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Abstract: In this study, X80 pipeline steel is prepared with different Nb contents through the thermo-
mechanically controlled rolling process. The effects of using two different Nb contents on the
impact toughness and microstructure of the pipeline steel are examined using various experimental
techniques. The results show that with the increase in Nb content, the transformation temperature Ar3

decreases, and the nucleation and growth of bainitic ferrite with lath features (LB) are promoted, while
those of granular bainite (GB) are inhibited. In addition, the stability of the austenite phase increases
with the increase in Nb content. Therefore, the volume fractions of LB and martensite–austenite
(M/A) constituents increase, while the proportion of high-angle grain boundaries (HAGBs) decreases.
The impact energy of pipeline steel at −45 ◦C is closely related to the Nb content. Specifically,
the impact energy decreases from 217 J at 0.05 wt.% Nb to 88 J at 0.08 wt.% Nb. The cracks are
preferentially formed near the M/A constituents, and the HAGBs significantly inhibit the crack
propagation. The steel with 0.05 wt.% Nb has a lower content of M/A constituents and a higher
proportion of HAGBs than the one with 0.08 wt.% Nb. In addition, as the Nb content increases, the
crack initiation energy and the crack propagation energy decrease. Thus, the 0.05 wt.% Nb steel has a
higher low-temperature impact energy.

Keywords: pipeline steel; microalloying; microstructure; impact toughness

1. Introduction

With the rapid economic development and the continuously increasing global oil
demand, pipelines have become the preferential mode of oil and natural gas transportation.
At the same time, due to the complex geological conditions of oil and gas wells, more
stringent requirements are being imposed on the mechanical performance of pipeline steel,
especially its low-temperature fracture resistance [1–5]. Owing to its excellent comprehen-
sive mechanical properties, X80 grade steel is commonly used in the construction of oil
and natural gas pipelines. The composition of pipeline steel can significantly alter its mi-
crostructure and crystal texture, thereby affecting its low-temperature fracture resistance [6].
Therefore, it is important to consider the impact of alloy elements on the final mechanical
properties. The microstructure of conventional X80 pipeline steel has a low-carbon bainite
structure, including polygonal ferrite (PF), granular bainite (GB), bainitic ferrite with lath
features (LB), and martensite–austenite (M/A) constituents [6–9], while the main elements
affecting the transformation behavior and microstructure of high-strength pipeline steel
are Mo, Nb, B, Ni, etc. [10,11].

It has been reported that with the increase in dissolved Nb content, the recrystallization
temperature of austenite phase increases and initial austenite grain size decreases [6].
Therefore, the production of high-performance pipeline steel can reduce the use of Mo
elements as well as the cost of steel plates. The dissolved Nb in the austenite phase can
reduce the phase transition temperature, thereby refining the alloy microstructure [8]. Sun
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et al. showed that Nb dissolved in austenite enhanced the strength of tempered forged steel
due to its excellent solid solution strengthening effect [9]. Bai et al. showed that compared
to Ti-Mo steel, Nb-Mo steel exhibited a finer microstructure and better low-temperature
toughness [10]. Wu examined the relationship between the alloy elements and the strength
and impact toughness of X80 pipeline steel, and the results showed that with an increase
in Nb content, both the strength and impact toughness increased [11]. On the other hand,
Chen studied the effect of Nb on the mechanical properties of the heat affected zone (HAZ)
of X80 pipeline steel, and the results showed that a high Nb content reduced the impact
toughness of pipeline steel [12]. Therefore, a clear consensus has still not been achieved on
the influence of Nb on the low-temperature toughness of steel. Although several researchers
have examined the influence of Nb content on the phase transformation and properties
of pipeline steel [13–18], they have mainly focused on the phase transformation points,
microstructural composition, and grain size, and the inherent structural factors that affect
the toughness have been mostly ignored.

In this study, X80 grade pipeline steel is prepared with two different Nb contents, and
the effects of Nb content on the phase transformation, microstructure, and properties of
X80 grade pipeline steel are comprehensively analyzed. In particular, the microstructural
evolution under different Nb contents is examined to reveal the underlying mechanisms
governing low-temperature toughness. The findings of this study can serve as a useful
reference for the effective design and control of high-strength pipeline steel.

