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Abstract

A comprehensive investigation was conducted into the microstructural evolution, high-
cycle fatigue properties, and corresponding fatigue fracture mechanism of the simulated
coarse-grained heat-affected zone (CGHAZ) in low-carbon microalloyed steel with different
Nb contents. The results demonstrated that an increase in Nb content led to a higher density
of both low-angle and high-angle grain boundaries (LAGBs and HAGBs), a reduction in
the mean equivalent diameter (MED), and a refinement of the prior austenite grains (PAGs)
in the CGHAZs. The crack initiation lifetimes accounted for over 97% of the total fatigue
life in the CGHAZs, thereby establishing it as the dominant mechanism governing fatigue
failure. The fatigue strength of the simulated CGHAZs exhibited a continuous increase from
212.6 MPa to 231.9 MPa as the Nb content was increased from 0.018 wt.% to 0.055 wt.%.
The augmentation of Nb content has been demonstrated to be a successful strategy for
enhancing the CGHAZ fatigue strength of low-carbon microalloyed steels.

Keywords: Niobium (Nb); coarse-grained heat-affected zone (CGHAZ); microstructure;
high-cycle fatigue; fracture mechanism

1. Introduction
As the global energy structure undergoes a transition toward clean and low-carbon

sources, wind power installed capacity continues to exhibit robust growth [1–3]. The
structural integrity of wind turbine towers is a critical factor in determining the overall
lifespan and reliability of the entire unit, particularly in the current trend toward larger
wind turbines. Submerged arc welding is the predominant technique for the fabrication
and assembly of wind power towers [4]. The appearance of the weld joints has been
demonstrated to induce stress concentration on the weld toes under high-cycle fatigue
loading [5], thereby resulting in the initiation of fatigue cracks primarily at the weld toes [6].
The corresponding microregion of weld toe was the welding coarse-grain heat-affected
zone (CGHAZ) [7], which has emerged as the primary weak site leading to wind tower
fatigue failure [8,9]. The production of welding CGHAZ with higher fatigue strength
and the elucidation of the fatigue damage mechanism have progressively emerged as
research priorities.

Previous studies have been published on the high-cycle fatigue properties of the heat-
affected zone (HAZ) in welded structural steel plates. For instance, the high-cycle fatigue
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strength of the HAZ of Q370qENH weathering steel was found to be approximately 80% of
that of the base steel [10] and the fatigue strength reference of the HAZ was determined
to be 175 MPa. Wang et al. [11] enhanced resistance to crack initiation and propagation of
simulated CGHAZ during fatigue fracture through weakened bainite variant selection at
the heat input of 14~20 kJ/cm. Bai et al. [12] revealed that a lower heat input (~15 kJ/cm)
resulted in higher ultimate fatigue stress of HAZ in a FH690 heavy-gauge marine steel, and
twin martensite in M/A constituents played a pivotal role in the initiation and propagation
of fatigue cracking. In addition, the welding heat input required for wind power steels
ranged from 25 to 40 kJ/cm for the single-wire submerged arc welding process. Zhang
et al. [13] observed that an increase in heat input (>30 kJ/cm) resulted in a decline in the
strength and impact toughness of pipeline steel due to an increased formation of polygonal
ferrite. Huang et al. [14] found that the microstructure of CGHAZ in Q690qE steel joints
exhibited lath bainite (LB) and granular bainite (GB). It was further noted that as the
welding heat input increased from 22.5 kJ/cm to 33.6 kJ/cm, there was a concomitant
decrease in microhardness and impact toughness. Ma et al. [15] and Cao et al. [16] have
also reported on the results of mechanical property tests for CGHAZ, including impact
toughness and hardness. However, a critical gap exists regarding the production of the
CGHAZ with enhanced fatigue performance within this specific range of heat input. In
addition, Nb microalloying technology plays a pivotal role in the development of modern
steel materials. Despite the findings indicated that the addition of Nb can considerably
enhance the strength and impact toughness of steel plates and/or corresponding CGHAZs,
a scientific gap persists concerning the effect of Nb on the high-cycle fatigue properties of
the CGHAZ in low-carbon microalloyed steel.

