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The weldability of an advanced ultra-high strength quenching and partitioning (Q&P) steel with gigapascale
yield strength was investigated via friction stir welding technique. The equal strength to parent metal was for the
first time achieved in the friction stir welded joint although microhardness loss in heat affected zone (HAZ)
occurred. The increased volume fraction of ferrite and dissolution of martensite and retained austenite were
found in the softened HAZ. Nevertheless, the strength of the welded joint was unchanged due to the enhanced

strain hardening ability achieved by the formation of ultra-fine dual phase structures and nano-carbide particles

in the HAZ.

1. Introduction

With the imperative demand for light weight-high strength materials
in automotive industry, the investigations of automotive steels have
been evolved from conventional high strength low alloy (HSLA) steels to
the third generation of advanced high strength steels (AHSSs) [1]. The
main design ideas of developing the third generation steels are to
significantly enhance the plasticity compared to the first generation ones
and to largely reduce the manufacturing cost in comparison to the sec-
ond generation ones [2].

As one of the third generation steels, quenching and partitioning
(Q&P) steels were developed based on the Q&P heat-treatment process
that can produce martensite based steels with retained austenite [3,4].
Benefiting from the transformation-induced plasticity (TRIP) effect
during the deformation of retained austenite, the total elongation of
Q&P steels can exceed 15% together with an ultra-high ultimate tensile
strength (UTS) over 1000 MPa, which can be called advanced ultra-high
strength steels (AUHSSs) [5,6].

As well known, welding is an indispensable procedure during the
manufacture of the body-in-white in the automotive industry. However,
although various welding methods have been applied to join AUHSSs
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[7-101, equal strength joints to parent metal (PM) are hard to achieve.
This difficulty can be attributed to the unavoidable softening behavior of
heat affected zone (HAZ) in steels containing martensite, which origi-
nated from the tempering and annealing softening effects during the
welding thermal cycle [11-16]. The occurrence of early local defor-
mation in the softened HAZ would result in the weakened mechanical
properties and reduced joint efficiency (JE, UTS ratio of the welded joint
to PM) [7,15-17].

Unlikely, the martensite in Q&P treated AUHSSs has been tempered
after partitioning at certain holding temperatures [18,19], which may
limit the tempering softening during the subsequent welding process. So
far, the welding behaviors of Q&P 980 steels have been investigated
using the fiber laser welding (LW) and the resistant spot welding (RSW),
both of which showed ameliorative softening compared with other steels
with similar strength [20-22]. However, the undesirable liquation de-
fects and coarse solidification structure formed in the weld zone dete-
riorated the mechanical performance of the joints [21,22].

As a kind of advanced solid-state welding technique with relatively
low heat input, friction stir welding (FSW) is attractive to join high
melting point materials such as steels, titanium alloys and high entropy
alloys [23-27], enabling the formation of the uniform and ultra-fine
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weld microstructures [28-30]. Lin et al. [31] validated the feasibility of
FSW on an entry-level AUHSS, Q&P 980 steel. Full strength joints to the
PM were obtained and all the joints fractured in the PM region during
tensile tests, which was due to the small width and slight hardness
decrease of the HAZ. Thus, high-quality joints with enhanced tensile
properties are expected to achieve in AUHSSs by FSW.

In this study, a new ultra-high strength Q&P steel with gigapascale
yield strength was chosen as the target material. The effect of the
welding heat on the change of the microstructure and mechanical
properties of the Q&P steel was investigated. The objective is to examine
the weldability of the target material by FSW, explore if equal strength
joint to the PM can be achieved for the ultra-high strength steels, and
clarify the welding mechanism based on understanding the relationship
between microstructural evolution and mechanical properties of the
joint.

