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Abstract
Friction stir lap welding of a DP1180 advanced ultrahigh strength steel was successfully carried out by using three welding 
tools with different pin lengths. The effects of the welding heat input and material flow on the microstructure evolution of 
the joints were analyzed in detail. The relationship between pin length and mechanical properties of lap joints was studied. 
The results showed that the peak temperatures of all joints exceeded Ac3, and martensite phases with similar morphologies 
were formed in the stir zones. These martensite retained good toughness due to the self-tempering effect. The formation 
of ferrite and tempered martensite was the main reason for the hardness reduction in heat-affected zone. The mechanical 
properties of the lap joints were determined by loading mode, features of lap interface and the joint defects. When the stir pin 
was inserted into the lower sheet with a depth of 0.4 mm, the lap joint exhibited the maximum tensile strength of 12.4 kN.
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1 Introduction

Although various lightweight materials are constantly devel-
oped recently, steels are still main structural materials in 
automobile manufacturing. In recent years, advanced ultra-
high strength steels (AUHSSs) with tensile strength over 
1 GPa are required to achieve weight reduction, energy sav-
ing and improvement in vehicle body safety [1, 2].

For AUHSS, heat treatment and plastic deformation are 
usually used to achieve desirable microstructure. Therefore, 
AUHSS usually contains fine grains and metastable phases 

(such as martensite, bainite and retained austenite) [3, 4]. 
Thus, AUHSS is often in a condition of high-energy meta-
stable state, and its unstable structures are very sensitive to 
the cyclic heat during welding. For instance, the martensite 
in dual-phase (DP) steels can easily loss its hardness with 
carbide precipitation during tempering, even if it underwent 
a temperature far below the Ac1 phase transition temperature. 
Therefore, achieving high quality AUHSS joints with good 
mechanical properties has been a great challenge [5]. At 
present, the sharp decline in weldability has become a key 
factor hindering the wide application of AUHSS.

Nowadays, fusion welding techniques like laser welding 
(LW) and resistance spot welding (RSW) have been success-
fully applied in the auto-body manufacturing. Nevertheless, 
there are still some disadvantages for the fusion welding of 
AUHSS. Firstly, the melting process completely destroys 
the original structures of AUHSS, and it is easy to form brit-
tle microstructure with high strain in the weld zone which 
can reduce the joint toughness significantly [6, 7]. Secondly, 
solidification-related defects like voids and cracks can be 
formed during the fusion process [8, 9]. Thirdly, AUHSS is 
more sensitive to thermal cycle than traditional low-strength 
carbon steels. Thus, serious decrease in the joining proper-
ties can be observed in its fusion-welded joint.

Friction stir welding (FSW), a kind of advanced solid-state 
welding technique with relatively low heat input [10, 11], has 
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been successfully applied to the joining of aluminum and mag-
nesium alloys [12–15]. With the continuous development of 
welding tools, FSW has gradually demonstrated its merits in 
the welding of high melting point materials such as steels, tita-
nium alloys and superalloys [16–19]. Because of the absence 
of melting during welding, FSW can ameliorate the problems 
in fusion welding and has shown great possibility of joining 
AUHSSs.

At present, the investigations on the microstructure and 
mechanical performance of AUHSS FSW joints are still 
scanty. Ghosh et al. [20, 21] successfully performed FSW on 
ultrahigh strength martensitic steel with lap joint under high 
heat input parameter (rotation rate of 1000 rpm). They found 
that two heat-affected zones (HAZs) were formed in the joint 
due to the variety of the temperature field. The HAZ2 was 
away from the stir zone (SZ) and exhibited mixed structures of 
ferrite and pearlite, which was the lowest hardness zone with 
the hardness of only 40% of the parent metal (PM).

Mironov et al. [22] achieved FSW joint of a 1.2 GPa trans-
formation-induced plasticity (TRIP) steel. Hard quenched 
martensite was produced in the SZ, and the HAZ softening 
was mainly related to the reduced fraction of retained austenite 
and decomposition of bainite. In addition, ultrahigh strength 
twinning-induced plasticity (TWIP) steel was also successfully 
welded [23]. Grain growth, the dissolution and coarsening of 
nano-precipitated VC, led to the softening in the HAZ.