The factors governing the high-cycle fatigue life remain the subject of considerable
controversy. He et al. [17] conducted a study on the evaluation of fatigue damage to a
low-alloy steel, and the findings demonstrated that the crack initiation process for HAZ
constituted over 99% of the total fatigue life in very high cycle fatigue. As demonstrated
in the study by He et al. [18], the proportion between crack initial fatigue life and total
fatigue life is greater than 95% for the high cycle fatigue regime. However, Wang et al. [19]
advanced the proposition that the fatigue life of CGHAZ in bainitic steel welds was
predominantly attributable to fatigue crack propagation life, as evidenced by surface
observations. This phenomenon was induced by the high-angle grain boundaries (HAGB)
with high density and the elevated plastic deformability of polygonal ferrite. Consequently,
there is a necessity to thoroughly investigate and elucidate the regulatory mechanisms
governing the high-cycle fatigue life of the CGHAZ.

In this study, the three CGHAZs of low-carbon microalloyed steel with varying Nb
contents were simulated by the Gleeble 3800-GTC system (Poestenkill, NY, USA). The
objective of the present study was to quantify the effect of Nb content on high-cycle fatigue
strength and to elucidate the microstructural mechanisms in the CGHAZs at a heat input
of 35 kJ/cm. The findings can provide both theoretical and experimental support for the
continued development of wind power steel, with the objective of achieving a higher
fatigue life.

2. Materials and Methods
The chemical compositions of the experimental steels with different Nb contents

(0.018 wt.%, 0.038 wt.%, and 0.055 wt.%) are provided in Table 1. The chemical compositions
were determined using an ARL-iSpark8860 direct reading spectrometer (Waltham, MA,
USA). The experimental steels were smelted using a 200 kg BR-VM-200 vacuum induction
furnace (Bona, Shanghai, China) and subsequently cast into ingots. The ingots were
homogenized at 1210 ◦C for 2 h, then the steel plates were rolled using the TMCP process
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with the following parameters: heating temperature 1210 ◦C, holding time ≥ 0.5 h; first-
stage rolling final temperature ≥ 1020 ◦C, followed by holding until intermediate billet
thickness reached 45 mm. Second stage rolling started at ≤900 ◦C, with a final rolling
temperature of 800 ◦C. Accelerated cooling was applied immediately after rolling, with
water entry temperature at 770 ◦C and reheating temperature at 530◦. Subsequently,
the steel plates were subjected to cooling to ambient temperature, thereby achieving the
production of experimental steels.

Table 1. Chemical composition of the experimental steels (wt.%).

C Si Mn P S Cr Nb V Ti Alt Fe

18 Nb 0.07 0.23 1.38 0.006 0.003 0.24 0.018 0.025 0.014 0.027 Balance
38 Nb 0.07 0.23 1.42 0.005 0.004 0.24 0.038 0.025 0.015 0.031 Balance
55 Nb 0.07 0.23 1.40 0.004 0.003 0.24 0.055 0.025 0.014 0.032 Balance

The round bar specimens, measuring Φ10 mm × 120 mm, were machined perpen-
dicular to the rolling direction as illustrated in Figure 1. Welding thermal simulation of
the CGHAZs with varying Nb contents was performed using a Gleeble 3800-GTC system
(Poestenkill, NY, USA) to simulate submerged arc welding under a high heat input of
35 kJ/cm. The heating and cooling curves for the CGHAZs during the welding thermal
cycles were established based on the Rykalin-2D model. A closed-loop temperature control
system was implemented using K-type thermocouples welded at the midpoints of the
round bar specimens. The specimens were heated linearly to a peak temperature of 1350 ◦C
at a rate of 100 ◦C/s, held for 1 s, and subsequently cooled to 200 ◦C, completing the
thermal simulation cycle. Additionally, a dilatometer was used to determine the start and
finish temperatures of phase transformations during the welding thermal cycles.

Figure 1. Three-dimensional diagram of the thermal simulated specimens.

Metallographic specimens from the simulated CGHAZs were prepared by sectioning
through the thermocouple-welded region. After standard metallographic preparation and
etching with a 4% nitric acid alcohol solution, the resulting microstructures were examined
using an optical microscope (ZEISS, Baden-Württemberg, Germany) and a scanning elec-
tron microscope (Hitachi, Tokyo, Japan). Quantitative analysis of the microstructures was
performed using Image-Pro Plus 6.0 software. To minimize statistical errors, at least 10 in-
dependent fields of view were randomly selected and analyzed for each simulated CGHAZ
condition. The electron backscatter diffraction (EBSD) specimens were prepared using an
ion milling system (Hitachi, Tokyo, Japan) under high vacuum conditions. The EBSD scans,
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measuring 150 µm × 150 µm, were performed using an Oxford C-Swift detector (Oxford,
UK) with a step size of 0.25 µm. The acquired crystallographic orientation data were subse-
quently analyzed with AZtecCrystal 2.1 software (Oxford, UK). The detailed substructures
in the CGHAZs were examined using a transmission electron microscope (JEOL, Tokyo,
Japan) through 3 mm diameter thin foils, which were prepared by electrolytic polishing
in a solution of 7% perchloric acid in ethanol. In addition, the precipitated particles were
extracted from the matrix employing the carbon extraction replica technique. Their size
distribution and chemical composition were analyzed using the TEM coupled with energy-
dispersive X-ray spectroscopy (EDS, Oxford, UK). To ensure statistical reliability, more than
500 particles were analyzed for each simulated CGHAZ condition.