2. Experimental Procedure

The chemical compositions of the two experimental steel plates with varying Nb
contents are listed in Table 1. The thick steel plates (thickness of 24 mm) were obtained by
thermo-mechanical control processing (TMCP) after melting in a 120 kg vacuum furnace.
A schematic of TMCP is shown in Figure 1. Firstly, a 140 mm thick ingot was heated to
1180 ◦C at a rate of 10 ◦C/s and held for 3 h. Then, the ingots were roughened to 70 mm
in five passes at 1030–1050 ◦C and finally to 24 mm in six passes at 780–800 ◦C using a
φ450 mm trial rolling mill. This was followed by accelerated cooling at 750 ◦C under an
average cooling rate of 20 ◦C/s, which stopped at 420 ◦C. The measured TMCP parameters
of the test steels are listed in Table 2.
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Figure 1. Schematic diagram of TMCP.

The microstructure of the steel plate samples was examined using metallographic mi-
croscopy (Axion-200MAT, ZEISS, Oberkochen, Germany) and scanning electron microscopy
(SEM; S-3400N, HITACHI, Tokyo, Japan) after grinding, mechanical polishing, and etching
with a 4% nitric acid–alcohol solution. For transmission electron microscopy (TEM; JEM-
2010; JEOL Ltd., Tokyo, Japan), the thin film sample was polished to a thickness of 30 µm
through multiple passes of sandpaper, then processed into a circular disc with a diameter



Metals 2024, 14, 42 3 of 13

of 3 mm. Finally, the thin film sample was electropolished. The polishing solution was
5% perchloric acid in ethyl alcohol, with a polishing voltage of 25 V, current of 55–65 mA,
and temperature of 25 ◦C. Image Pro Plus 6.3 (MEDIA, Rockville, MD, USA) software was
used to randomly determine the content and size of the M/A constituents under 10 SEM
fields of view. The area of the M/A islands in the SEM images was considered as the M/A
constituent content, and the arithmetic mean values of area, length (Lmax), and width (Lmin)
were taken as the average size of M/A components. The specimen was horizontally cut
on a rolled plate and machined into a standard Charpy V-notch impact specimen with a
size of 10 mm × 10 mm × 55 mm to conduct a low-temperature impact test on a JB-300B
semi-automatic impact testing machine at −45 ◦C. The microstructure of the sample and
the secondary cracks on the fracture section were analyzed using SEM (S-3400N) and
electron backscatter diffraction (EBSD; EDAX, Mahwah, NJ, USA). The mean equivalent
diameter (MED) of grains and the proportion of high-angle grain boundaries (HAGBs)
were analyzed by EBSD analysis software (OIM Analysis 9; EDAX, Berwyn, PA, USA).
The effect of microstructure on the impact toughness of X80 steel and the corresponding
influence mechanism were also investigated. For EBSD analysis, the scanning step size was
selected to be 0.2 µm. The size of the cleavage fracture surfaces was obtained by measuring
the diameter of the equivalent circle of the cleavage surface using Image Pro Plus software.
For obtaining accurate data, at least 50 cleavage surfaces were considered for each data
point, then the average value was taken. The effect of Nb on the phase transformation of
alloy steel was analyzed by a Gleeble 3500 thermal simulation test machine ((Dynamic
Systems Inc., Poestenkill, NY, USA).

Table 1. Chemical compositions of each Nb-containing steel (wt.%).

Sample
Name C Mn P S Si Ni Cr Cu Mo Nb V Ti

Carbon
Equivalent

Content
(Ceq)

Crack
Susceptibility

Factor
(Pcm)

0.05Nb 0.079 1.67 0.007 0.002 0.18 0.62 0.16 0.15 0.26 0.05 0.037 0.009 0.49 0.21
0.08Nb 0.070 1.70 0.006 0.002 0.16 0.66 0.15 0.15 0.25 0.08 0.034 0.008 0.47 0.202

CEN = C + f(C){Si/24 + Mn/6 + Cu/15 + Ni/20 + (Cr + Mo + Nb + V)/5 + 5B}, and f(C) = 0.75 + 0.25 tanh
{20(C–0.12)}.

Table 2. TMCP parameters of test steel.

Steel Heating Temperature (◦C) RRST
(◦C)

RRFT
(◦C)

FRST
(◦C)

FRFT
(◦C)

SCT
(◦C)

FCT
(◦C) Cooling Rate (◦C/s)

0.05Nb 1176 1091 1042 818 798 756 421 20
0.08Nb 1178 1088 1039 818 789 749 422 20

RRST—rough rolling start temperature; RRFT—rough rolling final temperature; FRST—finish rolling start temper-
ature; FRFT—finish rolling final temperature; SCT—start cooling temperature; FCT—finish cooling temperature.

