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Abstract: Fusion welding easily causes microstructural coarsening in the heat-affected zone (HAZ) of a thick-gauge pipeline steel joint. This is
most significant in the inter-critically coarse-grained HAZ (ICCGHAZ), which considerably deteriorates the toughness of the joint. In the
present work, 11-mm thick pipeline steel was joined by preheating and double-sided friction stir welding (FSW). A comparative study on the
microstructure and toughness in the ICCGHAZs for FSW and gas metal arc welding (GMAW) was performed. The toughness in the IC-
CGHAZ for FSW was improved significantly than that in the ICCGHAZ for GMAW. Generally, the nugget zone (NZ) has a coarse micro-
structure in the FSW steel joint formed at the highest peak temperature. However, in the current study, the microstructure in the one-pass NZ
was remarkably refined owing to the static recrystallization of ferrite. An excellent toughness was achieved in the NZ of the pipeline steel joint

that employed FSW.
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1. Introduction

Thick-gauge pipeline steel (thickness > 10 mm) is widely
utilized in oil and gas transportation [1-3]. Therefore, the
welding process forms an essential procedure to ascertain the
supply of quality products. For example, multi-pass welding
is often required to join thick-gauge pipeline steel plates.
However, multi-heating can generate an inter-critically
coarse-grained heat-affected zone (ICCGHAZ) containing
coarse network-like martensite—austenite (M—A) constitu-
ents, which can significantly deteriorate the toughness of the
joint [4-6]. Therefore, controlling ICCGHAZ is necessary
for obtaining a high-quality joint.

Friction stir welding (FSW) is a low-heat input joining
technique owing to its solid-state nature [7]. In the FSW pro-
cess, the low-heat input and fast post-welding cooling rate of
the treated pipeline steel effectively inhibit the coarsening of
both the grains and M—A constituents, thereby improving the
toughness of the joint [§-9]. Currently, FSW is mainly used
to join the thin-gauge pipeline steel (<6 mm thickness), but
the study on FSW thick-gauge pipeline steel is few [10-12].
This is attributed to the root defects easily appearing in the
thick-gauge pipeline steel joint owing to insufficient plastic
flow [13]. Besides, the thick-gauge steel with high deforma-
tion resistance may cause significant wear or destruction of
the welding tool at elevated temperatures during FSW pro-
cess [14]. Recently, some researchers tried to utilize double-
sided FSW to join the thick-gauge pipeline steel and indic-
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ated that no obvious root defects and tool wear are observed
[15-17]. Aydin and Nelson [15] conducted double-sided
FSW in 11-mm-thick pipeline steel and obtained a joint
without any defect. However, the toughness of the joint was
not investigated. In addition, Avila et al. [16] evaluated the
toughness in the nugget zone (NZ) and heat-affected zone
(HAZ) of 15-mm-thick pipeline steel joint by double-sided
FSW and detected the joint contains some various subzones.
Obviously, for the double-sided FSW joint, according to
various thermal cycle histories and welding passes, the HAZ
and NZ can be divided into many subzones, which creates a
complex effect on the microstructure and toughness. To date,
few studies on the subzones of double-sided FSW steel joints
have been reported.

In this study, 11-mm-thick high-strength bainitic pipeline
steel was joined by a double-sided FSW process. Preheating
of the steel before welding was carried out to reduce the wear
of the FSW tool. The outcome of a double-sided gas metal
arc welding (GMAW) was also compared with the FSW pro-
cess. Furthermore, a systematic investigation into the rela-
tionship between the microstructure and toughness of the
various subzones of double-sided welded joints was per-
formed.