Figure 1 illustrates the geometry and dimensions of the CGHAZ specimens used for
tensile and high-cycle fatigue testing. Tensile tests were conducted at ambient temperature
on an electronic universal testing machine. The yield strength, tensile strength, and uniform
elongation values are reported as the average of three replicate tests. High-cycle fatigue
tests were carried out using a servohydraulic testing system Landmark 370.10 (Eden
Prairie, MA, USA) under stress-controlled conditions with a sinusoidal waveform, a stress
ratio (R) of 0.1, and a frequency of 20 Hz. The fatigue strength at 2 × 106 cycles was
determined according to the staircase method proposed by Dixon and Mood in the standard
GB/T 24176-2009 [20]. These fatigue tests were performed on three pairs of CGHAZ
specimens with varying Nb contents. To analyze fracture mechanisms, the fracture surfaces
of the fatigued specimens were examined using SEM. Microhardness was measured with a
micro-Vickers hardness tester (FM-ARS-9000, FUTURE-TECH, Sinsheim, Germany) under
a 500 g load for each CGHAZ condition, with reported values representing the average of
10 randomly selected indentations.

3. Results
3.1. Microstructures

Figure 2 illustrates the typical OM and complementary SEM micrographs of the sim-
ulated CGHAZs with different Nb contents. The quantitative results are illustrated in
Figure 3 for each microstructure of the specimens generated via the welding simulation.
The CGHAZ specimens exhibited a predominant bainite microstructure, comprising lath
bainitic ferrite (LBF), granular bainitic ferrite (GBF), M/A constituents (M/A), and de-
generated pearlite (DP). Given the Nb content of 0.018 wt.%, the CGHAZ exhibited LBF,
GBF, M/A constituents, and DP. The M/A constituents and DP were surrounded by a
substantial presence of either LBF or GBF plates. The elevated Nb content increased GBF
and M/A constituent, while concurrently decreasing the content of LBF and DP. As the Nb
content elevated to 0.055 wt.%, the microstructure was identified as GB, comprising the
GBF, M/A constituents, and DP.

Figure 4 illustrates the detained TEM micrographs of the simulated CGHAZs with
varying Nb contents. The microstructure characteristics of the CGHAZs observed via TEM
were found to be identical to those observed via OM and SEM in Figure 2. The elevated Nb
content resulted in a substantial increase in the number of dislocation substructures in the
CGHAZ, predominantly manifesting as entangled dislocation lines. The calibration result
of the selected area electron diffraction (SAED) pattern (Figure 4g) indicated that the bainitic
matrix was body-centered cubic (BCC) ferrite phase. As demonstrated in Figure 4e,f, the
magnified images of the selected areas from the 38 Nb CGHAZ in Figure 4d reveal the
typical fine structure of the DP and M/A constituents in CGHAZs. Figure 4e illustrates that
the DP microstructure consists of θ particles surrounded by degenerated pearlite ferrite
(DPF). The identification of the θ phase was facilitated by the calibration result of the SAED
pattern, as depicted in Figure 4h. Furthermore, the M/A constituents were identified
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through the SAED pattern (Figure 4i), which was composed of body-centered cubic (BCC)
martensite and face-centered cubic (FCC) austenite phases.

The EBSD results elucidating the crystal orientation characteristics of the simulated
CGHAZs are presented in Figures 5 and 6. Table 2 displays the statistical data of the
crystallographic characteristics of the simulated CGHAZs. Inverse pole figures (IPFs) were
utilized for the analysis of grain orientation in a variety of crystal directions. The utilization
of varied coloration in the grains was indicative of the crystal orientation of the simulated
CGHAZ grains. The mixed-color grains exhibited a random orientation in the simulated
CGHAZs with varying Nb contents. Mean equivalent diameter (MED) is a pivotal method
for the characterization of the grain size of ferrite matrix in alloy materials [21,22]. As
illustrated in Figure 6a, the elevated Nb content resulted in a decline in the MED, defined
by different misorientation angles (MTAs). This finding suggests that Nb had a refining
effect on the CGHAZ microstructure.