2. Experimental procedure

The commercial Q&P 1180 steel sheets with a thickness of 1.6 mm
and chemical composition of Fe-0.19C-2.76Mn-1.60Si-0.039A1-0.01P-
0.003S (wt%) were used. The A.; and A.3 phase transformation tem-
peratures of this steel are 746 °C and 847 °C, respectively [32]. For the
FSW process, a bead-on-plate configuration was conducted to eliminate
the impact of butting surface on the joint failure behavior [33]. A
W-25Re alloy tool with a concave shoulder 11 mm in diameter was used.
A rotation rate of 450 rpm and a welding speed of 200 mm/min were
adopted. After FSW, microstructural features were systematically char-
acterized by optical microscope (OM, Leica DMi8M), scanning electron
microscope (SEM, Zeiss Supra 55) equipped with an electron backscatter
diffraction (EBSD, Channel 5 software) module and transmission elec-
tron microscope (TEM, FEI Tecnai F20) combined with energy disper-
sive spectroscopy (EDS). The OM and SEM samples were finely ground,
polished, and corroded with 5% Nital. Electrolytic polishing and twin-jet
thinning were applied to prepare the EBSD and TEM specimens
respectively using 10% HClO4 and 90% CH3COOH solution. The step
size used for EBSD mapping were 0.2 pm.

Vickers microhardness across the FSW joint was measured using a
Leco LM-247AT type tester with an applied load of 200 g maintained for
15 s. Tensile specimens of the FSW joints were taken perpendicular to
the welding direction according to ASTM E8/E8M-13a standard [34]
with a gauge section 40 mm in length and 6 mm in width. All of the
specimens were stretched by Instron 8801 testing machine at an initial
strain rate of 1 x 107> s™!. A non-standard tensile specimen of 5 mm
gauge length, 1.5 mm gauge width and 0.8 mm gauge thickness was
machined from the HAZ parallel to the welding direction. Digital image
correlation (DIC) technique with two high-speed cameras was employed
to quantify the local strain evolution on the cross-section of the joint
during tensile tests with an acquisition frequency of 5 images per
second.

3. Results and discussion
3.1. Microstructural evolution

The temperature history during the welding process was recorded by
K type thermocouple whose tip was set at the bottom of the weld center.
The temperature curve illustrates that the peak temperature in the weld
center reached A.g (Fig. S1(a)). As shown in Fig. S1(b)—(d), typical stir
zone (SZ) was found under the shoulder of stir tool and the defect-free
FSW joint was obtained; the sub-region of HAZ which experienced
Acs—A.1 temperature is referred as inter-critical HAZ (IC-HAZ), and the
sub-region that formed below A.; temperature is referred as sub-critical
HAZ (SC-HAZ). These two sub-regions were also identified in the FSW of
martensite + ferrite dual phase (DP) steel [35].

The microstructures of the above zones were carefully characterized.
Based on the SEM, EBSD and TEM images (Fig. 1(a)-(c) and Fig. 2(a)),
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the PM presented multi-phase ultra-fine structures including ferrite (F),
retained austenite (RA, fcc structure with red color in Fig. 1(b)) and
martensite (M). The inverse pole figure (IPF) map of Fig. 1(c) reveals
that there was no preferential texture. As shown in Fig. 2(a), carbides
were seldom observed in the PM since the alloy elements Si and Al
played crucial roles in suppressing the formation of precipitates [3,36].

As shown in Fig. 1(d), a single phase structure of martensite was
observed in the SZ since austenite to martensite transformation occurred
via cooling from austenite single phase field. The EBSD phase map of
Fig. 1(e) indicates that barely any austenite was retained after the FSW
process and no obvious change in the grain size was detected in the SZ
compared to the PM. The low angle grain boundaries (LAGBs), which
possessed misorientation angles below 15°, were colored in white in the
EBSD IPF map of Fig. 1(f). It was clear that there is amounts of LAGBs in
the SZ, suggesting that high-density substructures formed in the SZ.
Correspondingly, high-density dislocation within lath martensite was
observed in the TEM image of this region (Fig. 2(b)).