2. Experimental

The 11-mm-thick high-strength X80 pipeline steel plates,
whose mechanical property is shown in Table 1, were joined
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by GMAW and FSW. The chemical compositions of the
pipeline steel and deposited metal are listed in Table 2. The
oxide scales were removed from the plate surface before
FSW and GMAW, and then the plates were cleaned with al-
cohol. The GMAW process is shown in Fig. 1(a), and the
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tool wear, as shown in Fig. 1(b). A W—Re tool (W-25Re,
wt%) with a concavity of 20 mm in diameter and a tapered
pin of 7 mm in diameter with a thread 6 mm in length was
utilized in the FSW.

welding parameters are listed in Table 3. FSW was carried Table 1. Mechanical property of X80 pipeline steel
out at a rotation rate of 600 r/min and a traverse speed of 100 Tensile strength /  Yield strength / Elongation/ Hardness,
mm/min, and preheating at 370°C was performed using four MPa MPa % Hv
back heating tubes to promote the metal flow and reduce the 690+ 5 360+ 6 33+05 220+38
Table 2. Chemical compositions of the pipeline steel and deposited metal wt%
Sample C Mn P S Si Ni Nb v Mo Fe
Basal metal 0.04 1.61 0.009 0.0017 0.23 0.477 0.05 0.003 — Bal.
Deposited metal 0.04 1.25 0.013 0.012 0.35 1.55 — — 0.09 Bal.
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Schematic diagrams of gas metal arc welding (GMAW) (a), and friction stir welding (FSW) processes (b), and the V-notch

locations for GMAW (c), and FSW impact specimens (d). Retreating side: RS; advancing side: AS; nugget zone: NZ. TD, WD, and
Ax.D represent transversal direction, welding direction, and axial direction, respectively.

Table 3. Welding parameters for GMAW pipeline steel

Welding pass ~ Wire diameter /mm  Current/ A  Voltage/V ~ Welding speed / (mm'min™') Shielding gas
! 16 300 25 300 82vol% Ar + 18vol% CO,
2 1.6 330 28 270

The thermal cycle histories in the one-pass NZ (NZ1)
were measured using a K-type thermocouple and an LR8431-
30 acquisition instrument during two-pass FSW. The ther-
mocouples were inserted into a blind hole drilled from the
back of the welded plate at depths of 0.5 mm, 1.5 mm, and
3 mm, as shown in Fig. 1(d). The 4., and 4 (4., and A, rep-
resent start and final austenitic transformation temperatures)
phase transformation temperatures of the pipeline steel,
measured by a Formastor-II phase transformation instrument,
were 672 and 874°C, respectively.

The metallographic samples of the cross-sectional welded
joints were prepared perpendicular to the FSW or GMAW dir-
ections. The average size of the prior-austenite grains (PAGs)
and the maximum width (W) of the M—A constituents were
measured using the mean linear intercept method. The micr-

ostructure was characterized using a Leica optical microsc-
ope (OM), Zeiss Ultra-55 scanning electron microscope
(SEM), and FEI Tecnai-F20 transmission electron microsc-
ope (TEM). The crystallographic characteristics are obtained
using electron backscatter diffraction (EBSD). The samples
used for OM and SEM were mechanically polished and etc-
hed using a 4vol% natal. The TEM specimens were first mech-
anically ground to a thickness of 50 um and then punched in-
to 3 mm diameter disks, and were subsequently electro-polis-
hed at —20°C. The samples for EBSD were prepared by elec-
tropolishing with an 87.5vol% ethanol solution and 12.5vol%
perchloric acid at 25 V for 25 s. The Charpy V-notch impact
samples of the weld and HAZ for FSW and GMAW were
machined vertically in the welding direction, as shown in Fig. 1
(c) and (d). Specially, the V-notch in impact sample of the
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HAZ was through the largest ICCGHAZ to evaluate the
weakest average toughness in the whole joint. The impact
toughness was tested at an ambient temperature of 20°C. The

Fracture
surface
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crack propagation paths through the various subzones were

observed, and the schematic diagram of the ductile fracture
surface and observation position is shown in Fig. 2.
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Fig. 2. Schematic diagram of observed positions for crack propagation paths in the HAZ (a) and NZ (b).

