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ABSTRACT

How the quenching and partitioning (Q&P) steel with an ultrahigh strength (>1 GPa) be-
haves during the welding process is a considerable issue for its practical application, but
the systematical evaluation on the welding behavior of this new steel has not yet been
concerned. Here the structure-property relationships of three typical Q&P 1180 steel joints
were comparatively studied by using laser welding (LW), tungsten inert gas (TIG) welding,
and friction stir welding (FSW). Weld metal (WM) region and heat-affected zone were
generated in the welded joints and their widths were mainly related to the welding linear
energy (LW < FSW < TIG welding). During LW and TIG welding, the parent metal (PM) was
totally destroyed and coarsened in the WMs whereas ultrafine microstructures with high
hardness were obtained after FSW by means of the low peak temperature and severe
plastic deformation. The TIG welding produced serious material softening, while the
softening degree could be alleviated via LW and FSW. Excellent tensile strength as high as
that of the PM was achieved in both the LW and FSW joints by means of the suppressed
material softening as well as small soft zone width. However, dramatic losses of strength
and ductility were found in the TIG welded joint owing to the premature strain localization
and fracture in the soft zone.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Quenching and partitioning (Q&P) steels are now widely
developed as alternative steels for weight reduction of the
automotive body in white to promote energy conservation and
emission reduction. This kind of steels commonly offers
desirable strength-ductility synergies arising from their
multiphase, metastable, and multiscale structures, which are
obtained through a quenching-partitioning process followed
by secondary quenching [1]. The quenching treatment can
produce hard martensite to enhance the strength, while the
partitioning route enables the stable preservation of austenite
under ambient temperature to afford plasticity by
transformation-induced plasticity (TRIP) effect [2,3]. These
unique microstructures of Q&P steels result in a higher tensile
strength together with a larger elongation than conventional
high strength low alloy (HSLA) steel as well as advanced high-
strength steels (AHSSs) of martensitic steel, TRIP steel and
dual-phase (DP) steel [4,5].

Welding, an imperative procedure during assembling the
structural components, has played a crucial role in the
manufacture of automobiles since high-quality welded joints
are required to ensure the vehicle body's safety. However, the
thermal effect during welding often worsens the mechanical
performance of AHSSs. Previous researches have shown that
apparent material softening could be detected during various
welding methods, such as laser welding (LW) [6—8], resistance
spot welding (RSW) [9—-11], gas metal arc welding (GMAW)
[6,12] or friction stir welding (FSW) [13—16], for AHSSs like DP
steel [6,9,12—14], TRIP steel [7,15,17], and martensitic steel
[8,12,17]. Most of the property losses are related to the grain
coarsening or tempering decomposition of parent metal (PM)
due to high-temperature duration, and thus produces het-
erogeneous microstructures in a softened heat-affected zone
(HAZ) where local stress or strain concentration is preferen-
tially developed during deformation.

The microstructural characteristic of the PM and welding
method adopted are two critical factors in suppressing the
property deterioration of HAZ and achieving high-quality
tailored-welded blanks [18]. The Q&P treatment is a prom-
ising method to fabricate Q&P steels with more stable inner
structures, since the recovery of martensite can proceed
during carbon partitioning into austenite with consequent
austenite stabilization [2,19—21]. Recent studies have verified
the excellent jointing performance of Q&P 980 steels during
LW [22—24] and FSW [25,26], and equal strength joints to PM
were successfully fabricated with negligible HAZ softening.
Wang et al. [27] have demonstrated the feasibility of achieving
high strength joints in an ultrahigh strength Q&P 1180 steel,
while comparable strength joint is hard to realize in DP steel
[16] and TRIP steel [15] of similar strength level.

The welding method can also determine the joint's per-
formance because the dimension as well as softening degree
of the HAZ can be significantly different under diverse heat
source energies, welding speeds and cooling rates [6,28,29].
Although several works have shown attractive welding per-
formance of Q&P steels [22,23,25,27,30], the comprehensive
consideration of the welding method and the resultant influ-
ence on the microstructure and mechanical properties of Q&P

steels, especially those possessed ultrahigh strength (>1 GPa),
is still poorly understood thus far. The crosswise comparison
of different welding methods can not only comprehend the
weldability of Q&P steel in depth, but also help to provide an
optimum welding method for high-quality Q&P steel joints.