Figure 2. Typical OM and SEM micrographs of the simulated CGHAZs: (a,d) 18 Nb; (b,e) 38 Nb;
(c,f) 55 Nb. LB—lath bainite, GB—granular bainite, LBF—lath bainitic ferrite, GBF—granular bainitic
ferrite, M/A—M/A constituent, DP—degenerated pearlite.

Figure 3. Area fraction of each microstructure in the simulated CGHAZs.
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Figure 4. Typical TEM micrographs of the simulated CGHAZs: (a,b) 18 Nb; (c) 55 Nb; (d) 38 Nb.
(e,f) Magnified images of the selected areas from (d). (g) Selected area electron diffraction (SAED)
pattern of the bainitic ferrite matrix, (h) SAED pattern of the θ phase, and (i) SAED pattern of the
M/A constituent.

The low-angle grain boundary (LAGB) with a MTA ranging from 2 to 15◦ and the
high-angle grain boundary (HAGB) with a MTA exceeding 15◦ were delineated in the
image quality (IQ) maps (Figure 5b,e,h) with red and blue lines, respectively. The elevated
Nb content promoted a higher fraction of LAGBs in the CGHAZ, which increased from
59.2% to 66.9%. This was accompanied by a concomitant reduction in the HAGB fraction
from 40.8% to 33.1%. In instances where the grain sizes of CGHAZ were inconsistent, it
has been determined that the number fraction of grain boundaries was not an accurate
representation of their respective densities. In accordance with the established formula
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in [23], an augmentation in the Nb content was observed to result in a unidirectional rise
in the density of LAGBs from 2.32 × 10−4 to 2.99 × 10−4 1/µm, whilst the density of
HAGBs exhibited a consistent increase from 1.60 × 10−4 to 1.74 × 10−4 1/µm. This finding
indicated that Nb microalloying promoted grain refinement, resulting in a substantial
increase in grain boundary density within the CGHAZ.

 

Figure 5. Inverse pole figures (IPFs) (a,d,g), image quality (IQ) maps with grain boundary distri-
butions (b,e,h), and kernel average misorientation (KAM) maps (c,f,i) in the simulated CGHAZs:
18 Nb (a–c); 38 Nb (d–f); 55 Nb (g–i).

The kernel average misorientation (KAM) map was employed to illustrate the distri-
bution of the local strain level present within the alloy materials, as shown in Figure 5c,f,i.
The elevated Nb content resulted in a monotonic increase in the KAM value from 0.51◦
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to 0.57◦ within the CGHAZ specimens. KAM was regarded as a sensitive indicator of the
internal dislocation density within the grains of alloy materials [24]. A high value of KAM
indicated the presence of a greater number of dislocations [25]. As the Nb content increases,
the rise in KAM values reflected an increase in dislocation density, consistent with the
results from TEM observations (Figure 4).

Figure 6. Mean equivalent diameter (MED) as a function of misorientation angles (MTAs) (a), the
number fraction of MTA (b), and the number fraction of kernel average misorientation (KAM) value
(c) in the simulated CGHAZs.

Figure 7 displays the typical prior austenite grains (PAGs) and their corresponding
grain size distribution histograms for the CGHAZs at different Nb contents. The results
demonstrate that the addition of Nb had a significant refining effect on the PAG structure.
Specifically, as the Nb content increased from 0.018 wt.% to 0.055 wt.%, the average PAG
size in the CGHAZs decreased markedly from 129.5 µm to 99.8 µm.

Figure 8 displays the TEM micrographs and corresponding EDS point analysis of
precipitated particles in the simulated CGHAZs. The nanoparticles were identified as
(Ti,Nb,V)(C,N) composite carbonitrides through EDS analysis across specimens with vary-
ing Nb content. With the increase in Nb content from 0.018 wt.% to 0.055 wt.%, the average
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diameter of these (Ti,Nb,V)(C,N) particles increased from 58.8 nm to 63.0 nm, while the
average volume fraction exhibited a continuous rise from 0.31% to 0.68%.

Table 2. EBSD statistical data of the simulated CGHAZs.

