 HV before PWHT, 173 HV after PWHT), the highest hardness values were
obtained with a 5 mm pin diameter. Conversely, lower hardness values were observed for pin
diameters of 4 and 6 mm, suggesting that an ideal pin diameter of 5 mm helps to improve
hardness retention even after PWHT.

5.3 Impact Test analysis

The impact testing gave results of FSW joints made with assorted sets of process parameters
whose influence on the mechanical performance and microstructures of the welded joints
could have been studied. Impact energies were measured from 76 Joules to a maximum of 82
Joules, suggesting that the welds have good toughness and energy absorption capacity. In
particular, the weld carried out at a speed of 1100 rpm for the tool rotation, 40 mm/min for
the welding speed, and a pin diameter of 5 mm, referred to as FSW 4, exhibited the best
impact energy of 82 Joules, showing the best toughness; hence, these specific parameters
seem favorable for microstructural refinement and defect free weld formation.

Further data analysis shows that raising the tool rotation speed from 1000 rpm to 1200
rpm tends to improve the impact toughness of the welds, particularly when paired with



moderate welding speeds of 40 to 55 mm/min. Better material mixing, finer grain structures,
and less porosity or flaws within the weld zone are all facilitated by the increased heat input
and mechanical stirring that come with greater rotational speeds. Improved energy absorption
during impact testing is directly a result of these microstructural improvements. On the other
hand, welds with somewhat lower impact energies are typically produced by lower rotating
speeds or extremely high welding rates. This could be because of inadequate heat input or
mixing, which results in finer microstructures or residual stresses that compromise toughness.

Although it also affects impact performance, the difference in pin diameter, which
ranges from 4 to 6 mm, seems to be less important than the combination of welding and
rotating speeds. Greater stirring action is typically encouraged by larger pin sizes;
nevertheless, the interaction of process variables, not just pin size, largely determines the best
impact toughness outcomes. FSW 8, for instance, obtained an impact energy of 80 Joules,
which is near the maximum, with a welding speed of 55 mm/min, a rotation speed of 1200
rpm, and a 4 mm pin. This further supports the idea that higher mechanical qualities are
produced by the optimal combination of parameters.

The impact values decreased across all samples after PWHT, with the highest impact
value being 75 Joules, indicating microstructural strengthening through processes like grain
growth control and residual stress relief. This increase in impact test indicates that PWHT not
only improves the microstructural stability but also increases the overall toughness and load
bearing capacity of the welds. PWHT has a significant impact on the microstructure and
mechanical properties of the welds.

5.4 Microstructure analysis

As is typical of low carbon steels, the base metal has a traditional ferrite pearlite
microstructure. Because of its soft and ductile characteristics, ferrite represented by the
lighter phase in this microstructure is appropriate for applications requiring high formability
and resilience. The alternating layers of cementite and ferrite form the darker phase, pearlite,
which adds to the materials overall strength and hardness as shown in Figure 5(a). Because
the base metal is located away from the heat produced during the FSW process, its grain
structure is stable and mainly unaffected. This guarantees that the base metals mechanical
qualities are maintained, giving the welded joint a strong base.

Figure 5 (a) Base metal Figure 5 (b) HAZ Figure 5 (¢) Stir zone




Figure 5. Microstructure of FSW welded carbon steel Before PWHT

The welding process thermal cycles caused notable microstructure changes in the
HAZ. Grain coarsening results from localized heating in the HAZ, as the ferrite grains
enlarge due to the high temperatures. Some pearlite may dissolve as a result, reducing its
strength contribution as shown in Figure 5(b). It is possible for bainitic or martensitic
structures, which are generally harder but more brittle than the parent ferrite pearlite
structure, to form when the heat input is exceptionally high. Strength and toughness must be
carefully balanced during the welding process because this change in microstructural
properties may affect the joints mechanical performance.

The microstructure of the stir zone differs significantly from that of the base metal
and HAZ due to its strong plastic deformation and dynamic recrystallization during the FSW
process. The microstructure in this case is made up of fine grained, equiaxed ferrite, which,
thanks to its refined grain structure shown in Figure 5(c), increases both toughness and
strength. Dendritic structures, which are frequently observed in fusion welds, do not form in
the stir zone of solid state welding processes due to the lack of melting, in contrast to
conventional fusion welding techniques. The thermo mechanically affected zone (TMAZ),
which surrounds the stir zone, exhibits elongated and deformed grains as a result of the high
temperatures and mechanical working. This unique microstructural combination contributes
to the overall performance of the weld, offering a blend of strength and ductility essential for
many engineering applications.

Figure 6 (a) Base metal Figure 6 (b) HAZ Figure 6 (¢) Stir zone

Fig 6. Microstructure of FSW welded carbon steel After PWHT

The microstructural changes in base metal following PWHT are only minor as the
metal has been subjected to prior heat during welding; one of these changes being a slight
increase in grain size. The ferrite pearlite microstructure, which inherits some intrinsic
mechanical properties considered essential for the performance of the material, prevails in
Figure 6(a). Since ferrite is continuously present, the base metal is ductile and malleable,
which are some of the characteristics desired in applications requiring high resilience and
formability. Thus, this stability adds to the importance of the base metal concerning the entire
welded assembly and contributes to the structural integrity of the component.