Matsushita et al. [24] obtained defect-free butt joint of 
HT1180 DP steel. It was revealed that the peak tempera-
ture during welding could reach 900 °C at a rotation rate 
of 400 rpm. Hard and brittle martensite and bainite phases 
generated in the SZ. The HAZ softening was serious and the 
minimum Vickers hardness was about 70% of the PM. The 
microstructural evolution of the joint exerted a crucial effect 
on the mechanical properties of the joint.

The above works provided a preliminary understanding of 
the effects of FSW on the microstructure and properties of 
AUHSSs. Diverse softening mechanisms of the HAZ were 
found for different steels. Nevertheless, significant aspects of 
joint microstructural evolution, including the efficacy loss of 
strengthening phase as well as mechanisms of the phase trans-
formations during different temperature regions, still lack deep 
understanding. This obstructs clearly cognition to the HAZ 
softening mechanisms.

In the current work, lap FSW was performed on ultrahigh 
strength DP steel to provide deeper insight into these issues. 
It should be noted that the lap joint rather than butt joint was 
adopted here considering the future industrial application and 
welding feasibility. The evolution of joint microstructures was 

also concerned to evaluate the FSW heat effect on ultrahigh 
strength DP steel.

2  Experimental

Commercial DP1180 steel sheets (ultimate tensile strength 
of 1250 MPa) with thickness of 1.35 mm were used. The 
chemical composition is summarized in Table 1. Two sheets 
were lap-welded, and the argon shielding was employed to 
prevent oxidation of the weld surface. W–Re alloy FSW tool 
which consisted of a concave shoulder with a diameter of 
11 mm and a tapered pin with a root diameter of 5 mm was 
used. During the welding process, the stir tool was tilted with 
3° relative to the vertical direction. An optimized parameter 
combination of 400 rpm, 150 mm/min and 0.18 mm for the 
tool rotation rate (ω), welding speed (ν) and the shoulder 
plunge depth (D) was chosen, respectively. In this study, 
the inserted depth of stir pin into the lower sheet (d) was 
appointed as the reference variable to analyze the effect of 
the pin length (l) on the joint morphology, microstructure 
and properties. The required three types of pin length were 
calculated according to the thickness of the sheet and are 
listed in Table 2.

The schematic diagrams of FSW processes are shown in 
Fig. 1. Two welding forms were adopted according to differ-
ent loading modes of the joints during the tensile test. They 
are the advancing side loaded in the upper sheet (abbrevi-
ated as AS-loaded) shown in Fig. 1a and the retreating side 
loaded in the upper sheet (abbreviated as RS-loaded) shown 
in Fig. 1b. After welding, the joints were cut into tensile 
shear specimens with 10 mm in width by wire electric dis-
charge machine along the transverse direction (TD). Three 
parallel samples were prepared for each parameter, and the 
tensile tests were conducted at a speed of 1 mm/min.

Microstructures of joints were characterized by optical 
microscopy (OM) and scanning electron microscopy (SEM). 

Table 1  Chemical composition 
of DP1180 steel (wt%)

C Mn Si Cr Mo Cu Al S P Fe

0.18 2.4 0.60 0.02 0.01 0.02 0.05 0.005 0.01 Bal.

Table 2  Experimental welding parameters

d inserted depth of stir pin into lower sheet, ω rotation rate, ν welding 
speed, D inserted depth of shoulder into upper sheet, l length of stir 
pin

d (mm) ω (rpm) ν (mm/min) D (mm) l (mm)

0.2 1.37
0.4 400 150 0.18 1.57
0.8 1.97
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The metallographic analysis was undertaken at the cross sec-
tion perpendicular to the welding direction (WD). The sam-
ples were polished and then etched with 5% nitric acid. The 
Vickers hardness measurement was performed on the joint 
cross section along the center thickness of the upper sheet 
(TD) and the center of the weld (normal direction, ND) with 
a distance of 1 mm and 0.3 mm between adjacent points, 
respectively. During the hardness test, a load of 200 g with 
a dwell time of 15 s was used.

