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Abstract
X80 pipeline steel plates were friction stir welded (FSW) under air, water, liquid  CO2 + water, and liquid  CO2 cooling con-
ditions, producing defect-free welds. The microstructural evolution and mechanical properties of these FSW joints were 
studied. Coarse granular bainite was observed in the nugget zone (NZ) under air cooling, and lath bainite and lath martensite 
increased significantly as the cooling medium temperature reduced. In particular, under the liquid  CO2 cooling condition, a 
dual phase structure of lath martensite and fine ferrite appeared in the NZ. Compared to the case under air cooling, a strong 
shear texture was identified in the NZs under other rapid cooling conditions, because the partial deformation at elevated 
temperature was retained through higher cooling rates. Under liquid  CO2 cooling, the highest transverse tensile strength 
and elongation of the joint reached 92% and 82% of those of the basal metal (BM), respectively, due to the weak tempering 
softening. A maximum impact energy of up to 93% of that of the BM was obtained in the NZ under liquid  CO2 cooling, 
which was attributed to the operation of the dual phase of lath martensite and fine ferrite.
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1 Introduction

With the rapid development of the economy, the demand for 
energy has increased remarkably. Presently, oil and natural 
gas are mainly transported by means of pipelines. Therefore, 
pipeline steels with both high strength and excellent tough-
ness are being developed to enhance the transport efficiency 
[1–3]. The welding process plays an essential role for laying 
pipelines, and fusion welding techniques such as submerged 
arc welding and gas metal arc welding (GMAW) are widely 
used by virtue of their advantages of high efficiency and 
low cost [4, 5].

It should be pointed out that the fairly high heat input 
for fusion welding easily results in the formation of coarse 

grains and large M-A islands in the vicinity of the fusion 
line. These coarse grains are quite susceptible to hydrogen-
induced cracking [1, 2]. Besides, the coarse M-A constitu-
ents distributed along the grain boundaries can cause an 
intense stress concentration during deformation and then 
become crack sources, eventually leading to crack initiation 
and propagation [6]. Moreover, in fusion welded joints, there 
are usually some solidification defects, including voids and 
cracks. Thus, the tensile properties and impact toughness 
of fusion welded joints are significantly deteriorated [1, 7].

During operation of oil and gas pipelines, the welded 
joints often suffer from high pressures and low environmen-
tal temperatures. As a result, the welded joints are required 
to have an excellent toughness in order to ensure the security 
of oil and gas pipelines. However, it is difficult to avoid the 
coarse-grained heat-affected zone (CGHAZ) near the fusion 
line [8, 9]. Therefore, it is urgent to develop a new welding 
technique to obtain the high-quality pipeline joints necessary 
for oil and gas transportation.

Friction stir welding (FSW) is a new solid-state joining 
technique. Fine and equiaxed recrystallized grains are pro-
duced in the nugget zone (NZ) by the severe plastic defor-
mation and frictional heat generated through the non-con-
sumable rotating tool [10]. In comparison with the case of 
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fusion welding, no remarkable coarse grains are detected in 
the heat-affected zone (HAZ) and no defects such as cracks, 
voids, and segregation are found in the NZ because of the 
solid-state nature of FSW, thereby resulting in an improve-
ment in the mechanical properties of FSW joints [11, 12]. In 
addition, FSW is an automatic welding process, and no filler 
metal and flux are used. Therefore, FSW is a desirable and 
suitable technique for joining pipeline steels.

In the past few years, several studies on FSW pipeline 
steels revealed that high heat input parameters (high rota-
tion rate and/or low traverse speed) are required to ensure a 
sufficient metal flow of the pipeline steels at elevated tem-
peratures during FSW [13–16]. Relative to the CGHAZ, the 
recrystallized grains in the NZ are coarsened to a certain 
extent, although a dynamic recrystallization occurs in the 
NZ [15, 16]. Recently, some researchers have suggested that 
the external rapid cooling during FSW is an effective way 
to suppress the coarsening of the recrystallized grains by 
reducing the peak temperature and duration time [17–21]. 
However, rapid cooling has been primarily used in FSW of 
Al or Cu alloys, and only a few investigators have conducted 
FSW of high-strength steels under rapid cooling conditions. 
Actually, a large quantity of oil and gas transportation pipe-
lines operate in some extremely cold regions where the envi-
ronmental temperature is even below − 30 °C, which would 
cause an obvious loss in the mechanical properties and secu-
rity of the pipeline steel joints [8, 9]. Thus, to obtain high 
quality of the welded joints, an investigation on the influence 

of the cooling media with various temperatures on the FSW 
pipeline steel joints is clearly necessary.