3. Results
3.1. Microstructure

The XRD patterns of the steel are shown in Figure 2. The results show that there were
a large amount of ferrite (α) phases and a small amount of austenite (γ) phases in the
steel. The volume fractions of retained austenite in the samples were determined by XRD;
the retained austenite content in the 0.05Nb and 0.08Nb test steels was 0.83% and 1.1%,
respectively. The metallographic and typical SEM images of the microstructure of the test
steels with different Nb contents are shown in Figure 3a–d. The relative proportions of
different microstructural constituents are presented in Figure 3e. The steel microstructure
mainly contained PF, GB, LB, and M/A constituents. The microstructure of the sample
with an Nb content of 0.05% primarily contained PF and GB, accounting for 12.5% and
85% of the total area, respectively, with the LB phase being relatively minor, occupying



Metals 2024, 14, 42 4 of 13

only 2.5% of the area. When the Nb content increased to 0.08%, the LB phase became the
primary constituent of the sample, occupying 81.8% of the microstructural area, while the
proportions of GB and PF decreased to 3.6% and 14.6%, respectively.
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The statistical results for the proportion of M/A constituents are shown in Figure 4
and Table 3. With the increase in Nb content, the proportion of M/A constituents increased
from 10.9% to 15.6%. The typical SEM images of M/A constituents reveal four different
morphologies: islands (area < 5 µm2, aspect ratio < 4), thin elongated shapes (area < 5 µm2,
aspect ratio > 4), thick elongated shapes (area > 5 µm2, aspect ratio > 4), and block-
like shapes (area > 5 µm2, aspect ratio < 4), and the corresponding statistical results are
presented in Table 3. With the increase in Nb content, the content of M/A constituents with
elongated shapes significantly increased from 17.6% to 22.42%, while that of island-like
M/A constituents decreased from 82.02% to 77.85%.



Metals 2024, 14, 42 5 of 13
Metals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 4. Quantitative statistics of M/A constituents in the steel samples with different Nb contents 

(a) 0.05Nb; (b) 0.08Nb. 

Figure 5 shows the TEM images of test steels with different Nb contents. The typical 

microstructure of AF, GB, LB, and M/A constituents can be observed in the figure. In 

addition, M/A constituents are observed in the bright-field images, dark-field images, and 

selected area electron diffraction (SAED) pattern (the diffraction spot (220)γ). The M/A 

constituents are dispersed between the bainite matrix with elongated or block-like shape. 

The TEM images indicate that an increase in Nb content leads to an increase in the LB 

content, a decrease in the GB content, an increase in the area fraction of M/A constituents, 

and the transformation of M/A constituents from block-like to elongated morphology, 

which is consistent with the SEM images. As shown in Figure 5f–h, the precipitated phase 

is mainly distributed in the granular bainite matrix with a certain dislocation density. The 

size of the precipitate is around 20–100 nm. Figure 5h clearly shows the presence of Nb–

Ti-rich precipitate. 

Figure 4. Quantitative statistics of M/A constituents in the steel samples with different Nb contents
(a) 0.05Nb; (b) 0.08Nb.

Table 3. Quantitative statistics of M/A constituents in steels with different Nb contents.

Steel M/A Content
(Area %)

Island-like Shape
(Number %)

Thin Elongated Shape
(Number %)

Thick Elongated
Shape (Number %)

Block-like Shape
(Number %)

0.05Nb 10.9 82.0 17.6 0.4 0.0
0.08Nb 15.6 77.9 22.4 0.0 0.0

Figure 5 shows the TEM images of test steels with different Nb contents. The typical
microstructure of AF, GB, LB, and M/A constituents can be observed in the figure. In
addition, M/A constituents are observed in the bright-field images, dark-field images, and
selected area electron diffraction (SAED) pattern (the diffraction spot (220)γ). The M/A
constituents are dispersed between the bainite matrix with elongated or block-like shape.
The TEM images indicate that an increase in Nb content leads to an increase in the LB
content, a decrease in the GB content, an increase in the area fraction of M/A constituents,
and the transformation of M/A constituents from block-like to elongated morphology,
which is consistent with the SEM images. As shown in Figure 5f–h, the precipitated phase
is mainly distributed in the granular bainite matrix with a certain dislocation density.
The size of the precipitate is around 20–100 nm. Figure 5h clearly shows the presence of
Nb–Ti-rich precipitate.

