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(Submitted June 22, 2017; in revised form October 27, 2017; published online December 20, 2017)

The use of high-strength and low-alloy steels, high design factors and increasingly stringent safety
requirements have increased the operating pressure levels and, consequently, the need for further studies to
avoid and prevent premature pipe failure. To evaluate the possibility of improving productivity in manual
arc welding of this type of steel, this work characterizes the mechanical properties and residual stresses in
API 5L X80 steel welded joints using the SMAW and FCAW processes. The residual stresses were analyzed
using x-ray diffraction with the sin2wmethod at the top and root of the welded joints in the longitudinal and
transverse directions of the weld bead. The mechanical properties of the welded joints by both processes
were characterized in terms of tensile strength, impact toughness and Vickers microhardness in the welded
and shot peening conditions. A predominantly compressive residual stress was found, and shot peening
increased the tensile strength and impact toughness in both welded joints.
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stresses, shot peening, welding, x-ray diffraction

1. Introduction

Natural resources such as oil and natural gas are often
located in distant regions of consumer markets, which requires
high operating pressures to increase the transport capacity. As a
result, the need has grown for steels whose mechanical
characteristics present high resistance and good formability to
build pipelines with high security and reliability (Ref 1, 2).

The use of high-strength and low-alloy steels and increas-
ingly stringent safety requirements have increased the pressure
levels in operation. The large-diameter pipes in high-pressure
pipelines are manufactured by welding; as is common in
welded structures near the weld beads, it is the preferred
location for the nucleation and propagation of cracks (Ref 2, 3).
API 5L X80 is a high-strength low-alloy steel with low-carbon
and high-grade steel; it is used in the manufacture of pipes for
oil and gas transportation (Ref 2).

Welding is an essential process to assemble oil and gas
pipelines over long distances under high pressures. During the
conventional welding process of the pipes, some problems
occur, such as the low mechanical resistance and toughness of
the heat-affected zone. In addition, the steels that are used in the
manufacture of the pipelines are susceptible to hydrogen-
induced cracking when they are welded in conventional
processes (Ref 4).

Residual stresses are self-equilibrated stresses that remain in
the material after the external agents that cause these stresses
are removed. Most manufacturing processes produce a consid-
erable amount of residual stresses, and their appearance in the
welding is even more relevant due to the high thermal gradient,
which is associated with the inherent plastic deformations and
phase transformations of the process (Ref 3).

The fatigue resistance of metallic alloys depends highly on
the residual stress state induced in the surface layers. It is well
established that compressive residual stresses are beneficial to
the fatigue life and stress corrosion and inhibit crack nucleation
and propagation (Ref 5). An excellent method to introduce
surface residual stresses to improve the fatigue life of materials is
the shot peening mechanical process. However, the introduced
residual stresses may be reduced or completely relieved when
cyclic mechanical or thermal loads are applied (Ref 6). Although
several studies present the influence of shot peening in the
fatigue life of components, pipes and structures (Ref 7-11), there
are few studies of the effect of shot peening on the mechanical
properties of materials (Ref 12).

In the present study, welded joints of API 5L X80 grade
line-pipe steel were obtained by the Shielded Metal Arc
Welding (SMAW) and Flux Cored Arc Welding (FCAW)
processes. Mechanical properties (hardness, mechanical
strength and toughness) and the residual stress behavior of
the joints with and without the shot peening mechanical
treatment were analyzed and compared.

2. Materials and Methods

2.1 Materials

API 5L X80 steel plates, which were produced by controlled
rolling, were welded using the Shielded Metal Arc Welding
(SMAW) and Flux Cored Arc Welding (FCAW) processes. The
chemical compositions of the steel and weld metals in both
processes are shown in Tables 1 and 2, respectively.
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2.2 Welding Joints

Plates with dimensions 3009 1509 20 mm were welded
according to the geometry and dimensions in Fig. 1(a).
Multipass welding in a flat position with preheating at
120 �C and a maximum interpass temperature of 150 �C was
performed using the SMAW and FCAW processes. The
preheating and interpass temperatures were controlled using a
contact pyrometer.

