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Abstract: Repairing links of offshore mooring chains has presented a significant industry challenge,
primarily arising from modifications in material properties, encompassing alterations in microstruc-
ture, hardness, and residual stress. In this context, the present work investigates the method of
friction hydro-pillar processing (FHPP) applied to R4 grade mooring chain steel. Joints in as-repaired
and post-weld heat treatment (PWHT) conditions were subjected to residual stress (RS) tests using the
neutron diffraction technique, microhardness mapping, and microstructural evaluations. The process
generated peaks of tensile and compressive stresses in different directions and hardness below that
of the parent material in the softening zone. The friction zone promoted high hardness levels in the
thermo-mechanically affected zone (TMAZ) with a maximum of 19% of the ultimate tensile strength
of the parent material. As expected, the PWHT restored the RS and reduced the hardness; however,
4 h PWHT allowed the elimination of a hardness higher than that of the base material.

Keywords: friction hydro-pillar processing; mooring steel grade R4; PWHT; residual stress;
neutron diffraction

1. Introduction

Offshore fields have been essential energy source areas of exploration. Oil and gas and
wind farm companies have reached these fields using fixed and floating structures. In the
shallow waters, foundations are built rigidly on the seabed; however, ships, windmills, and
floating platforms in deep and ultra-deep waters are anchored. Mooring systems between
the platform and the anchor are composed of wires and ropes in the middle, high-strength
steel chains at both ends, and accessories. The mooring systems are designed to limit the
platform movement and provide protection against the hostile environment of corrosion,
thermal gradients, high water pressures, and fatigue stresses from winds, marine currents,
and waves. Furthermore, the chain links require additional wear resistance due to the
friction on anchors, seabed, and machinery deck, as seen in mooring windlasses, fairleads,
and chain stopper platforms [1]. With their service life prediction of about 30 years under
these conditions, regulatory standard guidelines derived from the International Association
of Classification Societies section W22 (IACS) [2] have established the minimal material
properties, including manufacturing processes, to guarantee the structural integrity of
links. From an economic perspective, the requirements increase the manufacturing costs,
especially due to non-compliant components being discarded. In accordance with integrity
recommendation, bars supplied with injurious surface imperfections, such as seams, laps
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and rolled-in mill scale, are not allowed if the imperfection depth is greater than 1% of
the bar diameter. In addition, after carrying out proof load testing on the mooring chains,
superficial imperfections (cracks, cuts, or defects) in the flash welding zone can be ground
up to 5% of the diameter in depth. However, links with higher levels of defects than
acceptable shall be replaced, and only up to three links (splice links) can be changed before
the rejection of the entire chain. Furthermore, repairing links by welding is not permitted
in such cases due to the modification of the material properties [2].

In this sense, less conventional weld repair technologies have been investigated to
ensure high quality and reduce production costs. Friction welding methods, for example,
have shown advantages compared to conventional arc welding processes [3]. Since these
techniques reach temperatures below melting point, the components undergo thermal–
mechanical effects, and the welding issues related to the solidification stage are avoided [4].
As these are automatized processes, repeatability and reproducibility are guaranteed; in
addition, the low emission of gases and radiation characterizes them as eco-friendly pro-
cesses [3,5]. In addition, the low temperature involved allows the welding of similar and
dissimilar materials, avoiding melting defects [3,6–8]. As presented by Vyas et al. [9],
the solid-state process generated reliable Al-steel joints. Similarly, Joshi et al. [10] em-
ployed friction welding to join copper with stainless steel, avoiding induced thermal stress
mismatches, complex surface tension, and multiple-element solidification effects.

These methods use temperature generated from the friction of the relative movement
of two faying surfaces. As observed in rotary friction welding, two cylindrical surfaces
(bars or pipes) undergo relative rotary motion while experiencing axial force in the first
phase and forging in the second phase. This method has been widely used for decades due
to its simple geometry and movement [11]. There are two variations of energy input: direct
drive, where the velocity of one workpiece is controlled by an electric engine, and inertia
drive, where energy from a flywheel is transferred to a workpiece. In both cases, another
workpiece is prevented from rotating [12]. As the inertia-drive friction welding delivers a
decreased movement, the thermo-mechanical cycle involves distinct stages. The process
begins with an instantaneous discharge of kinetic energy that generates heat on the faying
surfaces at high strain rates. As the temperature increases and the rotation decreases, the
joint undergoes a plastic flow stage until frictional shear stresses become independent of
normal pressure. Subsequently, when the flywheel reaches a low rotatory velocity, this
behavior is replaced with a sticking condition [13]. The controlled welding parameters in
inertia-drive friction include the moment of inertia, rotational speed, specific load, and
specific energy [14]. In contrast, direct-drive friction relies on controlled spin velocity that
provides several welding parameters such as friction time, forging time, friction pressure,
forge pressure, and rotational speed [15].