This work directs at understanding the structure-property
evolution of the ultrastrong Q&P 1180 steel joints under
diversified welding methods. Three typical welding processes,
fusion welding approaches of traditional tungsten inert gas
(TIG) welding, high-energy beam LW and typical solid-state
welding technique of FSW, were adopted to fabricate defect-
free joints. The macrostructures and microstructures across
the joints were comparatively studied to appreciate the me-
chanical behavior evolution and failure locations of the wel-
ded joints, and the correlations among welding methods,
microstructures and mechanical properties of Q&P steel joints
were discussed.

2. Materials and methods
2.1. Parent material

Cold-rolled 1.6 mm thick Q&P 1180 steel sheets with a chem-
ical composition presented in Table 1 were used as the PM.
This steel owns a yield strength (YS) of 1048 MPa, an ultimate
tensile strength (UTS) of 1214 MPa, and a total elongation (TEL)
of 15%. The microstructure and phase component of the PM
were exhibited in Fig. 1. Complex phases including martensite
(M), ferrite (F) and retained austenite (RA) were observed. The
percentage of ferrite and retained austenite was 11.7% and
7.8% respectively (volume fraction). The rest was martensite
which could be subdivided into initial martensite (M;, pro-
duced in the initial quenching stage) and fresh martensite (Mg,
developed in the secondary quenching stage) [30]. The grain
structure of the PM was in an ultrafine scale with an average
size of 0.6 pm.

2.2. Welding methods

Three typical welding methods of LW, TIG welding, and FSW
were applied to the PM to fabricate weld seams along the
rolling direction (RD). Therein, LW and TIG welding are
frequently-used fusion methods for welding steels [31], while
FSW is a solid-state welding technology that has the capability
of achieving high-quality steel joints [32—34]. A 1.6 kW fiber
laser was used during LW with a welding speed of 1.5 m/min.
A voltage-current collocation of 14 V—80 A was adopted in the
TIG welding process with a welding speed of 0.2 m/min. The
refractory alloy (W-25Re) was selected to fabricate the rota-
tional tool used in FSW, during which a consistent tool rota-
tion rate and a moving speed of 300 rpm and 0.2 m/min were
exerted respectively. In order to eliminate the probable defect

Table 1 — Chemical constituent of the Q&P 1180 steel (wt
%).

C Mn Si Al S P Fe
0.19 2.76 1.60 0.039 0.003 0.01 Bal.
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Fig. 1 — Microstructural morphology of the Q&P 1180 steel observed by (a) SEM, (b) EBSD.

Table 2 — Welding parameters and geometries of the
three joints.

Welding Power  Welding Linear = Max width of

method P (kW) speedv(m/ energyE; WM (mm)
min) (kJ/m)

LW 1.60 15 64 1.24

TIG 1.12 0.2 336 3.82

FSW 0.46 0.2 138 10.91

induced by the butting interface, a bead-on-plate configura-
tion was conducted without filler wire for all of the three
welding procedures.

Linear energy E; (J/m), the average energy deposited per

unit path length, is a key parameter to evaluate the heat input
of welding methods on the as-welded PM. The E; can be given
as [35]:
E= 1
where P and v are the heat source power output (W) and
moving speed (m/s). Note the E; would be evaluated without
considering the energy absorption efficiency for simplification
(the same below). In this work, the welding speeds and power
output of LW (Pry) are currently available parameters, while
Pric and Prsw can be calculated as follows [36,37]:

P
v

Pric = Ul 2

P}:‘sw = gW2M0R3 (3)

where U and I are the welding voltage (V) and current (A), u the
friction coefficient between rotational tool and PM (0.41-0.28
for steel [38]), w and R the rotational rate (rot/s) and geometric
radius (m) of the tool, ¢ is the contact pressure (Pa) of the
workpiece exerted by the welder spindle and can be given by

F
TR “

where F is the axial load (N). Hence, Eq. (3) can be simplified as

4
Prsw = 3 wuFwR (5)

In the present study, u is taken as 0.4 [39], F is 10 kN after
measurement, w is 5 rot/s, and R is 5.5 mm. Based on the above
equations and parameters, the E; of each welding method can
be obtained as shown in Table 2.