Tables 3 and 4 show the average welding parameters. For
the FCAW process, a mixture of 15% CO2 and 85% Ar was
used as the shielding gas with a flow rate of 18 L/min. The
distance from the contact tip to the workpiece was 20 mm.

2.3 Shot Peening Mechanical Treatment

The shot peening mechanical treatment was performed in
tensile and Charpy-V specimens according to SAE J442 (Ref 13)
at an Almen intensity (A) of 0.25A using a glass shot with
diameter of 0.59-0.71, coverage of 200%, distance between the
blast nozzle and the test piece of 100 mm, pressure of 0.8 MPa,
incident angle 90� and shot velocity 30 m/s.

2.4 Residual Stress Analysis

The surface residual stress was analyzed using the x-ray
diffraction technique with the sin2w method for which the
lattice spacing d of material was measured at five w-angles

Table 1 Chemical composition of API 5L X80 steel (% weight)

C Si P S Mn Mo Ni Cu Cr Ti V Ceq

0.08 0.222 0.014 0.0014 1.74 0.117 0.014 0.019 0.166 0.015 < 0.001 0.429

Table 2 Chemical composition of the weld metals (% weight)

Weld metal C Si P S Mn Mo Ni Cu Cr Ti V Ceq

SMAW 0.064 0.284 0.0084 < 0.001 1.55 0.33 1.52 0.018 0.106 0.0046 0.018 0.513
FCAW 0.048 0.64 0.0091 0.0041 1.91 0.56 2.62 0.015 0.152 0.0027 0.018 0.688

Fig. 1 (a) Details of the joint geometry (dimensions in mm), (b) residual stress analysis direction in tension and Charpy specimens, Location of
the specimens for Charpy-V impact test and notch position: (c) on the weld metal and (d) on the HAZ, and Location of the Vickers microhard-
ness test: (e) transverse measurements in the region of the weld joint and (f) measurements in the HAZ
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between � 45� and + 45�. Based on a linear regression fit, the
variations of 2h versus sin2w plots were recorded and the
residual stress was evaluated. An accuracy of approximately
15 MPa was achieved using x-ray diffraction. The parameters
are shown in Table 5. The stress was measured using a
XStress3000 portable analyzer with a collimator of Ø 1.0 mm
(30 kV and 6.7 mA). The XTronic V1-0 Standard software
(stresstechgroup.com) was used for the stress calculation.

Figure 2 shows the regions of the weld joint where the
residual stress measurements were taken: base metal (BM),
heat-affected zone (HAZ) and weld metal (WM) in the
longitudinal (L) and transverse (T) directions relative to the
weld bead.

The residual stresses were measured in all tensile and
Charpy specimens before the mechanical tests in the welded
and shot peening conditions. The stress was measured in the
longitudinal (L) and transverse (T) directions relative to the
main axis of the specimens (Fig. 1b).

Before the residual stress measurements, the specimens were
electrolytically polished to remove the oxide layer. Polishing
was performed using a high ionic solution with an electrical
potential and a current. A sodium chloride saturated solution
with glycerin was used as the electrolyte, and the voltage and
current parameters were 30 V and 0.20 A, respectively.

2.5 Mechanical Properties Characterization

The specimens for the mechanical property characterization
were made according to the ASTM A370-05 (Ref 14) standard
for the tensile tests; their gauge length and diameter were 50
and 8.75 mm, respectively. Tensile tests were performed in a
universal tension testing machine (Instron 5985 model) with a
250-kN-capacity load cell and a testing speed of 3 mm/min at
room temperature. A set of 3 specimens was used for each
condition.