LAGB HAGB
MEDMTA
≥ 15◦ (µm)Number

Fraction
LLAGB
(mm)

ρLAGB
(1/µm)

Number
Fraction

LHAGB
(mm)

ρHAGB
(1/µm)

18 Nb 59.2% 8.69 2.32 × 10−4 40.8% 5.99 1.60 × 10−4 7.73
38 Nb 62.1% 10.00 2.67 × 10−4 37.9% 6.21 1.66 × 10−4 7.25
55 Nb 66.9% 11.20 2.99 × 10−4 33.1% 6.54 1.74 × 10−4 6.73

Figure 7. Micrographs (a–c) and statistical histograms (d–f) of prior austenite grains (PAGs) in the
simulated CGHAZs: (a,d) 18 Nb; (b,e) 38 Nb; (c,f) 55 Nb. The red curves represent Gaussian fits
applied to these histograms.

Figure 8. TEM micrographs (a–c) and EDS point analysis (d–f) of precipitated particles in the
simulated CGHAZs: (a,d) 18 Nb; (b,e) 38 Nb; (c,f) 55 Nb.
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3.2. Mechanical Properties

Figure 9 presents the engineering stress–strain curves obtained from tensile tests, along
with hardness measurements, performed on the simulated CGHAZs at room temperature.
The corresponding mechanical properties are quantitatively summarized in Table 3. As the
Nb content increased from 0.018 wt.% to 0.055 wt.%, the yield strength of the simulated
CGHAZs rose from 469 MPa to 503 MPa, the tensile strength improved from 600 MPa
to 637 MPa, and the uniform elongation decreased from 10.9% to 9.5%. Furthermore,
the microhardness of the CGHAZs consistently rose from 198.8 HV0.5 to 211.7 HV0.5
with increasing Nb content, corroborating the overall strengthening effect induced by Nb
microalloying. The results demonstrate that the increase of Nb effectively improved the
strength and hardness of the CGHAZ, albeit with a moderate trade-off in ductility.

Figure 9. Engineering stress–strain curves (a) and hardness (b) of each specimen in the CGHAZs.

Table 3. Mechanical property summary of the simulated CGHAZs.

Specimen Yield Strength (MPa) Tensile Strength (MPa) Uniform Elongation (%) Hardness (HV0.5)

18 Nb 469 ± 4 600 ± 7 10.9 ± 0.1 198.8 ± 6.6
38 Nb 490 ± 1 617 ± 2 10.0 ± 0.2 203.3 ± 5.6
55 Nb 503 ± 4 637 ± 8 9.5 ± 0.2 211.7 ± 3.7

Figure 10 presents the high-cycle fatigue properties of the simulated CGHAZs with
different Nb contents. The corresponding S-N curves (Woehler curves) for each CGHAZ
specimen are exhibited in Figure 10a, Figure 10b and Figure 10c, respectively. It can be
observed that the fatigue data obtained from the CGHAZ specimens exhibited a relatively
clustered distribution. The S-N curves of the failed CGHAZ specimens were fitted using
the following Equation [26,27]:

log σa = log σ′
f − b ∗ log (N f ) (1)

where σa donates the stress amplitude, σ′
f signifies the fatigue strength coefficient, Nf

represents the number of cycles to failure, and b is the fatigue strength exponent. The fitted
results of Nf vs. stress amplitude are illustrated in Figure 10d, and the fitting equations of
the CGHAZ specimens are as follows:

18 Nb: log σa = 2.71 − 0.06*log(Nf) (2)
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38 Nb: log σa = 2.65 − 0.05*log(Nf) (3)

55 Nb: log σa = 2.62 − 0.04*log(Nf) (4)

Figure 10. High-cycle fatigue properties of the simulated CGHAZs with varying Nb contents:
(a) 18 Nb; (b) 38 Nb; (c) 55 Nb; (d) S-N curves fitted with Nf vs. stress amplitude.

Therefore, consistent with the trends observed for tensile strength and hardness,
the fatigue strength of the simulated CGHAZ specimens increased progressively from
212.6 MPa to 231.9 MPa as the Nb content was raised from 0.018 wt.% to 0.055 wt.%.