Several other methods have been developed over the years, including friction stud
welding, linear and orbital friction welding, friction taper stitch welding, friction stir
welding, friction surface welding, and friction girth welding. Nevertheless, friction hydro-
pillar processing (FHPP) is an effective repair method that replaces defective zones with
sound materials with the same or even superior chemical composition and mechanical
properties. The Welding Institute developed this process with a patent granted in 1995 [16].
This process consists of filling a blind hole previously drilled in the base material (BM)
with a consumable stud. The high rotation speed applied under an axial force on the faying
surfaces generates enough heat to soften the parent materials (stud and BM). Therefore,
the stud is plastically deformed in a series of shear planes flowing radially in an upward
direction [4]. During the process, the axial force applied to the spinning stud is divided
into both vertical and horizontal directions due to the enclosure environment created in the
blind hole. The flow of the material in a viscous condition undergoes a hydrostatic force to
consolidate the joint against the sidewalls [12,16,17]. The process ends when the pre-set
displacement (burn-off) is achieved, quickly stopping the rotation while an additional
forging force is applied (Figure 1).
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Figure 1. Schematic progress of FHPP.

As a friction solid-state process, it involves high levels of plastic deformation, although
the temperature reached is considered low (below the melting point) compared to fusion
processes. Nevertheless, residual stresses (RSs) are associated with inhomogeneous thermal
distribution, plastic deformation, and phase transformations [3,18]. This aspect is extremely
relevant since the RS has various effects on the performance of materials, such as fracture
toughness, fatigue life, and stress corrosion cracking. For instance, the tensile stress profile
reduces fatigue life [19] and increases hydrogen absorption [20]. Besides the welding
characteristics, other intrinsic and extrinsic factors substantially impact the joint RS, such as
the material manufacturing process, welding parameters, thermal treatments, microstruc-
ture formation, and hole/stud geometries. In this sense, there are some destructive and
non-destructive techniques for evaluating RS. The non-destructive methods, including
X-ray and neutron diffraction techniques, can provide reliable details about the stress fields,
especially in the weld seams. The neutron diffraction technique has shown advantages,
such as high sensitivity and the ability to analyze thick materials due to its high penetration
capacity (up to 200 mm in Al or 25 mm in Fe) [21].

Some investigations have used the neutron diffraction technique to analyze the RS gen-
erated in friction repair processes. The study carried out by Paes [22] using structural steel
S3555 J2G3 indicated tensile RS measurements in the stud region, changing to compressive
stresses towards the BM. In addition, increasing the axial force (from 50 to 400 kN) reduced
the tensile RS peak (65% tangential and 57% radial), generating a beneficial effect due to
the faster process time involved and, consequently, less stud material processed. Hattingh
et al. [23] studied friction taper stud-welded 10CrMo 910 steel in all X, Y, and Z directions
at 10 mm from the weld surface. The center of the processed stud displayed compressive
stress followed by a tensile stress peak around the weld line and the gradual reduction in
RS towards the BM. In the X direction, a 2D map exposed compressive RS at the mixed zone
changing to tensile around the weld line, indicating a conical shape. As mentioned by the
authors, the defects and cracks around were related to the tensile stress peaks in the weld
line at the stud bottom and the flash. In another work developed by Hattingh et al. [24] with
multiple FHPP, six overlapped studs presented different profiles. A neutron diffraction
analysis performed on 13CrMo44 steel showed that the behavior differed according to each
stud evaluated. In the case of the last overlapped stud, the horizontal profile showed a
tensile strain peak outside the weld interface. From that point towards the BM, the values
decreased until reaching the compressive field. Different depths measured from the center
of the joint demonstrated a tensile strain field increasing toward the bottom of the stud, and
the maximum tensile stress was detected outside of the joint, below the stud. In addition,
the center stud, which had part of the weld zone replaced by a subsequent stud, developed
higher strain values than the precedent stud. The authors related this behavior to the
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geometric constraints generated during the welding of the successive studs. Other friction
welding methods have also shown a similar tensile nature in the weld seam. According to
the overview written by Misha et al. [3], friction stir welding applied to aluminum alloys
(2000, 5000, 6000, and 7000 series) in butt welding configurations generated transversal
and longitudinal tensile RS in the welding centerline. Moraes et al. [25] also found the
same pattern in girth friction welding with tensile values lower than those of gas tungsten
arc welding.