3. Results and discussion

3.1. Comparative study on microstructure and tough-
ness in the HAZs of GMAW and FSW joints

Fig. 3 shows the macrographs of the GMAW and FSW
joints. Under both wielding processes, defect-free joints were
obtained. Based on the microstructural characterization, the
GMAW joint consisted of the fusion zone (FZ), HAZ, and
basal metal (BM), whereas the FSW joint included the NZ,
HAZ, and BM. Based on the variation in the thermal cycle
and welding pass, the HAZ consists of four subzones, namely

Fig. 3. Macrographs of the GMAW (a) and FSW joints (b).

20 pm

Fig. 4.

the coarse-grained HAZ (CGHAZ), fine-grained HAZ
(FGHAZ), inter-critically HAZ (ICHAZ), and ICCGHAZ.
The HAZ of the FSW joint was narrower than that of the
GMAW joint, and the ICCGHAZ area of ~1 mm® for FSW
was far smaller than the ICCGHAZ area of ~4 mm’ for
GMAW at the low peak temperature and for short duration of
the FSW process.

The various subzones in the HAZ of the GMAW joint are
characterized by OM, as shown in Fig. 4. As a typical bainit-
ic steel, the BM is composed of acicular ferrite and polygon-
al ferrite. The ICHAZ consists mainly of polygonal ferrite
and fine granular bainite. In contrast, the FGHAZ and
CGHAZ contained granular bainite and M—A constituents,
and the coarser microstructure located in the CGHAZ. 1t is
known that the peak temperatures in the ICHAZ, FGHAZ,
and CGHAZ correspond to various temperatures zones
between 4., and A4, slightly higher than A;, and much high-
er than A4, respectively [18—19]. Therefore, in the ICHAZ of
the pipeline steel, at the peak temperature between 4., and
A, a part of the BM was austenitized and then transformed
into granular bainite, finally achieving a dual phase of fine
GB and ferrite. In the FGHAZ, at a peak temperature just

OM images of the GMAW joint: (a) BM, (b) ICHAZ, (c) FGHAZ, (d) CGHAZ, and (¢) ICCGHAZ.
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higher than A, the BM was completely austenitized and then
transformed into granular bainite. In the CGHAZ, at a peak
temperature far higher than A, the BM was fully austenit-
ized, and then the coarse austenite was transformed into
coarse GB. The microstructure in the ICCGHAZ experien-
cing inter-critical tempering had no noticeable change, and
only the partitioning of elements was observed when com-
pared to the CGHAZ. Fig. 5 shows comparative OM images
of the FSW joints. Compared to the GMAW joint, the HAZ
in the FSW joint also exhibited similar phase constituents.
However, the microstructure in the CGHAZ and ICCGHAZ
of the FSW joint were relatively fine at the low peak temper-
ature, short duration time, and fast post-weld cooling rate.

Fig. 5. OM images of the FSW joint: (a) ICHAZ, (b) FGHAZ,
(¢) CGHAZ, and (d) ICCGHAZ.

Figs. 6 and 7 show the SEM and TEM images of the vari-
ous subzones of the HAZ for GMAW, respectively, depict-
ing the characteristics and distribution of the M—A constitu-
ents. In the ICHAZ, FGHAZ, and CGHAZ of the GMAW
joint, the island-like M—A constituents were distributed both
at the boundaries and within the PAGs, and appeared to be
coarsened as they approached the FZ (Fig. 6(a—)). However,
in the ICCGHAZ for GMAW, the M—A constituents were
mainly distributed in a network-like structure at the PAG
boundaries (Fig. 6(d)). Bainitic ferrite is known to nucleate
preferentially at the C-depleted PAG boundaries, and the C-
atoms are ejected from ferrite during ferritic growth, thereby
forming C-enriched austenite [12,20]. In the ICHAZ and
FGHAZ for GMAW, the fine PAGs provided several ferritic
nucleation sites. Under low peak temperature and short dura-
tion time, the nucleation sites inhibited C-diffusion, leading
to a large amount of fine C-enriched austenite being formed.
Finally, the C-enriched austenite was transformed into fine
M-A constituents during subsequent cooling (Fig. 7(a)). In
contrast, coarse PAGs in the CGHAZ resulted in reduced
nucleation sites of ferrite, and the combination of a high peak
temperature and long duration promoted C-diffusion. There-
fore, the C-enriched austenite decomposed into twin
martensite (Fig. 7(b)). In the ICCGHAZ, reheated by two-