In this study, various cooling conditions such as air, 
water, liquid  CO2 + water, and liquid  CO2 were utilized dur-
ing FSW of X80 pipeline steels. The microstructure and 
mechanical properties of the welded joints were then studied 
systematically.

2  Experimental

Hot-rolled X80 pipeline steel plates, 6 mm thick, were fric-
tion stir bead welded at a constant rotation speed of 400 rpm 
with a traverse speed of 100 mm/min under various cooling 
conditions of air, water (water + a certain quantity of ice), 
liquid  CO2 + water (1:1, vol.), and liquid  CO2 (Fig. 1a). Dur-
ing FSW, the whole steel plate to be welded was placed 
under the various cooling media. The initial temperatures of 
the air, water, liquid  CO2 + water, and liquid  CO2 media were 
19, 3, − 14, and − 34 °C, respectively, which were measured 
by means of a thermometer. The chemical composition and 
mechanical properties of the X80 pipeline steel are listed 
in Table 1. A W-25Re (wt%) welding tool with a shoulder 
18 mm in diameter and a tapered pin 7 mm in diameter and 
5 mm in length was adopted. The tilt angle for all welds 
was maintained at 3°. The peak temperatures of the NZs 
were accurately measured by a MegaStir telemetry system 
placed near the shoulder (Fig. 1b). The peak temperatures 

Fig. 1  FSW process under liquid  CO2 cooling a, temperature measurement system b 

Table 1  Chemical composition and mechanical properties of X80 pipeline steel

Composition (wt%) Fe C Si Mn P S Nb V

Balance 0.038 0.2329 1.611 0.0098 0.017 0.0535 0.0029

Mechanical property Yield strength (MPa) Tensile strength (MPa) Elongation (%) Impact energy (J/cm2)

589 693 34 211.6
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of the NZs under air, water, liquid  CO2 + water, and liquid 
 CO2 cooling conditions reached 1084, 981, 937, and 886 °C, 
respectively.

The microstructural samples were cross-sectioned per-
pendicular to the FSW direction. The microstructure was 
characterized using a Leica optical microscope (OM), a 
Zeiss Ultra-55 field-emission scanning electron microscope 
(SEM) equipped with an electron back-scatter diffractometer 
(EBSD), and FEI transmission electron microscope (TEM). 
The specific location for microstructure analyses is shown 
by the black frame in Fig. 2a. The samples for the EBSD 
were electro-polished with a solution of 87 ml ethanol and 
13 ml perchloric acid at 25 V for 25 s. The thin foils for 
the TEM were prepared as 3 mm disks and then mechani-
cally ground to ~ 50 μm in thickness, followed by electro-
polishing at − 20 °C. The Ac1 and Ac3 critical transformation 
temperatures of the X80 steel measured by a Formastor-
II phase transformation instrument were 672 and 874 °C, 
respectively.

Vickers hardness measurements were taken on the cross-
sectional joints using a 200 g load and 0.5 mm spacing by 
an FM-700 micro-hardness machine. The transverse tensile 
properties of the welded joints were evaluated at a con-
stant strain rate of 1 × 10−3 s−1 via a SANS tensile machine. 

Because the NZ of the FSW micro-alloy steels is typically 
the lowest toughness zone in the entire joint, only the tough-
ness test of the NZ was performed in this work. The Charpy 
V-notch impact toughness of the NZs was tested at 20 °C by 
an Instron impact machine. The dimensions of the testing 
samples are shown in Fig. 2b, c.