Post-weld heat treatment (PWHT) is a common industrial practice for restoring mate-
rial properties, decreasing RS and hardness, and enhancing metallurgical and mechanical
joint qualities. The efficiency of the stress relief depends on the chemical composition,
temperatures involved, soaking time, and cooling rate applied [26]. James et al. [19] eval-
uated the effect of localized PWHT on the RS in a steam steel pipe repaired with a stud
of BS EN 10216 Grade 10CrMo9-10. Neutron diffraction measurements indicated that the
process developed compressive stresses ranging from 380 to 450 MPa in the hoop direction.
The PWHT relived the compressive stress setting between 275 and 380 MPa, representing
16% of the hoop maximum values. Amavisca et al. [18] used X-ray diffraction to analyze
AISI H13 steel FHPP welds with PWHT. The authors measured a compressive field in the
hole/stud interface with tensile peaks near the heat-affected zone (HAZ) of the BM. In
addition, the profiles indicated a tensile RS in the middle of the stud with maximum values
of about 100 MPa.

The abovementioned investigations highlight the effect of FHPP on residual stress.
However, each material and welding procedure reflects different scenarios and outcomes.
In this context, the importance of the assessment of residual stress applied to mooring chain
steel by FHPP is crucial for determining structural integrity and defining the potential
usage of FHPP as a repair process. In this sense, the present work aims to evaluate FHPP
applied to grade R4 offshore mooring chain steel as a repair technique and the subsequent
application of PWHT to restore the steel properties.

2. Materials and Methods

Samples with 28.6 mm diameter studs and 100 × 50 × 30 mm3 plates were extracted
from R4 grade offshore mooring steel bars in the heat-treated condition [2]; the chemical
composition and mechanical properties of the mooring chain steel are presented in Table 1.
A conical diameter reduction with a semi-spherical geometry was machined in the tip studs,
and a blind hole was opened in the plates, as shown in Figure 2. The parameters applied to
perform FHPP were 1500 rpm rotation speed, 45 kN axial force, and 7 mm burn-off, without
gas protection, and an open-air environment in the friction welding machine MPF-1000 [27].
After the FHPP procedures, the PWHT parameters applied were 1, 2, and 4 h at 590 ◦C
with subsequent air cooling.

Table 1. Chemical composition and properties of mooring chain steel (wt.%).

Chemical Composition (wt.%)

C Si Mn P S Cr Mo Ni Al Cu Ti

0.214 0.250 0.980 0.005 0.008 1.060 0.252 0.533 0.012 0.151 0.002

Mechanical properties of API Specification 2F Grade R4 [2]

Yield Strength
Min. (N/mm2)

Ultimate Tensile Strength
Min. (N/mm2)

Elongation
Min. (%)

580 860 12
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Figure 2. Geometry and dimensions (mm) of stud and BM.

Metallographic standards of grinding, polishing, and, finally, 5% Nital solution etching
were developed in a cross-sectioned part of each FHPP sample. In addition, horizontal
microhardness profiles of 300 gF every 2 mm and 0.3 mm from point to point were carried
out to generate hardness mappings.

RS evaluation was performed using neutron diffraction measurements on beamline E3
of the BER II reactor at the Helmholtz-Zentrum Berlin (Berlin, Germany). At the primary
beam path, a segmented elastically bent silicon monochromator was installed to give a
high neutron flux. The diffracted beam was recorded with a 3He position-sensitive detector
of 300 × 300 mm2 size and 256 × 256 channels. Finally, a goniometer with an automatic
XYZ-translation table was used. The distance between the diffractometer center and the
detector was 1.3 m, with more details described by Poeste et al. [28].