pass welding located in the dual-phase field, C was further
partitioned into C-enriched austenite, and the austenite con-
tinuously grew and coalesced at the PAG boundaries
[21-22]. Thus, coarse network-like M—A constituents dis-
tributed along the PAG boundaries were formed in the IC-
CGHAZ for the GMAW during posting-welding cooling

(Fig. 7(c)).

Fig. 6. SEM images of the GMAW joint: (a) ICHAZ, (b)
FGHAZ, (c) CGHAZ, and (d) ICCGHAZ.

[®)

Fig. 7. TEM images of the fine island-like constituent in the
(a) FGHAZ, (b) coarse island-like constituent in the CGHAZ,
and (c, d) network-like M—A constituent in the ICCGHAZ.

Figs. 8 and 9 show the SEM and TEM images of the vari-
ous subzones of the HAZ for FSW, respectively. Unlike the
GMAW joint, the M—A constituents in the ICHAZ, FGHAZ,
CGHAZ, and ICCGHAZ for FSW were island-like instead of
network-like M—A constituents. As the peak temperature in-
creased, the coarsening of the M—A constituents was not no-
ticeable. Under the low-heat input of FSW, fine PAGs
provide more nucleation sites for bainitic ferrite, and C-diffu-
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sion is inhibited [12,21]. Therefore, fine island-like M—A
constituents were formed in the FGHAZ and CGHAZ, as
shown in Fig. 9(a) and (b), respectively. Similarly, in the IC-
CGHAZ, the short duration time in the dual-phase field and
fast cooling rate during the two-pass welding restrained the
formation of network-like M—A constituents (Fig. 9(c)). Fur-
thermore, the retained austenite was mainly distributed at the
edge of the M—A constituent in the CGHAZ and ICCGHAZ.
This phenomenon can be attributed to the slow C-diffusion
and austenitic volume constraint at the a/y interface, leading
to C-enrichment, thereby exhibiting high austenitic stability
[4,23].

£ LN 0 a5 PTAVSH I - /
Fig. 8. SEM images of the FSW joint: (a) ICHAZ, (b)

FGHAZ, (¢) CGHAZ, and (d) ICCGHAZ.

Fig. 9. TEM images of the FSW joint: (a) FGHAZ, (b)
CGHAZ, and (c) ICCGHAZ.

Fig. 10 schematically summarizes the M—A constituent
evolution in the ICCGHAZs for GMAW and FSW. The high
heat input during one-pass GMAW led to the formation of
coarse PAGs and island-like M—A constituents in the
CGHAZ. Subsequently, the CGHAZ was reheated to the
dual-phase region between 4., and 4; during two-pass weld-
ing, thereby producing coarse network-like M—A constitu-
ents in the ICGHAZ owing to the C-partitioning. In compar-
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Fig. 10. Schematic diagram of M—A constituent evolution at

the ICCGHAZs of (a) GMAW and (b) FSW joints.

ison, a low-heat input of one-pass FSW resulted in the gener-
ation of fine PAG and island-like M—A constituents in the
CGHAZ. The short duration time in the dual-phase field dur-
ing two-pass FSW inhibited the C-partitioning, leading to
fine PAG and island-like M—A constituents in the IC-
CGHAZ.