The EBSD images of test steels with different Nb contents are shown in Figure 6. The
thick and thin lines in Figure 6 represent grain boundaries with different sizes and angles,
and different colors represent different misorientation tolerance angles (MTAs). Specifically,
the thick black lines represent MTA > 15◦, while the thin white lines represent MTA = 2–15◦.

Figure 7a shows the mean equivalent diameter (MED) of grains as a function of MTA
for samples with different Nb contents. The equivalent grain size is the diameter of the
equivalent circle enclosed by the grain boundaries with different MTAs. It can be seen that
as the MTA increases, the MED also increases. As the Nb content increases, the equivalent
grain size defined at each MTA decreases. Specifically, the MED corresponding to the MTA
of 2–15◦ decreases from 3.86 ± 0.08 to 3.28 ± 0.11 µm, while the MED corresponding to
MTA greater than 15◦ decreases from 4.43 ± 0.05 to 4.02 ± 0.09 µm.
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Figure 5. Typical TEM images of test steels with different Nb contents. (a) 0.05% Nb; (b–e) 0.08%
Nb. (c) Bright-field image of the M/A constituents with elongated shape; (d) dark-field image of the
M/A constituents (residual Austenite phase) with elongated shape; (e) corresponding selected area
diffraction pattern. TEM bright-field (BF) image of the precipitate. (f) 0.05% Nb; (g,h) 0.08% Nb.
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Figure 7b shows the proportion of grain boundaries with different MTAs in the test
steels with different Nb contents. The proportion of low-angle grain boundaries (LAGBs)
increases from 0.5 to 0.6, and that of HAGBs decreases from 0.5 to 0.4. Thus, as the Nb
content increases, the proportion of HAGBs tends to decrease. The relevant statistical
results are displayed in Table 4.

Table 4. Equivalent grain size and proportion of grain boundaries with different MTAs.

Steel
MED (µm) Proportion of Grain Boundaries with Different MTAs (%)

2–15◦ >15◦ 2–15◦ 15–65◦

0.05Nb 3.86 ± 0.08 4.43 ± 0.05 0.5 0.5
0.08Nb 3.28 ± 0.11 4.02 ± 0.09 0.6 0.4

3.2. Impact Test

The load–displacement curves of 0.05Nb and 0.08Nb test steels at −45 ◦C are shown
in Figure 8. The area of the enclosed region bounded by the vertical line to the left of the
curve at the maximum load (Fm) in Figure 8 is the crack initiation energy, while the area
of the enclosed region bounded by the vertical line to the right of the curve at Fm is the
crack propagation energy. It can be seen in Table 5 that when the Nb content increases from
0.05 to 0.08, the crack initiation energy decreases from 83.5 J to 69.5 J, the crack propagation
energy decreases from 133.5 J to 18.5 J, and the total impact energy decreases from 217 J
to 88 J. The ratio of crack propagation energy to the total energy in the 0.08Nb test steel is
relatively low, and after crack initiation, less energy is consumed in the crack propagation,
resulting in a decrease in the proportion of fiber zone in the fracture surface as well as the
low-temperature absorption energy.
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Table 5. Statistical results of the impact energy and cleavage fracture surface size.

Steel Fm (kN) Ei (J) Ep (J) Et (J) Cleavage Fracture
Surface Size (µm2)

The Percent Shear
Fracture Area (SA, %)

0.05Nb 26.0 83.5 133.5 217.0 19 ± 2 41
0.08Nb 27.6 69.5 18.5 88.0 32 ± 2 11

Fm—Maximum load; Ei—Crack initiation energy; Ep—Crack propagation energy; Et—Total impact energy.

Figure 9 shows the low-temperature impact fracture morphology of test steels with
different Nb contents obtained by SEM at −45 ◦C. It includes both macroscopic (a,b) and
microscopic (c–f) fracture morphologies, where (c,d) show the dimples in the fiber zone,
and (e,f) show the river-like patterns in the radiation zone.
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It can be observed that the size of the cleavage surface increases with the increase in
Nb content. The statistical results are shown in Table 5, and there is a good agreement
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between the cleavage surface size and impact energy of standard specimens (AKV2).
When the Nb content was 0.05, the test steel mainly exhibited ductile fracture, with small
and deep dimples in the fiber zone. In Figure 9e, there are many tearing edges in the
dissociation plane, ultimately resulting in excellent low-temperature toughness of the test
steel. When the Nb content increased to 0.08, the test steel mainly exhibited brittle fracture,
and the proportion of the fiber zone decreased. As shown in Figure 9d, the ductile dimples
appear large and shallow. In Figure 9f, obvious secondary cracks extending directly into
the radiation zone are observed, and the overall proportion of the fiber zone decreases.
Consequently, the low-temperature impact toughness of the test steel decreased.