3  Results and Discussion

3.1  Effect of the Cooling Conditions 
on the Microstructure of the Joints

Figure 3 shows macrographs of the FSW joints under dif-
ferent cooling conditions, and basin-like joints without 
any defects were achieved. The NZ, HAZ, and basal metal 
(BM) could be clearly distinguished in the FSW X80 pipe-
line steel joints, and the HAZ was approximately divided 
into the inside HAZ (IHAZ), middle HAZ (MHAZ), and 
outside HAZ (OHAZ), which were regarded to experience 
the various thermal cycle histories. Similarly, Barnes et al. 
[13] also observed the three subregions in the HAZ of FSW 
X65 pipeline steel. With the decrease in cooling medium 
temperature, the HAZ range became narrower as the result 

Fig. 2  Schematic diagram of microstructure and property test sample locations a, Charpy V-notch specimen dimension b, tensile specimen 
dimension c 

Fig. 3  Macrographs of FSW joints under various cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d liquid  CO2 
cooling
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of the reduced peak temperature and duration time. Fur-
thermore, for the FSW micro-alloy steel joints, the thermo-
mechanically affected zone (TMAZ) generally could not 
be discerned due to the existence of the complicated phase 
transformation.

The microstructural characteristics of the FSW joint 
obtained under air cooling are shown in Fig. 4. As a typical 
bainitic steel, the BM was composed of a large amount of 
fine and intercrossed acicular ferrite with some polygonal 
ferrite (PF), which contributes to its excellent toughness 
(Fig. 4a). Compared to the case of the BM, the fine acicular 
ferrite was transformed to the fine PF in the OHAZ adjacent 
to the BM (Fig. 4b). However, in the MHAZ, there was a 
complex phase structure of lath bainite (LB), PF, and granu-
lar bainite (GB), while the IHAZ only contained GB and LB 
(Fig. 4c, d). Clearly, the HAZ exhibited a heterogeneous 
microstructural distribution, which should be related to the 
various thermal cycle histories during FSW.

It is widely accepted that the peak temperatures in the 
OHAZ, MHAZ, and IHAZ were in the temperature ranges 
of < Ac1, Ac1–Ac3, and > Ac3, respectively [13]. Therefore, 
in the OHAZ, there were tempering, static recovery, and 
recrystallization at the peak temperature of < Ac1, thereby 
changing the original acicular ferrite to the fine recrystal-
lized PF in the BM (Fig. 4b). In the MHAZ, the peak tem-
perature was localized just between Ac1 and Ac3. Thus, in the 
BM consisting of acicular ferrite and PF, the supersaturated 

acicular ferrite was preferentially austenitized during FSW 
and then transformed into LB and GB after FSW, finally 
achieving a trinal phase structure of LB, GB, and PF in the 
MHAZ (Fig. 4c). The IHAZ close to the NZ experienced a 
peak temperature higher than Ac3. Therefore, the BM was 
fully austenitized during FSW, and then, the coarse austenite 
was transformed into GB and LB after FSW (Fig. 4d).

Figure 4e represents the microstructure of the NZ, which 
comprises the coarse GB and LB. Usually, FSW, as a severe 
plastic deformation process, can result in the formation of 
fine recrystallized grains in the NZ [10]. However, in our 
work, the NZ for the FSW pipeline steel exhibited slightly 
coarse prior austenitic grains, relative to the IHAZ. Unlike 
the nonferrous metals, relatively high heat input is required 
for the FSW steel to ensure the sufficient plastic flow, as the 
result of the high deformation resistance of steel at elevated 
temperatures. Similarly, the coarse GB was also found in 
the NZ of FSW X65 and FSW X100 pipeline steels [13, 16].

Additionally, in this work, a homogeneous microstructure 
was achieved throughout the NZ from the advancing side to 
the retreating side. However, many investigations have noted 
that the NZs of FSW X65 and FSW X80 pipeline steels had 
a heterogeneous microstructure, where the advancing side 
contained more low-temperature transformed products, such 
as lath bainite and lath martensite [11–14]. Actually, this 
accounts for the fact that the B element from the polycrystal-
line cubic boron nitride (PCBN) tool inhibited the formation 

Fig. 4  Microstructures of the welded joint at air cooling: a BM, b OHAZ, c MHAZ, d IHAZ, e NZ
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of ferrite. In this study, the non-uniform microstructure was 
avoided in the NZ because of the use of W–Re alloy tool.