It is widely accepted that the ICCGHAZ is a zone with the
weakest properties in the entire pipeline steel joint; thus, the
toughness in the ICCGHAZ was evaluated under current
study, as entered in Table 4. The impact energy of the IC-
CGHAZ for the GMAW and FSW joints reached 71% and
89% of the BM, respectively, indicating a sound toughness in
the ICCGHAZ of the FSW joint. The PAGs and M—A con-
stituents have an important effect on the toughness of the
bainitic steel [4,24]. The PAG size and the W, of the M—A
constituents in the GMAW and FSW joints are shown in
Fig. 11 for reference purpose. The PAGs and M—A constitu-
ents were significantly refined in the HAZ of the FSW joint,
compared with those in the HAZ of the GMAW joint. It is
well known that toughness is an energy concept that in-
cluded both strength and plastic performances. Energy con-
sumption is needed in the process of crack initiation and
propagation, and Egs. (1) and (2) are used to represent the
stress required in the process of crack propagation and initi-
ation [4,25-26].

Table 4. Impact energy of the ICCGHAZ and NZ for
GMAW and FSW J.em™

GMAW-
BM ICCGHAZ FSW-ICCGHAZ GMAW-FZ FSW-NZ

184 +5

257+8 230+6 208 +5 288+ 7

The Eq. (1) below shows fracture strength of metals [4]:

/ 2 1
og = TEKIC‘X% (1)

where o5 is the brittle-fractured stress, K. is the fracture
toughness, L is the characteristic length of brittle failure, and
d is the grain size. According to the Eq. (1), the brittle-frac-
tured stress (o) is primarily influenced by the grain size (d).
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Fig. 11. Average PAG size (a) and W),,, of M—A constituent (b) in the GMAW and FSW joints.

The brittle fracture toughness (X)) increases with decreasing
grain size (d), resulting from the high fraction of high-energy
grain boundaries, which leads to more energy consumption
during crack propagation [27]. Compared with the GMAW
joint, the PAGs in the ICCGHAZ were refined, resulting in
higher toughness.

The Eq. (2) below gives Griffith-critical stress [25]:

[ TEy, 12
= 5o) @

where o is the critical cracking stress, v, is the effective sur-
face energy of the microcrack, v is Poisson’s ratio, E is
Young’s modulus, and D is the length of the critical crack.
According to Griffith theory, the brittle and hard M—A con-
stituent is considered as a defect, and the microcracks form
and propagate at the interface between the M—A constituent
and matrix when the stress concentration at the interface ex-
ceeds the critical cracking stress [26]. Here, D can be re-
garded as the W, of the M—A constituent. The W, of the
M-A constituent in the ICCGHAZs for GMAW and FSW
was 3.8 and 2 um, respectively, and the o, was calculated to
be 1634 and 2252 MPa. The critical fracture stress decreased
obviously with the increase in W,,,; thus, the coarse M—A
constituent was another important reason for the signific-

antly decreased toughness in the ICCGHAZ for GMAW.
The ICCGHAZ covered the ICCGHAZ, CGHAZ, and
FGHAZ, as shown in Fig. 1. The crack propagated paths in
various subzones are shown in Fig. 12. The transformation-
induced residual stress and stress concentration between the
M-A constituent and matrix can cause cracking when a load
is exerted on the joint [20-21]. Furthermore, the PAG size is
another important factor affecting toughness, and coarse
PAGs promote effective deviation and arrest crack propaga-
tion owing to the large number of PAG boundaries. In the
GMAW joint, crack initiation was observed near coarse net-
work-like M—A constituents. Also, relatively straight crack
propagation paths were observed in the ICCGHAZ (Fig. 12
(a) and (b)). Under the high heat input of GMAW, coarse
M-A constituents and PAGs can promote crack initiation and
propagation, especially the network-like M—A constituents in
the ICCGHAZ can accelerate this process. However, in the
ICCGHAZ for FSW, the refined M—A constituents and
PAGs can effectively hinder crack initiation and consume
more energy during crack propagation, and no network-like
M-A constituent was observed. As a result, zigzag paths
were formed when the crack encountered the island-like
M-A constituents or PAG boundaries (Fig. 12(d) and (e)).
The FGHAZs for both GMAW and FSW were composed of

and FGHAZ (f) of FSW joint.
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fine M—A constituents and PAGs, which implied a small
stress concentration. Therefore, zigzag paths were formed
when the crack encountered the grain boundaries during

crack propagation, and the toughness was improved signific-
antly (Fig. 12(c) and (f)).