In the incident beam, a mask with a cross-section of 3 × 3 mm2 was used. The aperture
at the secondary side was 2 mm in width without height limitation. As the neutron
beam had low divergence, the mask at the primary side and the aperture in the diffracted
beam allowed a diffracting volume to be selected quite precisely. The scattering vector
was perpendicular to the measured {hkl} planes. Exclusively, the {211} diffraction line
of (α-Fe) was selected for the measurements. The wavelength for the experiments was
0.1486 nm, and the diffraction line position was around 78.8 degrees in 2Theta. Volume
elements in the diffractometer plane had a rhombohedral shape. The coordinate system
of the measurements was placed at the central plane and in the centerline of the sample.
Accordingly, the volume elements were placed at positions 3 mm to 88 mm, with 3 mm steps,
where 34 different positions through the cross-sectioned samples determined the number of
RS measurements. In addition, gauge volumes at 3 mm positions were partially immersed
in the material. Deviations of line positions, called the surface effect, were expected with
the use of plane apertures [28,29]. However, the setup of the instrument minimized these
effects [30,31]. In addition, 2-dimensional data of the image plate detector were integrated,
and the obtained diffraction lines were fitted by a Gaussian after background subtraction.
Strains were calculated from positions of diffraction lines corresponding to the {hkl} plane
of the measured phase giving lattice spacing d{hkl} through Bragg’s law, and the stress-free
lattice spacing d0. RSs in the considered directions were calculated by force equilibrium
equations, for which more details are presented in [28]. As the incident neutron gauge
volume was 3 × 3 × 3 mm3, the irradiated areas touched each other, with the line mapping
placed 25 mm from the bottom. Figure 3A displays the RS measurement position in red,
and Figure 3B,C show the experimental setup.
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Figure 3. Schematic illustration of the RS gauge volumes (A), the experimental setup (B), and the
as-repaired sample (C).

3. Results and Discussion
3.1. Joint Analyses

As an FHPP characteristic, the weldments displayed the weld line (WL) and both the
thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) in the stud and
the BM, as demonstrated in Figure 4. Initially, the rotational friction contact between the
stud tip and the bottom cavity produces the heat input. The temperature generated reduces
the stud and BM strength, allowing the stirring of the materials. The friction forces and the
shear deformation with the successive adiabatic transformations increase the temperature,
generating the TMAZs and filling the cavity. The extra material processed is extruded
outside of the cavity, creating flashes with volumes related to the burn-off. The heat input
also spreads to the parent materials, and the thermal cooling rates generate the HAZ [14].
The WL is a narrow layer between the stud and the BM formed through the extrusion of
the materials extruded, as shown by Landell et al. [4].
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Figure 5 exhibits microhardness mappings of different conditions. The hardness vari-
ations revealed the process effect, where the stud shape and zones are aligned with the
macrographic analysis (lines of Figure 4). The HAZ from the BM displayed a microstruc-
tural and hardness variation due to the thermal gradient involved. This zone exhibited a
gradual measurement variance, from 278 HV0.3 (near the BM) to a peak of 569 HV0.3 (closer
to the TMAZ). This difference is a result of the thermal gradient subject during the process.
Interestingly, the values detected in the HAZ were inferior to those of the BM (average of
346.2 HV0.3 and maximum of 368 HV0.3), indicating a softening effect related to the heat
flow with temperatures below the AC1. In contrast, the higher temperatures near TMAZ
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exceeded the AC1, enhancing the hardness due to the re-austenitization (complete and
partial) and the subsequent high cooling rates. This behavior was also observed by the
authors of [32].
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Differently from the HAZ, in which the microstructural modifications were mostly a
consequence of the thermal cycle, the TMAZ presented microstructural transformations
caused by the simultaneous effects of the stud metal shearing, the axial force, and the
temperature variation. Both TMAZs of the BM and the stud showed levels between
320 and 569 HV0.3 with a smooth hardness reduction in the processed center, due to the
cooling rate variations. Between these zones, the flow of the stud and BM generated
the WL.

Predictably, the 1 h PWHT application showed a significant influence on the hardness.
With the increase in the treatment time, the hardness variation effect was minor compared
with the 1 h treatment. Furthermore, the 4 h condition reduced the hardness below the
parent material levels, displaying a low difference between the processed region and
the BM.