3.3. Fatigue Fracture Characteristics

In order to characterize the fatigue fracture behaviors in detail, the fracture surfaces of
the CGHAZ failure specimens were examined by SEM, as illustrated in Figures 11–13. It
is evident that three CGHAZ specimen types exhibited comparable fatigue fracture mor-
phologies. The progression of fatigue damage can be categorized into three distinct stages:
crack initiation, crack propagation, and instantaneous fracture. It has been established that
fatigue cracks initiated at the surface of CGHAZ specimens and subsequently propagated
inwards at a perpendicular angle to the direction of cyclic stress loading. The crack prop-
agation region exhibited discernible fatigue striations, while the instantaneous fracture
region was characterized by the presence of equiaxed dimples of varying sizes. In addition,
the fatigue failure lifetime can be categorized into two phases: the fatigue crack initiation
lifetime and the fatigue crack propagation lifetime. Fatigue striation spacing is indicative
of the distance to which fatigue cracks propagate under a single stress cycle [28,29]. The
increase in Nb content led to a reduction in the average fatigue striation spacing in the
CGHAZ from 0.187 µm to 0.161 µm. According to Figures 11–13, the fatigue crack propaga-
tion lifetimes of the CGHAZs with different Nb contents ranged from 9049 to 12,091 cycles,
accounting for 0.83% to 2.57% of the total failure lifetimes. This finding indicates that the
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crack initiation lifetimes played a dominant role in the fatigue damage, and the similar
findings were corroborated by the literature [17,18].

Figure 11. Typical fatigue fracture morphologies of 18 Nb CGHAZ failure specimen (σa = 234 MPa,
Nf = 352,540): (a) overall morphology; (b) fatigue origin; (c) fatigue crack propagation region;
(d) magnified image of the selected area from (c); (e) instantaneous fracture region. The yellow arrows
in these micrographs indicate the direction of crack propagation direction.

Figure 12. Typical fatigue fracture morphologies of 38Nb CGHAZ failure specimen (σa = 234 MPa,
Nf = 815,662): (a) overall morphology; (b) fatigue origin; (c) fatigue crack propagation region;
(d) magnified image of the selected area from (c); (e) instantaneous fracture region.
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Figure 13. Typical fatigue fracture morphologies of 55 Nb CGHAZ failure specimen (σa = 234 MPa,
Nf = 1,458,632): (a) overall morphology; (b) fatigue origin; (c) fatigue crack propagation region;
(d) magnified image of the selected area from (c); (e) instantaneous fracture region.

4. Discussion
4.1. Microstructure Evolutionary

Figure 14 illustrates the dilatometric curves of the simulated CGHAZs measured on
the Gleeble 3800-GTC system during the thermal simulation, with the green and blue
dotted lines denoting the tangents to the corresponding curve segments. As the Nb content
increased from 0.018 wt.% to 0.055 wt.% during the cooling process, the start temperature
(Ar3) of the simulated CGHAZs at which the γ → α phase transformation declined from
673 ◦C to 630 ◦C, and the finish temperature (Ar1) at which the transformation reduced
from 527 ◦C to 482 ◦C. The Ar3 and Ar1 temperatures were determined from continuous
cooling dilatometry curves using the tangent method. This phenomenon was attributed to
the solute drag effect from dissolved Nb atoms [30], which retarded the migration of γ grain
boundaries [31]. This inhibition forced the γ → α transformation to proceed at a lower
temperature, resulting in a depression of the Ar3 temperature. In addition, the granular
bainite (GB) phase transformation primarily nucleated at prior austenite grain boundaries
(PAGBs) [32], while the lath bainite (LB) grain nucleation mainly occurred within PAG
grains [33]. Refined PAGs, induced by elevated Nb contents, have been shown to form
higher-density grain boundaries (Table 2). These boundaries provide a substantial number
of nucleation sites for GB transformation, thereby promoting increased GB formation in
the CGHAZs. The content of LB in the CGHAZs decreased with increasing Nb content,
whereas the fraction of GB increased, as shown in Figures 2 and 3. The PAGBs and bainitic
packets in the LB microstructure were characterized as HAGBs [23], whereas the internal
substructure within GB grains consisted predominantly of LAGBs (Figure 5). Consequently,
an augmentation in the Nb content resulted in a concomitant increase in the density of both
LAGBs and HAGBs. The density of LAGBs exhibited a higher magnitude compared to that
of HAGBs within the CGHAZs (Figure 6).
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Figure 14. Thermal dilatometric curves of the simulated CGHAZs with different Nb contents.