2.3. Microstructural characterization
The cross-sections of the different joints were observed by

optical microscope (OM, Leica DMi8M) and scanning electron
microscope (SEM, FEI Inspect F50). Electron backscatter

Fig. 2 — Cross-sectional macromorphologies of the Q&P 1180 steel joints after (a) LW, (b) TIG welding and (c) FSW.
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Fig. 3 — Optical images of the PM (a) and the WMs under LW (b), TIG welding (c) and FSW (d).

diffraction (EBSD, Channel 5 software, step size 0.04 pm)
technique was adopted to examine the grain size and phase
component. Note that the automatic image analysis method
was adopted to measure the ferrite volume fraction according
to ASTM E1245 standard [40] via SEM images owing to the
comparable crystalline structure of ferrite and martensite.
The OM and SEM samples were etched with 5% Nital after
being ground and polished, while electrochemical polishing
was applied to the EBSD specimens in 10% perchloric acid
alcohol solution at 20 V, —25 °C.

2.4. Mechanical assessment

Vickers hardness was measured on the OM specimens
adopting a 200 g applied load with a 15s dwell time along the
thickness center. Dog-bone-shaped tensile specimens were
cut perpendicular to the RD with a gauge dimension of
40 x 6 x 1.6 mm® according to ASTM E8 standard [41], and then
were tested using an Instron 8801 machine at room temper-
ature under a consistent crosshead moving speed of 2.4 mm/
min. The local strain evolution of the joints was evaluated by
the digital image correlation (DIC) procedure. With the tensile
test proceeding, two high-speed industrial cameras captured
the in-situ images on the speckled cross-sections with a
collection frequency of 5 frames/s.

3. Results and discussion
3.1.  Macromorphology

Fig. 2 displays the cross-sectional macromorphologies of the
three welded joints. Defect-free joints were successfully

produced. Three differentiated zones which consisted of weld
metal (WM), HAZ and PM were observed across the joints even
if obvious differences existed in the morphology and dimen-
sion among the three joints. Saddle-shaped, funnel-shaped
and basin-shaped WMs were formed in the LW, TIG welding
and FSW joint, respectively. The maximum width of the WM
was measured as shown in Table 2, it was apparent that the
LW possessed the smallest WM due to the lowest linear en-
ergy, while the FSW produced the largest WM because of a
large heat source area which was controlled by the tool
shoulder diameter.

3.2. Microstructure

The microstructural characteristic of a welded joint was
highly dependent on the thermal cycle and strain condition
during welding. For LW and TIG welding, the peak tempera-
tures could surpass ~1500 °C due to materials remelting. After
that, high-temperature duration and air cooling proceeded
with phase transformation of liquid — austenite —
martensite, during which a rapid grain growth of austenite
occurred at elevated temperature. Therefore, the PM was
demolished in the WMs (Fig. 3a—c) and coarse martensite with
an apparent lath substructure was observed in the LW and TIG
welding joints (Fig. 4a and d). According to our previous study
[27], the peak temperature during the present FSW process
should be near the A ; temperature of 847 °C, which was
greatly lower than that of the LW and TIG welding. During
high-temperature duration and austenitization, severe plastic
deformation and dynamic recrystallization occurred via tool
stirring, resulting in significant grain refinement of austenite.
Then, refined martensite was generated via the solid-state
phase transformation of austenite — martensite under air
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Fig. 5 — SEM micrographs displaying the HAZ microstructure development of the LW joint.
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Fig. 6 — SEM micrographs displaying the HAZ microstructure development of the TIG welded joint.

cooling. Thus, no obvious coarsening of the microstructure the LW and FSW joints, a large number of carbide particles
was observed and similar ultrafine grains were obtained after were identified in the laths of martensite for the TIG welded
FSW, compared to the PM (Figs. 3a, d and 4g). Different from joint (inset in Fig. 4d), which was relevant to the self-

Fig. 7 — SEM micrographs displaying the HAZ microstructure development of the FSW joint.
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Fig. 8 — Microhardness distribution profiles of the welded joints: (a) LW, (b) TIG welding, (c) FSW, (d) assembly graph.

tempering precipitation during a high-temperature duration
with a long time via a high linear energy (Table 2).