Figure 5 shows OM images of the OHAZs under vari-
ous cooling conditions. It was detected that as the cooling 
medium temperature reduced, the ferritic grains became 
finer and the microstructure of the OHAZ under liquid 
 CO2 cooling was comparable to that of the original BM. 
This originated from the short duration time at an elevated 
temperature in the OHAZ, which decreased the degree of 
tempering, recovery, and recrystallization. In this case, the 
OHAZ under liquid  CO2 cooling experienced the short-
est thermal cycle history, and thus, its microstructure was 
quite close to that of the BM. By comparison, a rather wide 
OHAZ consisting of a number of recrystallized ferrites was 
observed in the OHAZ of FSW X65 by Barnes et al. [13] 
due to the comparatively high heat input.

The microstructure of the IHAZs under different cooling 
conditions is shown in Fig. 6, which indicates that the prior 
austenitic grains were refined remarkably as the cooling 
medium temperature reduced. Under air cooling, the IHAZ 
contained GB and LB, while the IHAZ was characterized 
primarily by LB and lath martensite (LM) under rapid cool-
ing conditions of water, liquid  CO2 + water, and liquid  CO2. 
Because no obvious ferrite phase was discovered, it was 

extrapolated that the IHAZ was completely austenitized dur-
ing FSW. Moreover, it was detected that the quantity of the 
low-temperature transformed products in the IHAZ varied 
non-monotonically with the cooling medium temperature, 
and the largest amount of the LM was obtained in the IHAZ 
under water cooling with middle temperature. However, 
the microstructural evolution in the IHAZ of FSW pipeline 
steels did not attract significant attention because in those 
studies, the IHAZ and NZ exhibited similar microstructural 
characteristics due to the very high heat input [12–14].

Essentially, as external cooling was introduced and the 
heat input decreased, the effect of plastic deformation on 
the microstructure in the NZ became more evident, and 
thus, different microstructures were produced in the NZ and 
IHAZ. In this case, there are two competitive factors that 
influence the phase transformation of the IHAZ under vari-
ous cooling conditions, mainly relating to the prior austenite 
size at elevated temperature during FSW and the cooling 
rate after FSW. With a reduction in the cooling medium 
temperature, the finer austenite can hinder the quenching 
tendency and the formation of LB and LM, because many 
austenitic grain boundaries can interfere the displacive phase 
transformation process [13]. Nevertheless, a higher cooling 
rate will facilitate the generation of LB and LM owing to the 

Fig. 5  OM images of the OHAZs at various cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d liquid  CO2 cool-
ing
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larger undercooling degree [19–21]. Therefore, the largest 
amount of LM was produced in the IHAZ under water cool-
ing by relying on the integrated action of both the austenitic 
size and cooling rate.

Figure 7 displays the OM images of the NZs under dif-
ferent cooling conditions. The homogenous microstructure 
was observed in all the NZs. According to Fig. 7, it was 
indicated that the prior austenitic grains were refined dis-
tinctly with the reduction in cooling medium temperature. 
This was attributed to the drop in the peak temperature 
and duration time, thereby effectively retarding the grain 
growth. Under air cooling, the NZ contained predomi-
nantly GB with large M-A constituents and a small amount 
of coarse LB (Fig. 7a). For the NZ obtained under water 
cooling, the amount of LB increased obviously, whereas 
the amount of GB decreased significantly (Fig. 7b). When 
the liquid  CO2 + water cooling was utilized, a large amount 
of LM emerged and the GB disappeared almost in the NZ 
(Fig. 7c). Particularly, in the NZ under liquid  CO2 cooling, 
the amount of LM further enhanced with less existence of 
LB, but some fine ferrite formed between the LMs (Fig. 7d). 
Based on the above results, it was suggested that with the 
drop in cooling medium temperature, a number of low-tem-
perature transformed products were generated depending 

on the enhanced undercooling. Nevertheless, compared to 
the case of the IHAZ, the amount of the low-temperature 
transformed products in the NZ increased monotonically as 
the cooling medium temperature decreased. In this case, the 
severe plastic deformation during FSW should be a crucial 
reason that influences the phase transformation process in 
the NZ. Although a large amount of LB was obtained in the 
NZ of an FSW X80 pipeline steel by decreasing the heat 
input parameter by Santos et al. [11], LM or the dual phase 
of LM and ferrite was not observed. This means that there 
were still a high peak temperature and long duration time, 
and thus, the heat input during FSW needs to be further 
decreased to produce an ideal microstructure.