For the IC-HAZ, phase transformation occurred and ultra-fine DP
structures with irregular shaped ferrite and martensite were found
(Fig. 1(g)). As shown in Fig. 1(h), almost no austenite was observed in
this region. Similar to the PM, the crystallographic orientations of these
structures were relatively random, and they retained the heterogeneous
morphology (Fig. 1(i)). Based on the TEM characterizations as shown in
Fig. 2(c) and (d), martensite laths with widths of 100-300 nm were
formed. One notable phenomenon was that the volume fraction of the
ferrite was increased apparently in this region compared to the PM.

In comparison to the IC-HAZ, the volume fraction and the grain size
of the austenite in the SC-HAZ were similar (Fig. 1(j)—(1)). Additionally,
the phase transformation from ferrite to austenite did not occur and the
tempering of martensite proceeded in the SC-HAZ with a number of
carbide particles precipitating along grain boundaries (Figs. 1(j) and 2
(e)). Fig. 2(f) shows the typical conglobate or short rod-like carbide
particles (M3C) with diameters less than 50 nm. According to the EDS
maps in Fig. 2(f), these particles were Mn-rich carbides, which was
consistent with the previous work [37]. As well known, the addition of
Si would increase the nucleation rate and reduce the growth rate of
carbides, and the addition of Mn would slow down the aggregation and
spheroidization of carbides in steels [38]. So, both of them contribute to
the formation of nano-carbide particles in the SC-HAZ.

3.2. Mechanical properties

The microhardness profiles measured in the cross-sectional plane are
illustrated in Fig. 3(a). There is an apparent hardness drop of near 80 Hv
in softened HAZ when compared to that of the PM (375 Hv). It should be
noted that the minimum microhardness value was detected in the SC-
HAZ next to the IC-HAZ. In the IC-HAZ, the variation of volume frac-
tion of the ferrite phase played a key role in the material softening. As
shown in Fig. S1(b), when the peak temperature was located at the range
of Ac; to Acs, the soft phase of ferrite formed, resulting in the loss of
microhardness. Actually, the volume fraction of the ferrite gradually
increased away from the SZ (Fig. S2), which can be predicted according
to the Fe-Fe3C phase diagram in Fig. S1(b).

Tempering induced softening of martensite, which was well accepted
in the welding of steels [7,12,15,20,26,39], was considered firstly for
the hardness decrease in the SC-HAZ. The precipitation of the carbide
particles during the dissolution of the martensite validated the pro-
ceeding of martensite tempering during the welding thermal cycle
(Figs. 1(j) and 2(f)). Except for the tempering induced softening of
martensite, the dissolution of retained austenite could also result in the
hardness drop in the SC-HAZ, as proposed by Mironov et al. [9] in the
FSW of ultra-high strength TRIP steel. The retained austenite was
believed to be harder than ferrite and/or bainite due to relatively higher
carbon content. In the present work, the volume fraction of retained
austenite was estimated to be at least 2.54% in the PM based on the
EBSD results. However, most of them dissolved and transformed into
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Fig. 1. SEM images of PM, SZ, IC-HAZ and SC-HAZ.

ferrite and carbides due to the heating effect induced by FSW (Fig. 1(j)
and (k)). Therefore, the loss of strengthening effects of both the
martensite and retained austenite could be the main softening mecha-
nism in the SC-HAZ.

The microhardness profiles illustrated that the SZ exhibited the
highest hardness of ~480 Hv (Fig. 3(a)). As revealed in Fig. 1(d)-(f) and
Fig. 2(b), the hardness enhancement in the SZ was strongly associated
with the generation of the dislocation martensite which possessed high
hardness and strength in steels. As shown in Fig. 3(b), the PM possessed
the yield strength (YS) and UTS of 1048 MPa and 1214 MPa, respec-
tively. By comparison, the YS and UTS of the welded joint were 1028 and
1212 MPa, respectively, indicating that the joint with significantly
softened HAZ showed equal strength to the PM (JE ~ 100%), which was
rarely achieved in ultra-high strength steels before [7-9,39]. Also, the
welded specimen exhibited comparable ductility and fractured in the
PM rather than the HAZ, as revealed in the inset of Fig. 3(b). However,
owing to the non-uniform properties of the different zones across the
joint, local deformation proceeded in the HAZ and the PM during the
tensile test (see DIC results in Section 3.3 for details), leading to less
elongation of the welded joint compared to the PM.