The EBSD results of Fig. 4b, e and h exhibited that there was
no obvious preferential texture among the martensite packets
but approximate orientation which was observed within the
packet due to the directional growth of the lath bundle [42]. In
the FSW joint, the packet was hardly developed in martensite
due to an ultrafine structure size of 0.82 um. Instead, pene-
trating lath bundles between adjacent prior austenite
boundaries could be observed (Fig. 4h). In addition, the pro-
portions of low angle grain boundaries (misorientation angles
between 2 and 15°, gray lines in IPF maps) were 20% and 23%
for the WMs of LW and TIG welding respectively, while a lower
proportion of 12% was measured for that of the FSW. This was
related to the lower density of martensitic substructures such
as packets, lath bundles and dislocations, which could be
verified by the low kernel average misorientation (KAM) in
Fig. 4i. After the thermal or mechanical interaction and phase
transformation, the austenite was hard to be retained in the
WMs for all welding methods, as displayed in the phase maps
of Fig. 4c, f and i.

Under various heating and cooling conditions, the HAZ
which was adjacent to the WM without fusion or severe

Table 3 — Geometries and hardness of the three joints.

Welding HAZ Hard zone Soft zone Minimum

method width width width  hardness of soft
(mm) (mm) (mm) zone (Hv)

LW 2.05 1.28 1.10 296

TIG 8.28 5.14 4.54 281

FSW 2.73 4.72 221 295

plastic deformation also exhibited significant differences in
macroscopic features and microstructures. Fig. 5 shows the
HAZ morphologies of the LW joint. The HAZ was comprised of
four subregions which were coarse-grained HAZ (CG-HAZ),
fine-grained HAZ (FG-HAZ), inter-critical HAZ (IC-HAZ) and
sub-critical HAZ (SC-HAZ). As reported in the previous studies
[22,25,35,43,44], the peak temperature in the CG-HAZ was
similar to that in the WM. The FG-HAZ owned a peak tem-
perature exceeded the A.; temperature but was lower than
that in the CG-HAZ. The peak temperature in the IC-HAZ and
SC-HAZ was between A.; and A (746 °C [27]) and below Ay
temperature, respectively. Accordingly, similar fresh
martensite was produced in the CG-HAZ (Fig. 5a) compared to
that in the WM (Fig. 4a), while a finer martensitic structure
was developed in the FG-HAZ (Fig. 5b) via suppressing grain
growth at the lower peak temperature in comparison with the
CG-HAZ.

In the IC-HAZ, a DP structure of ferrite and martensite was
generated. As shown in Fig. 5c, the martensite was convex
with high brightness versus the ferrite. Fig. 5d—f reveals the
microstructural evolution between IC-HAZ and SC-HAZ,
where the interface was marked with a black dotted line
(Fig. 5e). It was distinct that ultrafine structures comparable to
that in the PM were found in both the IC-HAZ and SC-HAZ.
Under the low-temperature aging below A.;, tempering-
induced decomposition of martensite and retained austenite
occurred in the SC-HAZ, which caused the precipitation of
carbide (C) particles (Fig. 5f).