To further investigate the microstructural evolution 
mechanisms of the NZs under various cooling conditions, 
TEM images of the NZs are represented in Fig. 8. It can be 
observed that there was a high density of dislocations in 
the NZ under air cooling. This should be attributed to the 
sufficient plastic deformation of austenite at an elevated tem-
perature during FSW under air cooling because of the higher 
peak temperature and longer duration time. It is well known 
that a high density of dislocations can retard the coordinated 
movement of atoms during the austenitic displacive transfor-
mation through the mechanical stabilization mechanism and 

Fig. 6  OM images of the IHAZs under different cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d liquid  CO2 
cooling
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facilitate the diffusion of C at the austenite/ferrite interface 
via the lower cooling rate and increased number of diffusion 
paths [22–24]. Therefore, a number of GB and M-A con-
stituents were formed in the NZ under air cooling (Fig. 8a). 
With the decrease in cooling medium temperature, the insuf-
ficient plastic deformation and higher cooling rate caused a 
displacive phase transformation, producing a higher amount 
of LB and LM (Fig. 8b–d). Therefore, under the concurrent 
domination of both cooling rate and plastic deformation, 
the amount of the low-temperature transformed products 
in the NZs varied monotonically with the cooling medium 
temperature.

A certain amount of fine ferrite was found in the NZ 
under liquid  CO2 (Figs. 7d, 8d). Figure 6d shows that the 
IHAZ under liquid  CO2 was austenitized fully because of 
the absence of ferrite in the IHAZ. By comparison, the 
NZ having higher peak temperature should also be totally 
austenitized, and thus, it was deduced that the fine fer-
rite was not from the austenization process. Furthermore, 
the peak temperature of the NZ under liquid  CO2 cooling 
was measured to be 886 °C by a telemetry system, which 
was somewhat higher than Ac3. Park et al. [25] proposed 
that the severe plastic deformation at a temperature just 
higher than Ac3 can create an increase in the transformation 

temperature from austenite to ferrite. This was the result 
of the sharply increased nucleation sites at the austenitic 
matrix and boundaries, thereby leading to the appearance 
of the deformation-induced ferrite transformation (DIFT) 
mechanism [25, 26]. Unlike the PF, the ferrite boundaries 
obtained through DIFT were not straight, and the fine ferrite 
contained a high density of dislocations (Fig. 8d). In our 
previous work, the DIFT phenomenon also was detected in 
the friction stir spot welded DP780 dual-phase steel, and 
we proposed that intense deformation can cause tortuous 
boundaries and a high density of dislocations in ferrite [27]. 
However, the DIFT can be created only by controlling the 
peak temperature within a precise range.

Recently, some researchers have studied the microstruc-
tural evolution of FSW joints by utilizing external rapid 
cooling conditions [19–21]. Xue et al. [19, 20] conducted 
a study on FSW X80 pipeline steel and FSW carbon steel 
under water cooling, and they found that the NZs were 
composed of the dual phases of ferrite and bainite, and fer-
rite and martensite, respectively, which accounted for the 
peak temperature occurring in the dual-phase region of γ 
and α. Additionally, a NZ only consisting of fine ferrite 
was achieved by using FSW under  CO2 cooling by Imam 
et al. [21], where the peak temperature was less than Ac1. In 

Fig. 7  OM images of the NZs under different cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d liquid  CO2 cool-
ing
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short, relative to the Al, Mg, and Cu alloys, the high-strength 
micro-alloy steels, such as pipeline steels, have a compli-
cated phase transformation during FSW under various cool-
ing conditions [15, 19]. These competitive factors, including 
the plastic deformation, degree of austenization, austenitic 
grain size, and cooling rate, will generate a complex effect 
on the phase transformation process.