Figure 15 illustrates the thermodynamic calculation results of precipitated phases, ob-
tained using Thermo-CalcTM 4.0 software with the TCFE13 database. The precipitation tem-
peratures of the Ti(N,C) and V(C,N) phases were determined to be approximately 1439 ◦C
and 765 ◦C, respectively. As the Nb content evaluated from 0.018 wt.% to 0.055 wt.%, the
precipitation temperature of the NbC phase increased continuously from 1051 ◦C to 1151 ◦C.
During the welding heating process, the NbC and V(C,N) phases dissolved completely into
the α-matrix, whereas the Ti(N,C) phase underwent partial dissolution. Upon post-weld
cooling, precipitation occurred in the sequence of Ti(N,C), NbC, and V(C,N). Notably, the
NbC and V(C,N) phases precipitated epitaxially on the surfaces of pre-existing Ti(N,C) par-
ticles, leading to the formation of (Ti,Nb,V)(C,N) composite precipitates [34,35]. As the Nb
content increased, both the average diameter and the volume fraction of the (Ti,Nb,V)(C,N)
particles in the CGHAZs exhibited a corresponding increase.

The presence of precipitated particles in steels exerted resistance on the migration of γ

grain boundaries [36,37]. The Zener model proposed that precipitation particles generated
a pinning force on γ grain boundaries [38], restricting their migration (Equation (5)).

Pz =
3 fvγγγ

2r
(5)

where Pz represents the pinning force exerted by precipitation particles against the γ grain
boundaries, fv indicates the volume fraction of the particles, γγγ denotes the interface
energy between two adjacent γ grains, and r signifies the radius of the particles. The
pinning effect on the migration of γ grain boundaries was enhanced with increasing
Nb content. Consequently, as the Nb content increased, the average size of PAGs and
the MED in the CGHAZs decreased (Figures 6 and 7), indicating a refinement of the
intragranular microstructure.
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Figure 15. Thermodynamic calculations of the precipitated particles in the simulated CGHAZs:
(a) 18 Nb; (b) 38 Nb; (c) 55 Nb.

4.2. Fatigue Damage Mechanism

To elucidate the fatigue fracture mechanism in the CGHAZs with varying Nb contents,
it is essential to analyze the initiation and propagation of fatigue cracks. The results
presented above indicated that crack initiation behavior played a dominant role in the
fatigue fracture process. The predominant factor contributing to the initiation of fatigue
cracks was the presence of local strain concentrations within the alloy materials [39],
which were the result of irreversible plastic deformation [40]. Grain boundaries have been
demonstrated to impede dislocation motion in polycrystalline materials [40,41]. During
the process of cyclic deformation, HAGB inhibited dislocation movement, resulting in
the accumulation of dislocation pile-ups and the formation of stress concentrations at
the grain boundaries, which induced the initiation of fatigue cracks [42,43]. However,
dislocations have the capacity to migrate through the LAGB into adjacent grains [44], and
LAGB cracking is a formidable challenge. An elevated Nb content increased the density
of both LAG and HAGB in the CGHAZs, with the LAGB density exhibiting a higher
magnitude than that of HAGBs. Consequently, this effect augmented the hindering effect
of fatigue crack initiation.

The discrepancy in grain size resulted in variations in the number of dislocation pile-
ups unit length in front of the boundaries [45]. Pursuant to Taylor theory and the Orowan
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formula, the relationship between shear stress (τ) and dislocation density (ρ) during plastic
deformation can be expressed as follows [46]:

τ = τ0 + KGb
√

ρ (6)

where τ0 represents the initial shear stress required to initiate dislocation motion in the
absence of other dislocation influences, K indicates the empirical constant, G signifies
the shear modulus of elasticity, b is the Burgers vector. During the process of plastic
deformation, it is hypothesized that the shear stress experienced by each grain is consistent
with Schmid’s law for the crystal orientation of the grain. The relationship between these
variables can be expressed as follows:

τ = Ωσ (7)

where Ω represents the Schmid factor, σ denotes the rheological normal stress applied
across the sample’s extremities, which is analogous to the yield strength of the materi-
als. According to the derivation by Zhang et al. [45], the relationship between the num-
ber of dislocation pile-ups unit length (n) and the parameters ρ and Ω is given by the
following equation:

n =
√

ρ =
Ω(σ − σ0)

KGb
(8)

where σ0 is referred to as the dislocation slip threshold stress, which is indicative of the
resistance to deformation within the crystal. In accordance with the Hall–Petch relationship,
the following relationship exists between the grain size (d) and yield stress:

σ − σ0 = kd−1/2 (9)

where k is a constant with the material. In the study, the d is determined as the MED from
EBSD data, as reported in [21,22]. The relationship between the number of dislocation
pile-ups and the grain size can be described using the following equation:

n =
kΩ

KGb
√

d
(10)