Charpy-V impact tests were performed at � 40, 0 and 25 �C
in the specimens according to the ASTM A-370-05 (Ref 14)
standard. The specimens were withdrawn transversely to the
weld bead and 5 mm from the joint surface. The notch was
positioned at the center of the weld metal, heat-affected zone
(HAZ) and base metal. A set of 3 specimens was used for each
condition. Figure 1(c) and (d) shows the position of the notch
for the weld metal and HAZ.

Vickers microhardness tests were performed according to
the ASTM A 370-05 (Ref 14) standard with an applied load of
1 kgf on the test specimens that were transverse to the weld
metal. The test was performed at 3.0 mm from the surface and
at the root of the weld joint, which covered the weld metal,
HAZ and base metal. These tests were also performed in the
HAZ along the thickness that corresponded to the position of
the Charpy-V notch on the impact test specimens. A micro-
hardness-testing machine Instron-Wilson, model 402 MVD,
was used, and Fig. 1(e) and (f) shows the position of the
hardness tests.

2.6 Metallographic Preparation

The metallographic examination was conducted on samples
taken transversally to the weld bead. The samples were
carefully ground with emery paper up to 1200 grid and
polished using diamond paste with 6, 3 and 1 mm and etched
with 2% nital solution. The microstructure was observed via
scanning electron microscopy (SEM) in secondary electron
mode on: top bead and columnar and reheated regions of the
weld metal corresponding to the Charpy-V notch position.
Also, some of the Charpy-V specimens fracture surfaces were
observed by SEM.

Table 3 Welding parameters of the SMAW process

Pass Position Diameter, mm Current, A Voltage, V Time, s Speed, mm/s Welding energy, KJ/mm

1-2 Root 3.25 75-80 22-23 531 1.83 1.29
3-12 Filler 4.00 175-180 24-26 2925 3.26 1.15
13-16 Top 3.25 145-150 22-24 385 3.64 0.96
End 3841 2.91 1.13

Table 4 Welding parameters of the FCAW process

Pass Position Diameter, mm Current, A Voltage, V Time, s Speed, mm/s Welding energy, KJ/mm

1-2 Root 1.2 148-152 23-24 347 2.76 1.61
3-8 Filler 1.2 204-224 25-27 525 4.26 1.40
9-12 Top 1.2 208-216 26-27 279 5.24 1.03
End 1151 4.09 1.35

Fig. 2 Schematic representation of welded joint showing location
(red points) and direction (L and T) of residual stresses measurement
(dimensions in mm) (Color figure online)
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3. Results and Discussion

3.1 Residual Stress

Figures 3 and 4 show the generated residual stresses in the
welded joints by the SMAW and FCAW processes in the
longitudinal (L) and transverse (T) directions at the top and root
of the joints. The residual stresses were analyzed in the regions
of the right base metal (BM R), right heat-affected zone (HAZ
R), weld metal (WM), left heat-affected zone (HAZ L) and left
base metal (BM L).

Figures 3(a) and 4(a) show that the residual stresses at the
top of the welded joints by the SMAW and FCAW processes
are compressive in all analyzed regions. In the root region,
residual stresses obtained in the both welding processes were
heterogeneous with many compressive regions, but in the some
regions were tensile as shown in Fig. 3(b) and Fig. 4(b),
including one point in WM of FCAW process root.

Considering that the nature and magnitude of the residual
stresses in the welded joints depend not only on the shrinkage

process but also on the temperatures differences built up
between the near-surface and the core layers of the plate during
the cooling of the weld and phase transformations process that
occurred during welding, these results are consistent with those
reported by Zinn and Scholtes (Ref 15).

Welding processes, as well as the employed consumables,
number of passes and deposition rate have a significant effect
on the residual stresses, and it can explain the differences
between Fig. 3 and 4. Beside that this behavior is coherent with
the literature, since in both processes there was the generation
of microstructures that alter the specific volume of the weld
metal, martensite and bainite, and the rise of thermal stresses
due to cooling resulting in the generation of compressive
residual stresses (Ref 15-17).