In the TIG welded joint, broad HAZs with comparable
microstructure characteristics were observed as contrasted
with the LW joint (Fig. 6). Two sites were chosen in the CG-
HAZ that a smaller martensitic structure was found at the
location far from the WM (Fig. 6b) than that adjacent to the
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WM (Fig. 6a). As shown in Fig. 6c, refined martensite was
produced in the FG-HAZ. It should be noted that the grain size
of prior austenite and the lath width of martensite within the
CG-HAZ or FG-HAZ were larger than those observed in the LW
joint (Fig. 5a and b). This was attributed to the grain growth
induced by a longer duration time at a high temperature
during TIG welding, and thus promoted the self-tempering
induced precipitation of carbide particles in the CG-HAZ and
FG-HAZ, similar to the WM. In the IC-HAZ, the microstruc-
tures at adjacent two positions were examined as revealed in
Fig. 6d and e. It was obvious that the martensite fraction
decreased with the peak temperature declining, which was
embodied by the distance increasing away from the WM. In
the SC-HAZ of the TIG welded joint, a larger number of carbide
particles were found (Fig. 6f) due to more serious tempering
precipitation via the larger linear energy and lower cooling
rate, compared to the LW joint.

Fig. 7 exhibited the microstructures of HAZ for the FSW
joint. Smaller HAZs were generated due to the lower peak
temperature and linear energy, compared to the TIG welded
joint. The CG-HAZ and FG-HAZ mentioned above were not
found in the FSW joint, while only the IC-HAZ and SC-HAZ
were visible. Compared with the LW joint, similar micro-
structures were observed in the IC-HAZ and SC-HAZ with the
DP (Fig. 7a and c) and tempered complex structures (Fig. 7d)
respectively. Similar to the LW, the precipitation of carbide
particles was suppressed by FSW via the low linear energy,
under which the carbide particles were hard to be found with
a smaller quantity than that observed in TIG welded joint

(Fig. 6f).

Fig. 10 — Cross-sectional images of (a) LW, (b) TIG welding
and (c) FSW joints after tensile tests.

3.3.  Mechanical properties

Fig. 8 demonstrates the microhardness evolution of the joints.
The measured positions were sketched by dotted lines in the
inserted OM images. The WM and HAZ of each joint could be
discriminated by different background colors according to the
OM contrast and hardness evolution (Fig. 8a—c). By contrast
with the hardness of the PM, hard zones which possessed
higher hardness values and soft zones which owned lower
hardness values were differentiated in all of the three welded
joints (Fig. 8d). The results indicated that the hardness profile
across the joint altered considerably depending on the weld-
ing method adopted. The peak hardness of the LW joint was
located in the FG-HAZ and the hardness values gradually
decreased close to the weld center (Fig. 8a). However, no
gradient hardness evolution was found in the hard zones of
the TIG welded joint (Fig. 8b) and FSW joint (Fig. 8c). This
phenomenon was relevant to the gradual decrease of
martensite size from WM to FG-HAZ in the LW joint [43], as
shown in Figs. 4a and 5a, b, while the size gradient was
inconspicuous in the TIG welded joint (Figs. 4d and 6a—c),
causing the negligible hardness gradient in the hard zone. In
addition, the FSW joint and TIG welded joint had the highest
(450 Hv) and the lowest (417 Hv) average hardness of the hard
zones on account of the grain refinement hardening and self-
tempering softening, respectively (Fig. 8d).

The widths of HAZ, hard zone, and soft zone were quan-
tified and listed in Table 3 (half of the actual value). Combined
with Fig. 8d, a conclusion could be made that the widths of the
three joints obeyed the same order of LW < FSW < TIG, which
tied in with the sequence of the linear energies (Table 2). The
minimal hardness of the soft zone was measured at the
boundary between the IC-HAZ and the SC-HAZ for all of the
three joints (Figs. 5e and 7b), which was due to the increasing

Table 4 — Mechanical properties of the three welded
joints.