3  Results

3.1  Joint Morphologies

Defect-free weld surfaces were well formed when the 
inserted depth was 0.2 mm (Fig. 2a) and 0.4 mm (Fig. 2b). 
When the inserted depth was increased to 0.8 mm (Fig. 2c), 
the material in the rear weld was slightly piled on the surface 
and thickened, and intermittent veins were formed. Typical 
SZ, HAZ and the PM were observed in the cross-sectional 
morphologies of the joints shown in Fig. 3. The conventional 
thermal–mechanical zone (TMAZ) was hard to detect here 
for the insufficient material flow and phase transformation of 
AUHSS. Similar phenomenon was found in the research of 
Khodir et al. [25] on FSW of high carbon steel. Small hook 
defect at the interface could be found between the upper and 
lower sheets on the AS (Fig. 3c, e), while the cold lap defect 
was generally formed in the weld center or near the RS. 
When 0.2 mm was selected for the inserted depth (Fig. 3a, 
d), the most serious cold lap was found throughout the SZ. 
When the inserted depth was 0.8 mm, obvious voids could 
be observed in the bottom of the SZ as shown in Fig. 3c.

Fig. 1  Schematic diagrams of two kinds of FSW processes: a AS-loaded, b RS-loaded

Fig. 2  Surface morphologies of FSW joints at different inserted 
depths of the stir pin: a 0.2 mm, b 0.4 mm and c 0.8 mm

Fig. 3  Cross-sectional OM macrographs of FSW joints at different inserted depths of the stir pin: a, d 0.2 mm, b 0.4 mm, c, e 0.8 mm
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3.2  Microstructures of Joints

Figure 4 shows the SEM morphologies of the joint with 
0.4 mm inserted depth (the observing position is near the 
AS of the upper sheet). It can be seen from Fig. 4b that the 
PM contained typical dual-phase structures of ferrite (F) 
and martensite (M) after inter-critical quenching and plastic 
deformation [26]. A small number of ferrite with obvious 
rolling deformation characteristic could be observed. The 
prior austenite grain boundary surrounding martensite could 
be readily distinguished with grain sizes below 5 μm.

Figure 4c shows that lath martensite was produced in 
the SZ and exhibited typical tempered morphology. Large 
numbers of fine carbide particles could be observed within 
martensite. The macrostructure of Fig. 4a manifested that 
the HAZ far from the SZ could be divided into three subre-
gions: HAZ1 (Fig. 4d), HAZ2 (Fig. 4e) and HAZ3 (Fig. 4f). 
Although the grain size of each subregion was similar to 
that of the PM, obvious differences in morphology could 
be observed. Similar subregions with intricate microstruc-
tural evolution were also found in laser-welded martensite 
steel and DP980 steel joints, respectively [7, 27]. HAZ1 
contained a small number of ferrite with a size of 1–2 μm 
around the martensite. Meanwhile, the prior austenite also 
showed a small size of 2–3 μm with a certain number of 
carbide particles. In HAZ2, the content of ferrite increased, 
and almost no carbide precipitated in the martensite which 

showed a morphology of quenched state. In HAZ3, many 
carbide particles were observed along the prior austenite 
grain boundaries, and laths of martensite with typical tem-
pered morphology could be found. In addition, considering 
the microstructural features of the SZ with inserted depths 
of 0.2 mm and 0.8 mm (Fig. 5), the SZs in all joints had pro-
duced martensite with similar size. This indicated approxi-
mately the same peak temperature and microstructure evolu-
tion in the SZs during welding.

3.3  Mechanical Properties

The hardness distribution of 0.4 mm inserted depth joint is 
presented in Fig. 6. The hardness values of the SZ with an 
average value of 410 Hv were slightly higher than those of 
the PM (380 Hv). The minimum hardness point with the 
value of 280 Hv was located at the boundary of HAZ2 and 
HAZ3, which was reduced by 26% compared to that of the 
PM. All the hardness of three SZs along the ND was similar 
and close to 410 Hv, which was coincident with the micro-
structural uniformity of the SZs.