3.3. Thermal Expansion Curve

Figure 10 shows the expansion curve for the cooling process of X80 test steel. The
starting point of austenite-to-ferrite transformation during the 20 ◦C/s cooling process
was marked using the standard tangent method, and the starting temperature of phase
transformation (Ar3) was obtained. It was observed that as the Nb content increased,
Ar3 decreased.
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4. Discussion
4.1. Effect of Nb Content on the Microstructural Evolution of Pipeline Steel

The mechanical properties of X80 pipeline steel are closely related to its microstructure.
The content, shape, and size of the microstructure (GB + PF + LB + M/A mixed microstruc-
ture) significantly affect the low-temperature impact resistance of pipeline steel, as shown
in Figures 4 and 8. As the Nb content increases, the amount of LB and M/A constituents
increases, while the GB content decreases. Thus, the Nb content significantly governs the
evolution of the mixed microstructure of X80 pipeline steel.

4.1.1. Effect of Nb Content on the Evolution of LB + GB + AF Mixed Microstructure

It has been reported that the formation temperature of GB is generally higher than that
of LB, so GB nucleates first during the austenite cooling process [19]. The GB phase usually
nucleates and grows at the prior austenite grain (PAG) boundaries, while the LB phase
mainly nucleates inside the grains. As shown in Figure 10, when the Nb content increases
from 0.05 to 0.08, Ar3 decreases from 639 to 610 ◦C, and the initial temperature of the γ

→ α phase transition decreases. Thermodynamic analysis shows that the driving force
promoting the nucleation and growth of LB increases, while the nucleation and growth of
GB are inhibited. Therefore, LB becomes the main phase in this case. In addition, due to
the driving force of 0.08Nb steel, the nucleation rate of α phase is relatively high, so the
microstructure of the test steel is refined, and the MED value decreases.



Metals 2024, 14, 42 10 of 13

4.1.2. Effect of Nb Content on the Evolution of M/A Microstructure

As described in Section 3.1, a mixed structure composed of GB, AF, LB, and M/A
was formed in the 0.05Nb and 0.08Nb test steels. During the continuous cooling process
from Ar3 to Ar1, the γ → α + γ′ phase transformation occurred in the test steel. Because C
has much lower solubility in α than in γ phase, carbon atoms diffuse from ferrite to the
surrounding austenite, leading to the formation of carbon-rich γ′ phase [20,21]. As the Nb
content increases, the phase transition occurs in the two-phase region (ferrite + austenite)
and the carbon content of austenite phase increases. The concentration of carbon continues
to increase, and the resistance to further transformation increases. Further, the phase
stability improves, and the residual austenite content at room temperature increases. The
final residual carbon-rich γ′ further transforms into an M/A constituent, and different phase
transition processes alter the microstructure and internal substructure of the M/A [22]. As
the Nb content increases, the proportion of M/A constituents increases and hinders the
generation of island-like M/A constituents, as shown in Figures 3–5 and Table 3.

4.2. Effect of Nb Content on the Impact Behavior of Pipeline Steel

According to classical fracture theory [23,24], cracks are formed when the stress reaches
a certain critical value. The critical fracture stress is related to the Young’s modulus, effective
surface energy, and M/A constituents. The M/A constituents have a high mechanical
strength and hardness due to their high lattice distortion and dislocation density. There
is a large difference in the strength and hardness between the M/A constituents and the
surrounding bainitic ferrite matrix in pipeline steel, which has a significant impact on
the crack initiation and propagation process. During the severe deformation process in
the impact experiment, the crack generally formed near the M/A constituents due to the
accumulation of high dislocation density between the hard phase M/A and the surrounding
soft phase. When the impact strain is transferred to the structure, the soft bainitic ferrite
phase in the structure first undergoes plastic deformation. At the same time, dislocation
accumulation occurs at the interface between the matrix and mixed structure, especially at
the M/A constituents and the surrounding interfaces [25]. When the stress increases to the
critical stress, microcracks nucleated by the M/A constituents propagate. This process can
be quantitatively described using the Griffith local cracking model as follows:

σc =

(
2Eγs

αa

) 1
2

where σc is the critical stress, E is the Young’s modulus, γs is the effective surface energy of
the interface fracture between the M/A constituents and the bainitic matrix, α is a constant
related to the crack shape, and a is the size of the microcrack nucleating at or around the
M/A constituents.