Figures 9 and 10 show the EBSD misorientation and 
grain boundary distribution maps of the NZs under various 
cooling conditions, in which the red and black lines repre-
sent the high-angle grain boundaries (HAGBs, grain bound-
ary misorientation ≥ 45°) and medium-angle grain bounda-
ries (MAGBs, 15° ≤ grain boundary misorientation < 45°), 
respectively. It was pointed out that the HAGBs and MAGBs 
corresponded to the packet boundaries for the LB and LM, 
and prior austenite grain boundaries, respectively [28]. The 
fractions of HAGBs and MAGBs in the NZs under different 
cooling conditions are presented in Fig. 11. The fraction 
of HAGBs increased as the cooling medium temperature 
decreased, which was associated with the fraction of LB 
and LM, as shown in Fig. 7. Figure 12 shows the average 
prior austenitic grain sizes of the NZs under various cooling 
conditions by EBSD, which were 8.2, 4, 3.8, and 3.7 μm, 
respectively, under air, water, liquid  CO2 + water, and liquid 
 CO2 conditions. Clearly, the grains were refined with the 
reduction in cooling medium temperature.

Figure 13 reveals the orientation distribution function 
(ODF) maps of the NZs under different cooling conditions. 
The shear texture components of D1 

(

1̄1̄2
)

[111] and D2 
(

112̄
)

[111] were identified in all the NZs, and the texture 
intensity increased when the cooling medium temperature 
dropped. Cui et al. [29] suggested that the strong shear 
texture components were observed within the NZ of FSW 
austenitic stainless steel, because the NZ was controlled by 
the shear deformation during FSW. Generally, for the FSW 
micro-alloy steels, the shear texture component is relatively 
weaker because of the allotropic phase transformation [30, 
31]. However, Abassi et al. [30] pointed out that the shear 
deformation of FSW X80 steel mainly occurred below the 
Ac3 temperature, generating a fairly high texture intensity. In 
this work, for the NZ under liquid  CO2 cooling, the plastic 
deformation mainly occurred below Ac3 due to the lower 
peak temperature, and then, it was retained to the environ-
mental temperature through a very rapid cooling rate, even-
tually producing the strong shear texture shown in Fig. 13d. 
In contrast, in the NZ under air cooling, the major shear 
deformation took place above Ac3 and became gradually 
weak during the slower cooling, obtaining the weak tex-
ture shown in Fig. 13a. Therefore, the cooling condition is 
an important factor that influences the shear texture in the 
NZs of FSW pipeline steels. Nevertheless, a recent result 
indicated that a strong shear texture was examined on the 

Fig. 8  TEM images in the NZs at various cooling conditions: a air cooling, b water cooling, c water + liquid  CO2 cooling, d liquid  CO2 cooling
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advancing side of the NZ of an FSW X100 steel produced at 
a higher rotation rate, where the severe plastic deformation 
at an elevated temperature dominated the texture intensity 
[16].

3.2  Effect of the Cooling Conditions on Mechanical 
Properties of the Joints

Figure 14 shows the Vickers hardness profiles along the 
centerline on the cross-sectional joints under various cool-
ing conditions, indicating that the highest hardness existed 
in the NZ. Under air cooling, the hardness of the IHAZ 
was the lowest, whereas under rapid cooling conditions of 
water, water + liquid  CO2, and liquid  CO2, the lowest hard-
ness occurred in the OHAZ. In this case, the hardness of the 
FSW joints was governed primarily by the low-temperature 
transformed products of LB and LM because pipeline steels 
mainly depend on phase transformation strengthening [7]. 
As the cooling medium temperature decreased, the hard-
ness of the OHAZ increased continuously because of the 
mitigation of the tempering softening. For the IHAZ, the 
highest hardness existed under water cooling given that it 
contained the largest amount of LB, as shown in Fig. 6b. The 

hardness in the NZs increased gradually when the cooling 
medium temperature reduced, which was closely linked to 
the amount of the low-temperature transformed products in 
the NZs (Fig. 7). A hardness difference of > 100 Hv was 
observed within the NZ of FSW X80 steel by Ozekcin et al. 
[12], which was the result of the existence of a local hard 
zone. As mentioned above, this zone strongly relies on the 
formation of LM through the B element diffusion from the 
PCBN tool. However, an uniform hardness distribution was 
detected in this work.