Figure 7 shows the tensile shear results of the joints. 
Firstly, the average lap shear strength of the RS-loaded 
specimens was generally higher than that of the AS-loaded 
ones. Considering the fracture locations shown in Fig. 8, the 
strength of the AS-loaded specimens was mainly affected 
by the cold lap (0.2 AS-loaded) and hook defects (0.4 

Fig. 4  OM and SEM images in different regions with a 0.4 mm inserted depth joint: a the top sheet on the AS, b PM, c SZ, d HAZ1, e HAZ2, f 
HAZ3
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AS-loaded or 0.8 AS-loaded). Especially the 0.2 AS-loaded 
specimen cracked along the cold lap and finally failed at 
the interface between the two sheets. Secondly, for both 
two kinds of samples, their strength increased slightly and 

then gradually decreased with increasing inserted depth. 
The optimal lap shear strength of 12.4 kN was obtained for 
the 0.4 RS-loaded specimen. When the inserted depth was 
increased to 0.8 mm, low joining strength and significant 
deviation could be observed for the RS-loaded joint. The 
above phenomena were mainly related to the less welding 
defects of the 0.4 mm inserted depth joint, the formation of 
severe cold lap defect for 0.2 mm inserted depth joint and 
the inferior joint morphologies of 0.8 mm inserted depth 
joint. Moreover, taking both the microhardness distribution 
and fractural locations into consideration, it indicated that 
the failure modes were mainly dominated by the defect types 
and the loading forms of the joint.

As shown in Fig. 9, two types of fracture surface mor-
phologies were found after the tensile test. One was shear 
fracture mode such as the 0.2 AS-loaded sample (Fig. 9a–c, 
and the observed direction is shown by the white arrow in 
Fig. 8a); and the other was the tensile fracture mode such 
as the 0.4 RS-loaded sample (Fig. 9d, and the observed 
direction is shown by the white arrow in Fig. 8e). For shear 

Fig. 5  SEM images showing the SZ microstructures at inserted depths of a 0.2 mm, b 0.8 mm

Fig. 6  Hardness distribution along a TD of 0.4 mm inserted depth joint, b ND of all joints with different inserted depths

Fig. 7  Tensile shear properties of joints with different welding 
parameters
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fracture mode, the interfacial bonding mainly depended 
on the cold lap region (zone b in Fig. 9a) and the bonding 
region between hook and cold lap (zone c in Fig. 9a). The 
cold lap region generally showed weak metallurgical join-
ing and small shallow dimple-like morphology with poor 
joining strength (as shown in Fig. 9b) [28]. Meanwhile, 
the bonding region exhibited flat laminar morphology as 
shown in Fig. 9c. This region mainly undertook shear strain 
caused by shear stress. For the tensile fracture mode, the 
fractured interface showed a large number of dimples under 
normal stress (Fig. 9d), indicating that tough martensite was 
obtained in the SZ.

4  Discussion

4.1  Microstructural Evolution Under Gradient 
Temperature Field

The Ac1 and Ac3 phase transformation temperatures of 
DP1180 steel were calculated to be 729 °C and 820 °C, 
respectively [29]. According to Figs. 4 and 5, the micro-
structure in the SZ was predominantly martensitic. That is, 
the peak temperature under present welding parameter was 
higher than Ac3, and the SZ was heated to the austenite field 
(γ phase field), as shown in Fig. 10. The single-phase aus-
tenite in this region underwent severe plastic deformation 
and recrystallization during the welding process and then 
rapidly cooled to room temperature and transformed into 
martensite. This agrees with the microstructural feature in 
the SZ during FSW of M190 steel [21]. In addition, due 
to the self-tempering effect of carbon steels during cooling 
[30], carbide particles could be observed in the martensite 
(Fig. 4c), which caused the inconspicuous enhancement of 
hardness in the SZ compared with that in the PM (Fig. 6a).