PWHT is necessary to modify the coarse grained microstructure produced due to welding
in the HAZ. The higher temperature at that region gives rise to harder martensitic or bainitic
structures, possibly leading to a loss of ductility. However, after PWHT, these might revert
back and temper to form pearlite and softer ferrite, which can greatly enhance the ductility
within the HAZ, as shown in Figure 6(b). This change drastically lowers the possibility of the
material being brittle fractured and cracking under stress, thus increasing the entire reliability
of the material while in use. The benefits of this microstructural modification become more
icon when under dynamic loading conditions on the welded component.

The initially fine grained ferrite structure represented in Figure 6(c) is then stabilized and
stress relieved through PWHT in the stir zone. In addition, it maintains the fine grain
morphology, which adds it to the toughness of weld metal, and improves microstructural
stability. The reduction of residual stresses, which usually persist after the welding process, is
most interesting since it increases the fatigue resistance and the welded joints strength under
cyclic loading. In short, PWHT encourages the reduction in hardness while ductile and
toughness enhancement is developed in the weld, making it more appropriate for structural
applications requiring high levels of fatigue strength and impact resistance. All of this
improvement is very significant in illustrating the importance of PWHT to the assurance of
reliability and performance over time of welded low carbon steel components.

5.5 Phase/ volume fraction analysis of weld metal

Phase quantification of SA-516 Gr.70 after friction stir welding shows the microstructure
comprising 49.16% pearlite and 50.84% ferrite shown in Figure 7 (a). PWHT causes a
change, with the pearlite reducing to 45.43%, while the ferrite content increases to 54.57%
shown in Figure 7 (b). Fine and dense structures are present before PWHT, whereas
coarsened grains and phase boundaries are seen in the post PWHT microstructures. This is
due to changes caused by diffusional and tempering effects of PWHT, as the pearlite
undergoes spheroidization while ferrite grains grow: this is primarily responsible for the
transformation in the mechanical properties.

Figure 7 (a) Before PWHT Figure 7 (b) After PWHT

Fig 7. Phase/ volume fraction FSW (Before and After PWHT)




Due to the microstructural change, the average tensile strength drops slightly, generally from
495 MPa before PWHT to 481 Mpa. This is basically because of the reduction in pearlite that
normally strengthens the material through its cementite lamellac. Conversely, impact
toughness improves at room temperature from 78 J to 71 J. This change in ductility and the
resistance to brittle fracture resulting from increased ferrite content and the stress relief are
amongst the desired features in pressure-retaining applications.

The hardness is noticeably compromised in PWHT as the values drop from about 176 HV for
the as-welded condition to roughly 165 HV after PWHT. These changes are caused by
coarsening of the microstructure and partial decomposition of pearlite, which lessen
resistance to localized plastic deformation. The decrease in hardness obtained serves as an
indication of stress relief and the softening effect of PWHT. Strength is reduced somewhat,
but the greatly enhanced ductility and toughness allow for improved long-term service,
especially of welded joints under varying thermal or mechanical loads.

6.Conclusion

Research on friction stir welded low carbon steel and its PWHT effect has illustrated the
principles behind the influence of welding speed, pin diameter, and tool rotation speed on
hardness and tensile strength. The results reveal that maximum tensile strength before and
after PWHT results from a moderate tool rotation speed (1100 rpm), low welding speed (40
mm/min), and ideal pin diameter (5 mm). Increased speed of the tool rotation (1200 rpm) and
excess welding speed (70 mm/min) would lead to the decrease of mechanical properties due
to high heat input or insufficient material consolidation.

Tensile strength began to decline after the PWHT. Just before PWHT, it had reached a
maximum value of 540 N (FSW 4: 1100 rpm, 40 mm/min, 5 mm pin diameter); it later
dropped to 523 N post PWHT. Microstructural softening and stress relaxation lead to this
decrease. Hardness tests show that the values also dropped after PWHT, with highest initial
hardness of 188 HV dropping to 179 HV post PWHT. Impact tests show that the values also
dropped after PWHT, with highest impact value of 82 Joules dropping to 75 Joules post
PWHT. Therefore, microstructural changes caused by PWHT on SA 516 Gr.70, i.e., greater
volume of ferrite and spheroidized pearlite slightly reduce tensile strength and hardness but
extremely improve impact toughness and ductility. These transformations, with diffusion and
tempering in control, are effective in balancing strength with toughness and hence overall
performance and reliability of welded pressure components.

The same ideal process parameters were also proposed by the L9 orthogonal array
design of experiments, supporting the finding that the best mechanical performance for FSW
welding with or without PWHT is provided by a tool rotation speed of 1100 rpm, a welding
speed of 40 mm/min, and a pin diameter of 5 mm. These results are essential for balancing
strength, hardness, impact test and weld integrity for industrial use when optimizing FSW
parameters in low carbon steel applications.
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