Figure 15 represents the tensile properties of the FSW 
joints under different cooling conditions. Compared to those 
of the BM, the FSW joints under various cooling condi-
tions showed a somewhat decreased strength and elongation. 
Under liquid  CO2 cooling, the maximum tensile strength and 
elongation of the welded joint reached 92% and 82% of those 
of the BM, respectively. Figure 16 shows the failed joints 
under various cooling conditions. It was observed that the 
joint under air cooling fractured in the IHAZ, whereas the 
joints under the other rapid cooling conditions failed in the 
OHAZ. Because the fracture location of the welded joints is 
consistent with the lowest hardness zone, the tensile strength 
and elongation of the FSW joints were those of the lowest 

Fig. 9  Misorientation distribution maps in the NZs at various cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d 
liquid  CO2 cooling
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hardness zone. Under liquid  CO2 cooling, the microstructure 
in the OHAZ was similar to that of the BM, and therefore, 
the tensile strength of the FSW joint was comparable to 

that of the BM. However, the gage of the tensile specimen 
covered the NZ, HAZ, and BM, whereas the plastic defor-
mation occurred mainly in the H. Thus, a slightly reduced 

Fig. 10  Grain boundaries distribution maps in the NZs under different cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water 
cooling, d liquid  CO2 cooling

Fig. 11  Fraction of grain boundaries in the NZs at various cooling 
conditions: a air cooling, b water cooling, c liquid  CO2 + water cool-
ing, d liquid  CO2 cooling

Fig. 12  Average grain sizes of prior austenite in the NZs at vari-
ous cooling conditions: a air cooling, b water cooling, c liquid 
 CO2 + water cooling, d liquid  CO2 cooling
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Fig. 13  ODF maps in the NZs under different cooling conditions: a air cooling, b water cooling, c liquid  CO2 + water cooling, d liquid  CO2 
cooling, e ideal shear texture of BCC lattice metals
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elongation was obtained in the FSW joints. By comparison, 
Midawi et al. [4] conducted tests on GMAW X80 pipeline 
steels, and they noted that the tensile strength and elonga-
tion of the welded joint were up to 80% and 62% of those 
of the BM, respectively. Obviously, compared to those of 
fusion welded joints, the tensile strength and the elonga-
tion of FSW joints under external cooling conditions were 
improved significantly.

Figure 17 exhibits the impact toughness results of the 
NZs under different cooling conditions. The impact energy 
of the NZs under air, water, liquid  CO2 + water, and liquid 
 CO2 cooling conditions reached 69%, 80%, 72%, and 93% of 
that of the BM, respectively. The maximum toughness was 
achieved in the NZ under liquid  CO2, and the lowest tough-
ness was produced in the NZ under air cooling. SEM images 
of the impact fractural surfaces are shown in Fig. 18. In the 

comparison, a large number of deep dimples and apparent 
tearing edges were detected on the fracture surfaces under 
water cooling and liquid  CO2 cooling conditions (Fig. 18b, 
d), indicating excellent ductile fracture characteristics. Fig-
ure 19 shows the crack propagation direction in the NZs 
under various cooling conditions. The crack propagation 
direction of the impact sample under air cooling was com-
paratively straight within the GB (Fig. 19a). Meanwhile, for 
the NZs under water, liquid  CO2 + water, and liquid  CO2 
cooling conditions, tortuous crack propagation paths were 
found, as shown in Fig. 19b–d.