Based on the hardness mapping measurements, a detailed examination of the TMAZ
and HAZ indicated a descending profile with the PWHT. The chart in Figure 6A shows an
expressive hardness decrease, especially in the maximum values, ranging from 551 HV0.3
in the as-repaired sample to 362 HV0.3 after 4 h PWHT in the TMAZ. As noted, the average
was reduced to below the maximum BM hardness (368 HV0.3) after 1 h. The BM HAZ
displayed similar behavior in all tempering conditions, generating hardness below the BM
values, as shown in Figure 6B. In this case, the increment in the heat treatment time did not
exhibit a prominent variation.

Figure 6. Hardness of the as-repaired condition and PWHT conditions in the TMAZ (A) and HAZ
(B), where the red dashed line corresponds to the maximum BM hardness.

The PWHT effect was observed in the crystallographic modifications. As demon-
strated in Figure 7A, the HAZ presented a tempered martensitic phase. This microstructure
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is the result of the temperature variation that the previous martensitic phase was subjected
to since it is more strongly susceptible to tempering temperature than other microstruc-
tures [33]. Consequently, a decrease in the hardness measurements was detected.

Figure 7. Microstructure analysis of the PWHT joint on (A) BM TMAZ, (B) lateral of the stud TMAZ,
(C) center of the stud TMAZ, (D) WL, and (E) bottom WL.

Nevertheless, in the TMAZ, the complex mechanism of temperature gradients and
high plastic deformation level modified the parent material to a stirring refined structure.
In this case, 4 h tempering produced a microstructure composed of lower and upper
bainite, bainitic ferrite with non-aligned carbide, and tempered martensite. Therefore,
the lower bainite and the tempered martensite were predominantly in the surrounding
area, and the upper and lower bainite were in the TMAZ center, as shown in Figure 7B,C,
respectively. This slight microstructure variation is a consequence of the difference in
the thermal gradients developed during the process. Whereas the temperature in the
center declines with lower rates due to the higher heat accumulation, the surrounding
area exhibits faster thermal cooling rates. In the WL, as demonstrated in Figure 7D, the
microstructure had the same TMAZ feature. However, the intensive friction and plastic
deformation promoted a mainly refined tempered martensite in the bottom of the stud, as
shown in Figure 7E.

3.2. Residual Stress Evaluation

Figure 8 presents the full width at half maximum (FWHM) of the neutron diffraction
data for as-repaired conditions in the three directions and a hardness profile at 4 mm from
the surface. As used by Yi et al. [34] and Amavisca et al. [18], the FWHM results were
displayed with a relevant hardness curve to provide a better comprehension. Furthermore,
as commented by Chen et al. [35], hardness is a result of elasticity, plasticity, work hardening
capability, mechanical strength, and toughness data, where angular diffraction is indicative
of strain hardening, micro-strain, dislocation density, and grain refinement.



J. Manuf. Mater. Process. 2023, 7, 200 9 of 13

Figure 8. Longitudinal, transversal, and normal FWHM and as-repaired hardness at 4 mm from
the top.

As observed in the as-repaired profile, FHPP affected the TMAZ in the range of
±20 mm, in which the material underwent the highest plastic deformation levels. The
effects of the microstructure variation, dislocation density, and hardness decrease promoted
an angular reduction in the HAZ from ±20 mm to about 24 mm. However, even with
the hardness decreasing to about 300 HV0.3 (below the parent material), the angles were
superior to the BM, differently from those observed in [34]. This effect is probably due
to the micro-strain and dislocation density involved in this technique. In the BM, the
as-repaired profile displayed a scatter of about 0.55◦ in the normal and the longitudinal
directions and a slight increase of about 0.6◦ in the transversal direction. As shown in
Figure 9, the 4 h PWHT profile assumed angles of 0.45◦ and 0.55◦ in all directions across
the material repaired. In both situations, for the as-repaired and 4 h PWHT, the scatter was
superior to 0.1◦ found by Hirsh et al. [36] in normalized steels, demonstrating different
FWHM behaviors affected by the processes.