3.3. Strengthening mechanism

To understand why the strength of the joint with softened HAZ was
impervious, the evolution of local strains during tensile tests in the areas

of PM, HAZ and SZ was obtained using the DIC technique. As shown in
Fig. 4(a), five representative deformation stages, divided into elastic
deformation (total strain = 0.4%), 6¢.2 yield point (total strain = 0.76%),
interim plastic deformation (total strain = 5%), maximum loading point
(total strain = 9.3%) and localized necking (total strain = 11%), were
selected to exhibit the corresponding local strain distribution in the
cross-sectional plane of the FSW joint (Fig. 4(c)). At the early stages of
deformation (elastic deformation and o 5 yield stages), apparent strain
concentration was found in the HAZ due to the lowest hardness, indi-
cating that this region suffered larger deformation compared to the PM
and SZ. In addition, the local strain was more intensive on the bottom of
the weld seam, which could be attributed to the larger HAZ width near
the weld bottom as shown in Fig. 3(a).

In the interim plastic deformation stage, the HAZ and PM undertook
much larger local deformation compared to the SZ, reflected by the local
axial strain profile in Fig. 4(b). In particular, the axial strain in the HAZ
was mainly concentrated in the SC-HAZ, which was consistent with the
location of the minimum hardness zone in Fig. 3(a). The local strain
profile was almost symmetrical relative to the weld center and similar
peak strain could be detected in the HAZ and PM. This case was asso-
ciated with the excellent work hardening capability of the HAZ due to
the tempering. At the maximum loading and the localized necking
stages, local deformation was significantly prominent in the PM.

Based on the evolution of local strains, it was suggested that softened
microstructures in the HAZ possessed almost the same even superior
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100 nm

Fig. 2. TEM images of the joint. (a) PM, (b) SZ, (c) and (d) IC-HAZ, (e) and (f) SC-HAZ. The insets of (f) are the EDS mappings around carbide.
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Fig. 3. (a) Cross-sectional microhardness profiles of FSW joint, and (b) engineering stress-strain curves of FSW joint and the PM (AS and RS mean the advancing and

retreating side, respectively).

strain hardening ability compared with that of the PM, which can be
verified by the obvious hardness recovery of the HAZ after tensile test, as
shown in Fig. S3(a). In addition, the tensile curves showed in Fig. S3(b)
indicated that the HAZ possessed a higher initial strain hardening rate
and lower yield strength in comparison to the PM, which was corre-
sponding with the higher strength and lower hardness of the joint,
respectively.

The superior strain hardening ability of the HAZ could be expounded
as follows. At the early stage of deformation, the ferrites and tempered
martensite that were formed in the two sub-regions of the HAZ played
crucial roles in accommodating the local strain and then the accumu-
lations of dislocations could make significant contributions to the work
hardening. With the deformation continuing, the nano-carbide particles
might significantly contribute to enhancing the work hardening by

pinning and trapping the dislocations during plastic deformation.
Finally, the plastic instability happened in the PM, leading to the
occurrence of the failure in the PM rather than in the HAZ.

4. Conclusions

The friction stir welded Q&P 1180 steel joint exhibited equal
strength to the PM even though there was an apparent hardness drop in
the HAZ. The softening of the HAZ was attributed to the increase of
ferrite content and dissolution of martensite and retained austenite.
Nevertheless, the generation of ultra-fine DP structures and the forma-
tion of nano-carbide particles were suggested to enhance the strain
hardening ability of the HAZ, which resulted in the excellent joint
strength during subsequent tensile deformation. The welded joint
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owned less elongation than the PM due to the proceeding of the local
deformation in the HAZ and the PM region. This work provides an
effective strategy to improve the welding quality of the ultra-high
strength steel.
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