According to the above equation, the large M/A constituents can lead to the formation
of microcracks, while small island-shaped M/A constituents can not only increase the
critical stress but also effectively hinder the generation and propagation of secondary
cracks. The small size of the M/A constituents in the test steel with low Nb content results
in a higher critical stress, leading to a higher crack initiation energy. Consequently, with
the increase in Nb content, the content and size of M/A constituents increase, leading to
a decrease in the critical stress. In addition, cracks can more easily propagate along or
through these elongated M/A components, as shown in Figure 11.

The 0.05Nb test steel sample was cut along the center of the plane perpendicular to the
fracture surface, and the typical secondary crack morphology was observed through SEM.
The results are shown in Figure 11. The micropores in the matrix tend to nucleate at the
carbides or small M/A constituents through particle fracture or particle/matrix interface
detachment, as shown in Figure 11a. Such micropores require a huge amount of energy to
aggregate and grow in the plastic deformation zone [26–29]. When the secondary cracks
propagate in the radiation zone of the sample, they encounter HAGBs and small block-like
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M/A constituents, leading to bending and even fracture termination. The HAGBs or small
M/A constituents can hinder crack propagation, which is conducive to improving the
impact performance of the sample.
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Figure 11. SEM images of the secondary cracks and microcracks in the test steels with different Nb
contents: (a) 0.05Nb; (b) 0.08Nb.

The deflection or termination of crack propagation largely depends on the crystal ori-
entation relationships between the sub-structures through which the crack passes, between
the substructures and grains, and between the grains [26]. When the crack propagation pro-
cess is accompanied with energy consumption or the formation of small plastic deformation
zones, these interfaces can hinder the crack propagation.

Some grain boundaries can suppress the crack propagation, which is usually accom-
panied by energy consumption or the formation of small plastic deformation zones [27–29].
According to the inverse pole figure maps of the fracture surface of pipeline steel in
Figure 12a,b, cracks cannot deflect or stop at the LAGBs, but the propagation of secondary
cracks is affected by the HAGBs. Therefore, during the impact loading process, HAGBs can
hinder the propagation of cracks and improve the impact propagation energy of pipeline
steel. The high-density HAGBs enhance the impact toughness of pipeline steel. It is evident
from Figure 9 and Table 4 that when the Nb content increases from 0.05% to 0.08%, the
content of HAGBs in the test steel decreases from 52.7% to 35.4%. As shown in Figure 12b,
cracks propagate almost linearly within the grains until they stop at the PAG boundary. In
the test steels with high Nb content, the reduction in these obstacles encountered during
the crack propagation greatly reduced the energy required for crack propagation, thereby
promoting the crack propagation process.
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5. Conclusions

The effect of Nb content on the phase transformation, impact toughness, and mi-
crostructure of X80 grade pipeline steel was examined using metallographic microscopy,
SEM, EBSD, TEM, and impact testing. The main results of this study are summarized
as follows:

(1) The microstructure of X80 pipeline steel mainly included AF, PF, LB, GB, and M/A
constituents. With the increase in the Nb content, the microstructure was refined.
The MED corresponding to MTA greater than 15◦ reduced from 4.43 ± 0.05 to
4.02 ± 0.09 µm. At the same time, the content of GB and AF in the microstructure
decreased, while that of LB and M/A constituents increased. With the increase in the
Nb content from 0.05 to 0.08 wt.%, the proportion of M/A constituents increased from
10.9% to 15.6%

(2) As the Nb content increased from 0.05 to 0.08 wt.%, the crack initiation energy de-
creased from 83.5 J to 69.5 J, the crack propagation energy decreased from 133.5 J to
18.5 J, and the total impact energy decreased from 217 J to 88 J. In addition, the fracture
mode changed from mixed fracture to cleavage fracture.

(3) The content and shape of M/A constituents and the volume fraction of HAGBs
significantly affected the low-temperature toughness of pipeline steel. A small amount
of small-sized block-like M/A constituents and a high-volume fraction of HAGBs
were found to significantly improve the low-temperature impact toughness of the
tested pipeline steel.
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