The weld metal with high proportions of columnar regions
combined with higher proportion of martensitic microstructure
will have higher levels of residual stresses. Also, the
microstructural orientation of the weld metal due to the
epitaxial growth of the grains leads to higher residual stress
on the transversal welding direction.

Table 5 Parameters of the x-ray analysis

Diffracting material Diffracting plane (hkl) Radiation Wavelength, Å Bragg angle 2h, �

Fe-a (211) CrKa k = 2.29092 156.41

Fig. 3 Residual stress at the top (a) and root (b) of the SMAW
welded joint

Fig. 4 Residual stress at the top (a) and root (b) of the FCAW wel-
ded joint
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These compressive stress results, which are mainly at the top
of the welded joints in both investigated processes, are
consistent with those obtained by Araujo et al. (Ref 18), who
studied the residual stresses in X80 steel welded joints by the
submerged arc welding (SAW) process and found residual
stresses of � 250 and 80 MPa; however, in the root, there was
a predominance of residual tensile residual stresses. Sowards
et al. (Ref 19) observed tensile residual stresses of 30-200 MPa
in both directions and regions of X80 steel welded joints
obtained by the friction stir welding (FSW) process.

Comparing the results of the present study with those of
Araujo et al. (Ref 18) and Sowards et al. (Ref 19), a prevailing
compressive residual stress state can be observed, which is

beneficial when it increases the fatigue life of the welded
structure.

Figures 5 and 6 show the residual stress in the longitudinal
(L) and transverse (T) directions, respectively, in welded and
shot peening conditions for the Charpy-V test specimens.
Figure 7 shows the residual stress longitudinal (L) and
transverse (T) directions in the welded and shot peening
conditions for the tensile test specimens.

Figures 5, 6 and 7 verify that after the shot peening, the
specimens showed an increase in compressive residual stress in
both longitudinal and transverse directions. This behavior can
be attributed to the surface treatment process, which promotes
three important changes on the material surface. First, the

Fig. 5 Longitudinal residual stress in Charpy impact test specimens

Fig. 6 Transverse residual stress in Charpy impact test specimens
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surface treatment produces extensive plastic deformation,
which results in a structure of unstable dislocations on the
surface. These localized damages can accelerate the diffusion of
hydrogen, start cracking and promote premature failure.
Fortunately, the second change is due to an increase in local
deformation resistance that is caused by the strain hardening of
the material, which makes the material more resistant to plastic
deformation when subjected to loading. The third and most
important change in the material is the biaxial compression
state, which results from the surface tensile residual stress that
the localized plastic deformation produces with lower com-
pensatory tensile (Ref 20).

3.2 Microstructure

Figure 8 shows the microstructure in the top bead of the
SMAWand FCAW processes, where it is possible to observe in
the top bead of the SMAW process the presence of martensite

and bainite, with predominance of bainite while in the top bead
of the process FCAW the predominance is of martensite.

Figures 9 and 10 show the microstructure of the columnar
and reheated regions of the weld metal of the specimens
obtained by the SMAW and FCAW processes, where the notch
was positioned for the Charpy-V impact test. It can be noted
that the microstructure in both processes consists of martensite
and bainite. It is also observed that the microstructure obtained
by the FCAW process presents a higher proportion of
martensite. This can be explained by the higher cooling rate
(Ref 21) observed for the weld metal and the higher carbon
equivalent in the weld metal obtained by the FCAW process,
increasing the hardenability of the weld metal and generating
the grain refinement effect by the formation of a fine martensitic
and bainitic microstructure (Ref 22, 23).