Previous reports pointed out that the factors determin-
ing the toughness of micro-alloy steels are quite compli-
cated, involving among other the microstructure, grain 

Fig. 14  Hardness profiles of the joints under different cooling condi-
tions

Fig. 15  Tensile properties of BM and joints under different condi-
tions: a BM, b GMAW joint, c air cooling, d water cooling, e liquid 
 CO2 + water cooling, f liquid  CO2 cooling

Fig. 16  Fracture tensile samples of the joint under different cooling 
conditions: a air cooling, b water cooling, c liquid  CO2 + water cool-
ing, d liquid  CO2 cooling

Fig. 17  Impact properties of BM and joints under different condi-
tions: a BM, b GMAW joint, c air cooling, d water cooling, e liquid 
 CO2 + water cooling, f liquid  CO2 cooling
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size, and size and fraction of the second phase [15, 32]. 
It was demonstrated that the bainite packet as a strong 
obstacle can arrest effectively the crack propagation and 
improve notably the toughness because of the presence of 
numerous HAGBs [33]. For the NZ under water cooling, 
the direction of the crack propagation path was changed 
when the crack encountered another bainite packet 
(Fig. 19b). Moreover, the crack propagation paths were 
tortuous and more energy was consumed during the crack 
propagation, finally improving the toughness of joints. 
However, the crack propagation direction for the NZ under 
air cooling was across the entire GB. Kang et al. [34] pro-
posed that GB offered the lower resistance to the crack 
propagation owing to the absence of bainite packets. Fur-
thermore, the coarse M-A constituents often were poten-
tial crack nucleation locations, which are harmful to the 
impact toughness [33, 35]. As a result, the NZ under air 
cooling exhibited an inferior toughness relative to the NZ 
under water cooling. Compared to the case of the LB, there 
is a significant stress concentration between the supersatu-
rated martensite laths, which can promote the crack propa-
gation [36]. Therefore, the NZ under liquid  CO2 + water 
cooling exhibited reduced toughness, although it contained 

a higher fraction of HAGBs compared to that of the NZ 
under water cooling.

As we know, when the soft second phase of ferrite or 
retained austenite is introduced into the hard phase of mar-
tensite, the strong stress concentration within martensite 
could be relaxed by self-adjustment between the hard and 
soft phases, finally improving the toughness [36, 37]. Xue 
et al. [20] reported that the fine ferrite phase in the dual 
phase of ferrite and martensite could restrain the formation 
of cleavage crack and change the crack propagation direc-
tion. In Fig. 19d, it can be observed that the crack propaga-
tion was arrested by the fine ferrite obtained by the DIFT. 
Therefore, an excellent toughness was achieved in the NZ 
under liquid  CO2 cooling.

Midawi et al. [5] indicated that the impact toughness in 
the HAZ of GMAW X80 pipeline steel joints only reached 
52% of that of the BM, which was far lower than that of 
the NZ by FSW under external rapid cooling conditions. 
The external rapid cooling is an effective way to improve 
the strength, plasticity, and toughness of FSW high-strength 
pipeline steel joints. Besides, some studies reported that the 
FSW at the strictly low peak temperature of < Ac1, namely 
the ferrite phase field, caused easily poor plastic flow and 

Fig. 18  SEM images of impact fractural surface in the NZ under different cooling conditions: a air cooling, b water cooling, c liquid 
 CO2 + water cooling, d liquid  CO2 cooling
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a great deformation force on the FSW tool, so that the tool 
was destroyed readily [38, 39]. Therefore, it is important to 
select a suitable cooling condition.

4  Conclusion

Defect-free joints were obtained under different cooling 
conditions. Coarse GB was observed in the NZ under air 
cooling, whereas LB and LM were detected in the NZs 
under rapid cooling conditions, and some fine ferrite 
appeared in the NZ under liquid  CO2 cooling besides the 
LM. The shear texture components of D1 

(

1̄1̄2
)

[111] and D2 
(

112̄
)

[111] were identified in the NZs, and the texture inten-
sity increased after utilizing the rapid cooling conditions. 
Under various cooling conditions, the highest hardness was 
in the NZ. Under air cooling, the lowest hardness occurred 
in the IHAZ, while under other rapid cooling conditions, 
the OHAZ had the lowest hardness. Under the rapid cool-
ing conditions of water, liquid  CO2 + water, and liquid  CO2, 
the tensile strength of the joints reached 92% of that of the 
BM, and the fracture occurred in the OHAZ. The maximum 
impact toughness was obtained in the NZ under liquid  CO2 

cooling, which was up to 93% of that of the BM. Therefore, 
rapid cooling is beneficial to improve the strength, plasticity, 
and toughness of FSW pipeline steel joints.
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