3.2. Microstructure and toughness of the double-sided
NZs for FSW

Unlike the HAZ, the NZ simultaneously undergoes a
thermal cycle and intense deformation during FSW [4,19].
Fig. 13 shows the OM images of the NZ1 and two-pass NZ
(NZ2) of the FSW joint. NZ2 contained coarse granular bain-
ite, whereas NZ1 consisted fine ferrite. The M—A constituent
morphologies in NZ1 and NZ2 were mainly distributed as is-
land-like constituents at the PAG boundaries and within
bainite, indicating similar characteristics. Considering that
NZ1 and NZ2 have a set of the same FSW parameters, it was
inferred that the difference in microstructure can be due to the
reheating effect of the two-pass FSW on NZ1. The NZ con-
tains a higher distortion energy introduced by the FSW, so
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Fig. 14. FSW thermal cycle histories of NZ1 at different
depths.

Fig. 15 shows the boundary distribution, kernel average
misorientation (KAM), and recrystallization distribution
maps for NZ1 and NZ2. The low-angle boundaries (LABs)
(2° < misorientation angle < 15°) and high-angle boundaries
(HABs) (15° < misorientation angle) are represented by yel-
low and black lines, respectively. The HABs correspond to
the boundaries of the PAGs and bainitic packets [30-31]. It
was evident that the fraction of HABs in NZ1 was higher
than that in NZ2 because of the presence of fine PAGs (Fig.
15(a) and (b)). Similarly, the KAM value in NZ2 was signi-
ficantly higher than that in NZ1 (Fig. 15(c) and (d)). The re-

Fig. 13. OM and SEM images of the NZ2 (a) and NZ1 (b, c¢) of FSW joint.
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the reheated temperature can cause static recrystallization of
ferrite. In this work, the thermal cycle history of NZ1 during
reheating was measured at different locations using thermo-
couples, as shown in Figs. 1 and 14. The peak temperatures
of NZ1 at depths of 0.5, 1.5, and 3 mm from the bottom of the
steel plate were 597, 678, and 796°C, respectively, and they
increased with increase in measured depth. Recently, it was
reported that fine recrystallized ferrite was obtained as warm-
rolled low-carbon steel at a reheated temperature of 535°C
[28]. Similarly, the stronger deformation of FSW can easily
produce ferritic recrystallization when NZ1 is reheated by a
two-pass FSW. Furthermore, the preheating exerted before
FSW can lead to a lower post-welding cooling rate of longer
duration further promoting recrystallization. Therefore, re-
heating by two-pass FSW and preheating before FSW to-
gether caused fine ferrite in the NZ1. Furthermore, when re-
heating was introduced, M—A constituent was not coarsened.
This is attributed to the low density of dislocations and sub-
structures, which reduces the diffusion channels of C owing
to recrystallization [29].
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crystallization maps indicated that NZ2 was mainly com-
posed of substructures, whereas NZ1 contained a large num-
ber of recrystallized grains (Fig. 15(e) and (f)). Generally,
ferrite exhibits high stacking fault energy and high self-dif-
fusivity, and the climbing and cross slip of dislocations are
relatively fast, which is favorable for recovery [28,32].
However, recrystallization may occur when the stored en-
ergy is sufficient for a strong orientation gradient to appear,
as a result of severe deformation [28]. The NZ experienced
intense deformation during FSW. During the process, sever-
al dislocations and substructures were introduced, leading to
high KAM values. However, at the same time many disloca-
tions are also consumed during the recrystallization of ferrite
when NZ1 is reheated, resulting in a decreased KAM value.
Fig. 16 shows the TEM images of the NZ1 and NZ2. A
high density of dislocations appeared in the NZ2. Consider-
ing the microstructure in the NZ2, the original NZ1 obtained
under same FSW parameter should have a high stored en-
ergy before reheating. Recrystallized ferrite was formed at
PAG boundaries and within granular bainite in the reheated
NZ1 (Fig. 16(b) and (c)). The growth and coalescence of sub-
grains and strain-induced boundary migration are two com-
peting mechanisms affecting recrystallized nucleation
[28,32]. When the NZ1 was reheated by two-pass FSW, the
cross slip and climb of dislocations at elevated temperature
promoted the annihilation and rearrangement of dislocations,
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Fig. 15. Boundary distribution, KAM, and recrystallization maps in the NZ2 (a, c, ¢), and NZ1 (b, d, f).