According to Ramirez (Ref 22), in weld metals with carbon
equivalent of 0.470 or higher, there is the formation of products
of low transformation temperature, including martensite. This

Fig. 7 Residual stress in the welded and shot-peened tensile specimens

Fig. 8 Microstructures of the top bead of the weld metals (SEM): (a) SMAW and (b) FCAW processes. Etching: nital 2%. B—bainite;
M—martensite
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assertion is in agreement with the welding metals observed in
the present work, which presented martensite and bainite
microstructures, with carbon equivalent of 0.513 and 0.688 for
the SMAW and FCAW processes, respectively.

Analyzing the microstructure of the top bead of the weld
metals obtained by the SMAW and FCAW processes, Fig. 8,
and comparing it with the microstructure present in the
columnar and reheated regions of the weld metal, where the
notch was positioned for the Charpy-V impact test, for both
processes, it is possible to observe that there are no differences
between the microstructures present in the top bead and in the
region of the Charpy-V notch, since the microstructure
observed in the top bead consists of martensite and bainite
and in the microstructures of the columnar and reheated regions
of the Charpy-V notch in the weld metal the same microstruc-
tures are observed, but with higher martensite proportions in the
weld metal obtained by the FCAW process due to the lower
cooling rate present in this process. Gomes et al. (Ref 23)
attribute these changes observed in the microstructures due to
small variations in the cooling rates of high-strength weld
metals, which is the main reason for the difference observed in
the microstructure of the top bead in comparison with the
microstructure that is positioned in the notch of Charpy-V
impact test specimen that has undergone successive reheats
during the multipass welding process. This assumption is in
agreement with Lord et al. (Ref 24) results where small
variations in the cooling rate of the weld metal can drastically

change the transformation temperature and consequently the
microstructure of the weld metal.

Another important fact to be observed is the similarity
between the microstructures of the columnar and reheated
regions of the weld metal for both processes, Fig. 9 and 10, can
be explained by the high levels of alloying elements in welding
metals not easily retransformed during the heat generated by
welding multipass (Ref 22).

3.3 Mechanical Properties

Table 6 and Fig. 11 summarize the tensile testing results of
X80 steel (base metal) and welded joints for both processes
(SMAW and FCAW). The results are the mean values of 3
specimens for each condition.

The data in Fig. 11 show that the results of both SMAWand
FCAW processes were consistent with those observed in the
base metal, which is 574 and 675 MPa for the yield and tensile
strength, respectively. All specimens showed rupture on the
base metal. The FCAW welded joint had the best yield and
tensile strength (613 and 690 MPa, respectively).

There was no significant variation of the verified elongation
and area reduction in the SMAW and FCAW processes: the
elongation was 14 and 18% for the SMAW and FCAW
processes.

Comparing the results of the welded joints with the base
metal, it is possible to notice that the 35% elongation in the
base metal is approximately twice as high, and the area

Fig. 9 Microstructures (SEM) of the columnar region: (a) 10009 and (b) 30009 and reheated regions: (c) 10009 and (d) 30009 of the weld
metals at SMAW process. Etching: nital 2%

130—Volume 27(1) January 2018 Journal of Materials Engineering and Performance



reduction is 20% smaller than those observed in SMAW and
FCAW welded joints. This is probably due to the heterogeneity
of the welded joints� material, which consisted of base metal
and weld metal, and to the presence of regions that were
subjected to different thermal cycles, which was not observed
in the results obtained from the base metal, which was subject
only to controlled rolling and accelerated cooling in the sheet
metal manufacturing process.

The shot peening provided an increase in the tensile strength
and yield strength in all conditions (SMAW, FCAW and BM),
with a maximum variation of 8% for the tensile strength and
9% for the yield strength in the SMAW condition.

The Vickers microhardness results are shown in Fig. 12(b),
(c) and (d) and 13(b), (c) and (d). They were obtained in the
regions, Fig. 12(a) and 13(a), that were located at a distance of
3 mm from the surface, HAZ and 3 mm from the root of the

welded joints by the SMAW and FCAW processes, respec-
tively.