Welding YS UTS TEL Failure
method (MPa) (MPa) (%) location
PM 1048 + 9 1214 + 5 15+1 =

LW 1028 + 6 1213 + 2 13+0.7 PM

TIG 841+ 5 1082 + 2 44 +0.2 Soft zone
FSW 1000 + 4 1208 + 2 7+0.5 Soft zone
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thickness.

of ferrite fraction in the IC-HAZ (compare Fig. 6d with e) and
the tempering-induced softening in the SC-HAZ (Figs. 5f, 6f
and 7d). Comparable results were reported in the welding of
DP steel [44], Q&P steels [25,30], TRIP steel [15] and martensitic
steel [43]. The minimum hardness values were shown in Table
3. It revealed that the TIG welded joint owned the lowest
hardness (281 Hv) with the most serious material softening
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(80% of the PM), while the softening degree of the LW and FSW
joints was alleviated with enhanced minimum hardness (~295
Hv) due to low linear energy and peak temperature,
respectively.

The tensile properties of the Q&P 1180 PM as well as
different joints were exhibited in Fig. 9. The YS, UTS and TEL
which were obtained based on the engineering stress-strain
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distributions at different tensile strain stages, (c) local strain profiles.

curves were listed in Table 4. The PM possessed a high
strength-ductility synergy. After LW, no distinct variation on
the UTS occurred except slight reductions in the YS and TEL.
The UTS of the FSW joint was as high as that of the PM, while
the YS and TEL decreased by 48 MPa and 8%. For the TIG
welded joint, the YS, UTS and TEL were reduced by ~200 MPa,
~130 MPa and ~10% respectively, which were dramatically
lower than that of the PM. In the present study, we conclude
that the width and minimum hardness of the soft zone play
critical roles in the tensile properties of welds. When the soft
zone width was too large (4.54 mm for the current study) or
the minimum hardness was much less than the average
hardness of PM (below 80% of PM for example), strain locali-
zation and premature fracture would occur in the soft zone
during tensile deformation and thus result in a substantial
deterioration of strength and ductility [6,45], such as the joint
produced by TIG welding. The diversity of TEL between LW
and FSW joints was also attributed to the inhomogeneous
strains that evolved across the joint, where heterogeneous
microstructures and hardness were produced. More promi-
nent strain localization would occur in the FSW joint due to
larger sizes of the hard zone and soft zone, which engendered
larger ductility loss of the FSW joint.

In this research, no evident variation was detected in the
YS and UTS of LW and FSW joints even though a hardness
reduction of ~55 Hv was formed, compared to the PM. That is,
the strength, especially the UTS of the joint was impervious
to the softened HAZ. To clarify this issue, non-standard mini
tensile specimens with a gauge dimension of
5 x 1.5 x 0.6 mm?® (inset in Fig. 9b) were incised from the soft
zone along the RD. Note that the PM and the soft zone of the
TIG welded joint were also tested under the same circum-
stance for comparison, while the assessment of the LW joint

was not carried out due to the limited soft zone width. As
shown in Fig. 9b, it was apparent that the soft zone of the TIG
weld yielded earlier than that of the FSW joint and PM as the
result of severe tempering softening. By suppressing the
material softening via reducing the welding linear energy, the
YS of the soft zone was effectively enhanced by using FSW,
although the equal YS to the PM was hard to be achieved.
Recently, some reports suggested that the special macro-
structural configuration such as in LW [46] and FSW [30]
joints could provide additional macrostructure strengthening
in achieving joints without strength loss. Under tensile
strain, the PM remained in a uniaxial stress state, while a
biaxial stress state could appear in the soft zone with an
extra stress which could offset a portion of applied stress,
and thereby counteract the strength loss caused by the ma-
terial softening.