producing a large number of sub-grains. In addition, the ob-
served bulging out of one grain boundary to another indic-
ated that strain-induced boundary migration nucleation oc-
curred during ferritic recrystallization. During the growth of
recrystallized grains, the adjacent low-misorientation sub-
grains started to rotate, coalesce, and grow. In comparison,
the recrystallized grains for strain-induced boundary migra-
tion grew through HAB migration [4,32].

Gbouar.y ; i

The impact energy of the NZ reached 112% of that of the
BM via impact testing, as shown in Table 4. In comparison,
the toughness of the FZ obtained by double-sidled GMAW
only reached 81% of that of the BM. This is mainly due to the
obvious grain refinement in the NZ1. Furthermore, it was ob-
served that the fine grains led to increase in o according to
Eq. (1), and that more energy is consumed during crack
propagation. Fig. 17 shows the crack propagation paths of
NZ1 and NZ2. NZ2 consists of fine granular bainite, and that
HABs can deflect crack propagation. The PAGs in NZ1 were
refined, and the high fraction of HABs and homogeneously

distributed M—A constituents led to the difficulty of crack ini-
tiation and propagation. Thus, more energy is consumed, and
the toughness of the NZ is improved.

Fig. 17. SEM images of crack propagation paths of NZ2 (a)
and NZ1 (b).

In the oil and gas transportation field, the deterioration in
toughness in the ICCGHAZ of the multi-pass fusion-welded
joint significantly influenced the service life and security of
thick-wall high-strength pipelines. In this work, the double-
sided FSW combined with preheating exhibits a certain ad-
vantage in the toughness of the joint, suggesting the viability
of FSW for welding method of thick-gauge pipeline steels.
We expect that with the gradual development of FSW equip-
ment and tool materials the double-sided FSW will be ap-
plied to join the various pipelines in the future.

4. Conclusions

In this work, the thick-gauge X80 pipeline steel joint with
excellent toughness was achieved by double-sided FSW
combined with preheating, and the relationship between mi-
crostructure and toughness in the various subzones of the
pipeline steel joint was constructed. The detail conclusions
are as follows.

(1) Both the CGHAZ and ICCGHAZ of the GMAW joint
were composed of coarse GB, and coarse network-like M—A
constituents were formed in the ICCGHAZ. However, the
GB in the CGHAZ and ICCGHAZ of the FSW joints was re-
fined, and no network-like M—A constituent was generated in
the ICCGHAZ.
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(2) The toughness of the ICCGHAZ of the FSW joint is
superior to that of the ICCGHAZ of the GMAW joint, and it
was recorded at 71% and 89% of that of the BM for GMAW
and FSW joints, respectively.

(3) In the FSW joints, NZ2 consists of coarse GBs, while
NZ1 is composed of fine ferrite. This is attributed to the fact
that NZ1 was reheated during the two-pass welding, which
led to the static recrystallization of ferrite.

(4) In the entire FSW joint, the toughness of the NZ was
highest at 112% of that of the BM. This originates from the
fact that the fine grains in the NZ1 can significantly inhibit
crack initiation and propagation.
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