The welded joint by the SMAW process showed small
variations in the Vickers microhardness values in the regions
near the top and root of the joint. The HAZ has an average
microhardness of 260 HV in the region near the top of the joint
and 240 HV in the region near the root. For weld metal, the
maximum observed microhardness was 290 HV near the top of
the joint, and the range was 260 to 290 HV.

The Vickers microhardness values of the welded joint by the
FCAW process were approximately 20% higher than those
observed in the SMAW welded joint: 280 and 350 HV in the
regions near the surface and between 280 and 345 HV regions
near the root.

Figures 12(c) and 13(c) show the Vickers microhardness in
the HAZ on the notch position to evaluate the Charpy-V energy

Fig. 10 Microstructures (SEM) of the columnar region: (a) 10009 and (b) 30009 and reheated regions: (c) 10009 and (d) 30009 of the weld
metals at FCAW process. Etching: nital 2%

Table 6 Tensile testing results of the base metal and welded joints for SMAW and FCAW processes

Process Condition rYS, MPa rUTS, MPa e, %

SMAW As-welded 571 652 14
Shot peening 623 705 21

FCAW As-welded 613 690 18
Shot peening 621 708 20

Base Metal As-welded 574 675 35
Shot peening 587 697 30
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in the HAZ, where there is no significant variation in the
obtained values, and the average Vickers microhardness is 240
and 238 HV for the SMAWand FCAW processes, respectively.

Comparing the results of the SMAW and FCAW welding
processes in Fig. 12 and 13, it can be inferred that in both
welded joints, there is a small variation of the Vickers
microhardness in the weld metal for the region of the
measurements: the maximal variations were 30 and 70 HV
for the SMAW and FCAW processes, respectively.

The observed difference in the Vickers microhardness shows
that both processes can be explained by different chemical
compositions of the weld metals and different thermal cycles in
the processes.

The weld metal obtained by the FCAW process has a higher
equivalent carbon when compared to the SMAW weld metal, so
the FCAW weld metal has a higher hardenability and it is
possible observed when analyzing the microstructure of this
weld metal which has a predominance of martensite, while the
SMAW weld metal has a predominance of bainite.

Concerning the thermal cycles, the weld metal obtained by
the FCAW process present less reheating than the weld metal
obtained by the SMAW process due to welding to obtain the
FCAW joint with 12 passes and the welding to obtain the SMAW
joint made with 16 passes. The greater number of passes tends to
produce a greater proportion of reheated regions reducing the
levels of hardness. According to Keehan et al. (Ref 25), the
marked reduction of hardness in the reheated regions of high-
strength steels weld metals is explained by the formation of
precipitates and the loss of carbon from the solid solution during
reheating.

Figure 14 compares the microhardness results of the present
work (average values) and a collection of results for weld
metals of high-strength steels in the welded condition (Ref 22-
27). The increase in hardness is directly proportional to the

increase in equivalent carbon and consistency of the Vickers
microhardness values of the present work with those of the
literature.

The average hardness results of the present work are
consistent with those observed in the literature for X80 steel
weld metal (e.g., Aydin et al. (Ref 4), 333 HV, Sowards et al.
(Ref 19), 350 HV, Aquino Filho et al. (Ref 28), 280 HV, Gook
et al. (Ref 29), 312 HV, Midawi et al. (Ref 30), 300 HV).

Figure 15 shows the absorbed energy results of the Charpy-
V impact tests at 0 �C on the specimens with the notch in the
WM and HAZ, as shown in Fig. 1(c) and (d), of the welded
joints by the SMAW and FCAW processes.