3.4. Failure mechanism

As shown in Table 4, the failure behavior of the welded joint
was influenced by the welding method used. The TIG welded
and FSW joints fractured in the soft zone whereas the LW joint
was broken in the PM. As displayed in Fig. 10, the LW joint was
broken at the location far away from the weld center. How-
ever, the fracture was clearly observed in the SC-HAZ for the
other two joints. In general, the fracture location was strongly
related to the joint's material softening which caused strain
concentration and eventual necking failures [15], such as the
current joints of TIG welding and FSW. Nevertheless, this
inference was not working anymore in the LW joint. To un-
derstand this phenomenon, the in-situ strain evolution on the
cross-sectional surface was investigated via the DIC
technique.
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As depicted in Fig. 11a, several total tensile strains were
selected as the typical strain stages for the LW joint. The ob-
tained local axial strain profiles which were extracted from the
extensional strain distributions of Fig. 11b were shown in
Fig. 11c. It was clear that no distinct strain concentration was
found across the jointnear the yielding stage (0.7% total strain),
while the strain concentration first occurred in the soft zone at
the work hardening stage (2% total strain) with local strain as
high as that in the PM. With the tensile load increasing, the PM
gradually seized the initiative in plastic strain (5% total strain)
and enlarged its advantage at the peak load stage (10% total
strain). Ultimately, necking was developed in the PM with a
large local strain concentration (14% total strain). As described
above, it was noteworthy that there existed a competitive
relationship between the soft zone and PM, that the soft zone
turned the tide of strain hardening during plastic deformation
and resulted in the failure in the PM.

As for the TIG welded joint, the strain trade-off between
soft zone and PM was not found anymore. As shown in
Fig. 12, strain concentration in the soft zone was observed
during the whole tensile deformation. At the peak load stage
(4% total strain), an ultrahigh local strain of more than 20%
was measured in the soft zone. This was much greater than
that found in the LW joint (10% total strain in Fig. 11c) and
verified the above discussions on the strain localization and
premature fracture. Nevertheless, the one-sided strain con-
centration in the soft zone could be restrained by FSW, while
obvious strain partitioning from soft zone to PM occurred in
Fig. 13b and c. This reappearance of local strain interaction
indicated an enhanced strain hardening ability of the soft
zone. Together with the macrostructure strengthening, the
premature strain localization and fracture were effectively
delayed and thus high strength joints with considerable
elongations were achieved after FSW, which is comparable
with the LW. In addition, it was suggested that the diversity
of the fracture locations between LW and FSW joints was
relevant to the soft zone width. A narrow soft zone would
provide a small strain concentration region, heighten the
extra stress in the biaxial stress state, and consequently
avoid necking in the soft zone [30].

4, Conclusions

The weldability of an ultrahigh-strength Q&P 1180 steel was
systematically studied by comparing the microstructures and
mechanical properties of variant welded joints fabricated by
LW, TIG welding, and FSW. The main conclusions can be
drawn as follows:

1. Defect-free welded joints which consisted of WM, HAZ and
PM were successfully produced although obvious differ-
ences in the size and morphology of these regions were
observed. The width of the WM and HAZ were strongly
related to the linear energy of a certain welding method
(LW < FSW < TIG welding). Exceptionally, FSW owned the
maximal WM width due to the largest heat source area
which was determined by the tool dimension.

2. After LW and TIG welding, the PM was totally destroyed in
the WMs, and coarse lath martensite was generated due to

materials remelting and high-temperature duration.
However, refined martensite with ultrafine grains which
were comparable to that in the PM was obtained after FSW
because of the low peak temperature and severe plastic
deformation effect.

3. Four subregions of CG-HAZ, FG-HAZ, IC-HAZ and SC-HAZ
were distinguished in the HAZ. However, the CG-HAZ and
FG-HAZ were not found in FSW joint. In CG-HAZ and FG-
HAZ, fresh martensite was produced with a gradual
decrease of the structural sizes from the former to the
latter. The IC-HAZ was comprised of a DP structure, while
carbide precipitation usually occurred in the SC-HAZ
owing to the tempering-induced decomposition of
martensite and retained austenite.

4. Apparent hard zones and soft zones were differentiated in
all of the three welded joints based on the hardness profiles
which altered considerably depending on the welding
method adopted. The TIG welding produced the most
serious material softening (20% reduction relative to the
PM), while the softening degree was alleviated via LW and
FSW due to the low linear energy and peak temperature,
respectively.

5. Excellent tensile strength as high as that of the PM was
achieved in both the LW and FSW joints. However, dra-
matical losses of the YS, UTS and TEL were found in the TIG
welded joint, which was attributed to the premature strain
localization and fracture in the soft zone. By using LW and
FSW, the strain localization was effectively delayed and
thus high strength joints with considerable ductility were
achieved.
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