The HAZ was located in the region between PM and SZ 
and was inevitably affected by thermal cycle with lower peak 
temperature compared with the SZ. The cold-rolled PM had 
high storage energy. Therefore, recovery and recrystalliza-
tion tended to take place at elevated temperature. As a result, 
different types of solid-state phase transformation might 
occur, leading to the heterogeneous hardness distribution 
in the HAZ. Among the three subregions of HAZ, it was 
believed that the HAZ1 (Fig. 4d) underwent temperature 
close to Ac3, due to the existence of a small number of fine 
ferrite in the martensite matrix. The martensite and ferrite 
in this subregion mainly underwent static recrystallization 
during the succedent ferrite–austenite transformation. These 
fine structures were retained due to the short residence time 
at high temperature during the FSW process. Whereafter, 
dual-phase structures with high hardness were maintained. 
Similar structural features have been reported in the investi-
gations on quenching and partitioning steels and martensite 
steels, which was called inter-critical HAZ or fine-grain 
HAZ [31–33].

The peak temperature in HAZ2 was between Ac1 and Ac3 
(the α + γ field in Fig. 10). Owing to less thermal influence, 
the self-tempering effect of the martensite was restricted and 
martensite without carbide was formed. In addition, large 
numbers of equiaxed ferrite were generated in HAZ2 due 
to insufficient recrystallization and austenitizing of ferrite 
under this temperature (Fig. 4e). Although the supersatu-
rated martensite in this region was hard, the hardness gradu-
ally decreased to the minimum value with the increased pro-
portion of soft ferrite in the two-phase structures (Fig. 6a).

For HAZ3, there was no significant change in the 
microstructure morphology compared with the PM. In 
this region, granular carbides along the martensite lath 
boundaries and the prior austenite boundaries could be 
found, which revealed that the peak temperature was below 
Ac1 and no phase transformation of ferrite occurred. This 

Fig. 8  OM images of fracture locations of tensile shear specimens with different welding parameters
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means uncompleted static recrystallization might occur 
in ferrite. Martensite mainly underwent the migration and 
segregation of carbon atoms and precipitation of carbides 
due to higher recrystallization temperature. The micro-
hardness value gradually rose outwards from the weld 
center, and the relevant microstructural morphology was 
similar to the PM.

From the above analysis, the generation of the gradient 
temperature field during the welding process was the rea-
son why the heterogeneous microstructural regions were 
formed. The recrystallization and phase transformation con-
trolled structural characteristics in different joint regions. 
For example, the SZ undertook complete phase transfor-
mation. Complete recrystallization + phase transformation, 
incomplete recrystallization + phase transformation and 

Fig. 9  SEM micrographs of the fracture surfaces of typical tensile shear specimens: a−c 0.2 AS-loaded, d 0.4 RS-loaded

Fig. 10  Sketch phase diagram of Fe–Fe3C
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incomplete recrystallization occurred in HAZ1, HAZ2 and 
HAZ3, respectively.

4.2  Factors Affecting the Mechanical Properties 
of Joints

(1) The influence of welding parameter

Essentially, the interfacial morphology can be influenced by 
adjusting the welding parameters. In general, the material 
flow in the horizontal direction mainly affects the effective 
lap width (ELW, as shown in Fig. 3b), which determines the 
fracture mode and joint strength [28]. The vertical mate-
rial flow caused the forming of hook defect and changed 
the shape of the cold lap, which was strongly related to the 
effective sheet thickness (EST, as shown in Fig. 3b). The 
investigation on lap FSW of aluminum alloys reported by 
Li et al. [28, 34] shows that the ELW could be increased by 
increasing the rotation rate, but the EST was reduced simul-
taneously. Meanwhile, exorbitant traversing speed could 
also reduce the ELW. Therefore, it is significant to match 
the rotation rate and welding speed to achieve the optimal 
combination of ELW and EST. So, the welding parameter 
used in the present work was optimized by previous trials.

(2) The effect of pin length

As one of the main factors that affect the material flow in the 
SZ, the stir pin plays a vital role in the joint formation dur-
ing lap welding. As shown in Fig. 11, the interface is easy 
to break on the AS for severe plastic deformation. Then, the 
plastic material flowed downwards from the edge of the pin 
along the vertical direction and reflowed upwards along the 
outer side. Thus, the hook defect was formed. Meanwhile, 
the cold lap or voids could be produced near the RS for 
small deformation along the vertical direction [35]. It should 
be noted that the size of hook and cold lap formed in the 
lap FSW of steels is usually smaller than that of aluminum 
alloys due to less material flow.