The impact test results at 0 �C, which were obtained with
the notch on the HAZ, of both SMAW and FCAW welded
joints presented higher values than those observed in the weld
metal. The absorbed energy at 0 �C with the notch in the weld
metal of the SMAW and FCAW welded joints was 161± 8 and
66± 5 J, respectively. The different toughness observed results
from weld metals with different chemical compositions,
different cooling rates inherent to each welding process and
consequently different microstructures. Additionally, it is
verified that the weld metal of the FCAW process presents a
smaller percentage of reheated region due to the different
number of the passes, relative to the weld metal of the SMAW.
A higher percentage of reheated region promoted by the greater
number of passes during welding results in additional temper-
ing in the microstructure of the previous passes, reducing the
internal tensions of the martensitic structures and generating an
increase of the toughness.

Figure 16 shows the variation of the absorbed energy in the
impact tests at �40, 0 and 25 �C for both welding processes,
which verifies that the SMAW weld metals have a higher
absorbed energy than do the FCAW weld metals for all
temperatures and shot peening. The absorbed energy of the

Fig. 11 Tensile testing results of the welded joints of the SMAW and FCAW processes
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weld metals in both SMAW and FCAW processes increases at
� 40 �C, with an increase of 27% in the SMAW process and
41% in the FCAW process.

Comparing the toughness results of the weld metal at 0 �C
in the present work with Aquino Filho et al. (Ref 28) and
Cooper et al. (Ref 31), who found absorbed energies of 58 and
39 J, respectively, in X80 welded joints by the FCAW process,
the results of the present work (66± 5 J) are greater than those
observed in the literature.

3.4 Fracture Surface Analysis

Figure 17 shows the surface fractures of Charpy-V impact
tests of the FCAW welded joint at 0 �C, which were observed
with scanning electron microscopy (SEM) to investigate the
type of fracture, because the absorbed energy was approxi-
mately 41% of that obtained by the SMAW process.

A fracture surface evaluation was performed at the tip of the
notch (Fig. 17a and b), where the predominance of dimples,

Fig. 12 (a) Macrographic aspect of the joint and Vickers microhardness measurements taken on the (b) top, (c) HAZ and (d) root of the wel-
ded joints by the SMAW process
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which is characteristic of a ductile fracture process, can be
verified. At the center of Fig. 17(c) and (d), a mixture of
dimples and quasi-cleavage modes of fracture is observed.

4. Conclusions

Whereas the SMAW and FCAW welding processes are
widely used in industry, the behavior of high-strength pipe steel
X80 welded joints produced by both processes was investigated
regarding the mechanical properties and residual stresses. The
findings of the study can be summarized as follows:

1. The X80 steel welding joint by the FCAW process exhi-
bits similar mechanical properties to those welded by the
SMAW process with respect to tensile strength, but the
toughness is high in SMAW process. The differences ob-
served in the toughness values in both processes were
the result of the different chemical compositions of the
weld metals and the cooling rates inherent to each weld-

Fig. 13 (a) Macrographic aspect of the joint and Vickers microhardness measurements taken on the (b) top, (c) HAZ and (d) root of the wel-
ded joints by the FCAW process

Fig. 14 Relationship between the Vickers microhardness and the
carbon equivalent for weld metals in the literature and present work
using the SMAW and FCAW processes
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ing process and that consequently resulted in different
microstructures.

2. Microstructures present in the SMAW and FCAW welded
joints are composed by martensite and bainite, with pre-
dominance of bainite in the SMAW process and marten-
site in the FCAW process.

3. The residual stresses were predominantly compressive
mainly at the top of the joints welded by both processes.
This behavior can be explained by microstructural
changes that occur in weld metal and modify the specific
volume of martensite and bainite, and increase thermal
stresses due to cooling resulting in the generation of
compressive residual stresses.

4. The contribution of shot peening mechanical treatment
on the improvement of tensile and yield strength (27 and
41%, respectively) as well as on the toughness of both
welded joints is obvious at high levels of induced com-
pressive residual stresses.

Fig. 15 Absorbed energy of the BM, SMAW and FCAW processes at 0 �C

Fig. 16 Absorbed energy vs temperature relationship for FCAW
and SMAW weld metals
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