FHPP affected the parent material RS in the longitudinal, transversal, and normal
directions, with distinguished behaviors, as demonstrated in Figure 10. The normal di-
rection RS showed a scatter profile with tensile values between 16 and 118 MPa in all
zones affected (in the range of ±26 mm). The transversal RS profile presented an “M”
format with a gradual variation from the BM to reach tensile peaks of about 310 MPa
placed at ±23 mm, both coincident with the softness zone of the BM HAZ. However, the
tensile nature sharply changed to compressive behavior in the stud TMAZ (in the range of
±20 mm) with a maximum of 126 MPa. Differently, the longitudinal direction presented an
inverted “M” format, gradually decreasing from the BM to about -150 MPa at positions of
±24 mm (softness zone) and adopting a tensile feature in the TMAZ (peak of 166 MPa). In
fact, the measurements showed transversal tensile and longitudinal compressive peaks in
the softness zone. Other authors revealed this same pattern, even with other materials or
processes. Amavisca et al. [18] noticed it when applying the counter method and the X-ray
method in FHPP. Roy et al. [37] and Yiet al. [34] found it in all directions in the clad process.
Interestingly, in investigations conducted with preheat applied to ultra-high-strength steel,
and Sun and Dilger [38] observed an RS profile similar to that presented in this work.
However, the TIG process generated high levels of tensile RS nature in the fusion zone. As
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also demonstrated by Akrivos et al. [39], Inconel plates filled with alloy 82 filler resulted in
tensile RS in the transversal and longitudinal directions and compressive behavior at the
beginning and at the end HAZ of the weld bead in the transversal direction.

Figure 9. Longitudinal, transversal, and normal FWHM for the 4 h PWHT.

Figure 10. Longitudinal, transversal, and normal RS plotted against the Z-axis position of the
as-repaired sample.

As expected, the PWHT significantly decreased the longitudinal, transversal, and
normal RS, generating similar and homogeneous profiles, as presented in Figure 11. During
the 4 h tempering process, the RS was gradually relieved due to the crystallographic
modification and dislocation density reduction. This performance was similar to the
behavior noted in the hardness measurements.
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Figure 11. Longitudinal, transversal, and normal RS plotted against the z-axis position of the
PWHT sample.

In general, the outcomes of this study indicate that the use of FHPP technology is a
potential method for repairing offshore components. In the case of the as-repaired condition,
the processed zone resulted in a microstructural formation and a significant rise in the
hardness, both beneficial to the wear resistance. Nevertheless, the TMAZ RS analysis
showed compressive stress varying from 0 to 126 MPa in the transversal direction and a
tensile distribution from 0 to 166 MPa in the normal and longitudinal directions, where
the maximums corresponded to 29% yield strength and 19% ultimate tensile strength of
the parent material. The BM HAZ exhibited the highest tensile peaks in the transversal
direction, reaching values of 307 and 317 MPa (55% yield strength and 37% ultimate tensile
strength). However, the method produced compressive stress in the longitudinal direction,
with peaks of −135 and −212 MPa located in the same zone of the low levels of hardness
(300 HV0.3), known as the softening zone.

The use of PWHT to restore steel properties can play an expressive role as a viable
alternative to mitigate the hardness and the RS. The heat treatment of 4 h promoted a
hardness reduction with values below those of the BM. With regard to the RS, the maximum
tensile stress field reached 109 MPa, equivalent to 18% of the yield strength and 12% of the
ultimate tensile strength. Following PWHT conditions, the TMAZ hardness average was
lowered below the BM values in just one hour. This indicates that this heat condition could
be applied to achieve the parent material status.

In addition, the present study also reveals another advantage of this repair technique.
The use of studs with the same parent material restores the homogeneity of the mended
component in terms of chemical, physical, and mechanical properties. However, further
investigations shall be carried out to evaluate other aspects, such as fatigue properties.

4. Conclusions

The investigation of FHPP as a repair technique was carried out with the grade
R4 offshore mooring chain steel. The findings of the current study can be summarized
as follows:

• The residual stress analysis exhibited distinguished behaviors in all directions with
a typical “M” shape behavior with tensile peaks in the HAZ and compressive peaks
in the TMAZ in the transversal direction. However, an inverted “M” format was
observed in the longitudinal direction, and a scatter tensile profile was observed in
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the normal direction. The PWHT restored the RS properties, generating similar and
homogeneous profiles in all directions.

• The microhardness analysis of the as-repaired condition revealed a significant increase
in the TMAZ and a reduction in the HAZ softening zone.

• With the 4 h PWHT condition, the maximum hardness values were reduced below
those of the parent material. The microstructure evaluation presented a tempered
martensitic phase in the HAZ and a mixture of lower and upper bainite, bainitic ferrite
with non-aligned carbide, and tempered martensite in the TMAZ.
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