For the joint with short pin length (inserted depth of 
0.2 mm, as shown in Fig. 11a), strong metallurgical bond-
ing was hard to achieve with insufficient material flow at 
the interface. As shown in zone c (Fig. 9a), only limited 
ELW was achieved on the AS. With the increased pin length 
(inserted depth of 0.4 mm, Fig. 11b), the ELW was signifi-
cantly enlarged, and the bonding strength of interface was 
increased, resulting in changed failure mode from shear frac-
ture to tensile fracture. When the pin was too long (inserted 
depth of 0.8 mm, Fig. 11c), the feeble material deformation 
and flow on the bottom of the stir pin caused the formation 
of voids defect. As a result, unstable joint strength could be 
observed in Fig. 7.

(3) The influence of joint loading mode

As illustrated in Fig. 12, the stress distribution character-
istics of the AS-loaded and RS-loaded joints are different 
[36]. For the AS-loaded joint (Fig. 12a), the AS of the 
upper sheet and the RS of lower sheet undertake the maxi-
mum stress. In this case, the tip of hook was more likely to 
induce stress concentration and crack propagation, so most 
of these samples failed along hook (Fig. 8b). It should be 
noted that the crack in 0.2 AS-loaded sample was more 
likely to expand along the interface than hook for the 
weaker bonding strength of interface, so it failed prefer-
entially along the interface between two sheets. The RS-
loaded joint (Fig. 12b) failed at the location of EST which 
undertook the highest stress during tensile test caused by 
thickness reduction and forming of cold lap (Fig. 8d–f).

Fig. 11  Material flow model during FSW process of a 0.2  mm, b 
0.4 mm, c 0.8 mm inserted depth joints

Fig. 12  Stress distribution in two kinds of tensile shear specimens: a 
AS-loaded, b RS-loaded
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(4) The influence of surface quality of weld

The joint strength can be affected by the forming quality 
of weld surface which is related to the EST. It can be seen 
from Figs. 7 and 8 that the welds with smoother surface 
(inserted depth of 0.2 mm and 0.4 mm) generally exhib-
ited higher joint strength than those with the poor surface 
forming one (inserted depth of 0.8 mm). Poor surface qual-
ity not only reduced the tensile shear strength, but also 
reduced the performance stability of the lap joint (such as 
0.8 RS-loaded specimen).

5  Conclusions

In this work, friction stir welding of a DP1180 AUHSS 
was successfully carried out by using welding tools with 
three different pin lengths. Several conclusions can be 
drawn as follows:

1 Lap joints with good surface quality were obtained when 
the inserted depth was 0.2 mm and 0.4 mm. Excessive 
inserted depth resulted in severe weld surface defects 
and inferior joint performance. Inconspicuous hook and 
cold lap defects with different sizes could be produced 
under all parameters. The cold lap tended to be allevi-
ated with increasing the pin length.

2 The peak temperature in the SZs under all welding 
parameters reached above Ac3, and martensite phases 
with similar morphologies were formed. Large numbers 
of carbide particles were precipitated in martensite by 
the effect of self-tempering. It produced tough SZs with 
similar microhardness in comparison to the PM.

3 In the HAZ, the gradient-distributed temperature 
resulted in different types of microstructural changes. 
The generation of soft ferrite and tempering of mar-
tensite were the main reasons for the decreased hard-
ness in this region. The recrystallization and/or phase 
transformations controlled the structural characteristics 
in different subregions of the HAZ.

4 The main factors affecting the mechanical properties of 
joints are welding parameter, pin length, joint loading 
mode and surface quality of weld. When the stir pin 
was inserted into the lower sheet at a depth of 0.4 mm, 
the lap joint with optimal quality exhibited the highest 
tensile strength of 12.4 kN. The strength of AS-loaded 
joint was generally lower than that of the RS-loaded one 
for the effect of inducing cracking of hook.
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