As demonstrated in Equation (10), the number of dislocation pile-ups at grain bound-
aries increased continuously as the grain size of polycrystalline materials grew. As the
number of dislocation pile-ups reached the critical number (nc), local cracking occurred
at grain boundaries [45], leading to the formation of fatigue cracks [47]. The elevated Nb
content resulted in a decline in the MED of CGHAZ (Table 2), leading to a decrease in the
number of dislocation pile-ups. This finding suggests a potential reduction in the fatigue
cracking tendency. Therefore, the elevated Nb content generated a combined effect in the
CGHAZ specimens, manifesting as an increased LAGB accompanied by a decrease in MED.
This effect served to reinforce the inhibitory effect of fatigue crack initiation.

Subsequent to the nucleation of fatigue microcracks on the surface of CGHAZ spec-
imens, fatigue cracks underwent subsequent propagation into the interior of CGHAZ
specimens during cyclic stress loading. A characterization of the propagation path of fa-
tigue microcracks in the CGHAZ was conducted, and the results are displayed in Figure 16.
Prior to the execution of the EBSB test, the fatigue fracture surface was protected by a
layer of nickel plating. The main fatigue crack propagated predominantly perpendicular
to the cyclic loading direction, with its local deflections caused by obstacles from HAGBs.
Secondary microcracks were initiated from the main fatigue crack, generally propagating
directly through the LAGBs while deflecting or arresting at the HAGBs. The findings
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indicated that HAGBs effectively impeded the propagation of fatigue cracks, whereas
LAGBs lacked this capability. This phenomenon can be attributed to the significant dis-
parity in crystallographic orientation across HAGBs. The propagation of fatigue cracks
necessitated the expenditure of considerable energy to alter their path and accommodate
the novel crystallographic plane [23,37]. Furthermore, despite exerting a negative influence
by hindering dislocation motion during the crack initiation, HAGBs ultimately inhibited
crack propagation to a certain extent. In contrast, LAGBs exhibited the opposite effect.
Consequently, the augmented Nb content elevated the density of HAGB in the simulated
CGHAZs (Table 2), thereby enhancing the inhibitory effect of fatigue crack propagation
and augmenting the fatigue crack propagation lifetime.

Figure 16. Typical SEM micrograph (a), IPF (b), and IQ map (c) with grain boundary distributions of
the propagation path of fatigue cracks in the 38 Nb CGHAZ. (d) Magnified images of the selected
areas from (c).

In summary, an increase in Nb present has been shown to inhibit both crack initiation
and propagation of fatigue cracks, thereby contributing positively to the enhancement of
both crack fatigue initiation lifetime and propagation lifetime. However, it is imperative
to acknowledge that crack initiation lifetimes accounted for over 97% of the total failure
lifetimes. Compared to the propagation lifetimes, the enhancement in Nb content exerted
a more positive influence on the augmentation of crack initiation lifetimes. It has been
determined that fatigue crack initiation was the predominant factor leading to fatigue
failure fractures. Finally, the fatigue strength of the simulated CGHAZs increased continu-
ously from 212.6 MPa to 231.9 MPa as the Nb content was increased from 0.018 wt.% to
0.055 wt.%.

5. Conclusions
The microstructure and high-cycle fatigue properties of the simulated CGHAZs with

varying Nb contents were investigated in a low-carbon microalloyed steel through Glee-
ble 3800-GTC system. The fatigue fracture characteristics and damage mechanism were
revealed with remarkable clarity. The main conclusions are summarized as follows.

(1) As the Nb content increased, the area fractions of the GBF and M/A constituent
increased in the CGHAZ, while those of the LBF and DP decreased. Concurrent with
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these alterations, the densities of both LAGBs and HAGBs increased, the MED from
EBSD data decreased, and the PAGs refined.

(2) The fatigue strength of the simulated CGHAZs exhibited an upward trend, increasing
from 212.6 MPa to 231.9 MPa as the Nb content was augmented from 0.018 wt.%
to 0.055 wt.%. In addition, the yield strength, tensile strength, and hardness of the
CGHAZs exhibited a continuous increasing trend with increasing Nb content.

(3) The fatigue crack initiation lifetime of the CGHAZs accounted for over 97% of the total
failure lifetimes, and the fatigue crack initiation was identified as the dominant factor
governing fatigue damage. The increase in Nb content promoted a synergistic effect,
evidenced by an elevated density of LAGBs and a decreased MED, which collectively
enhanced the resistance to fatigue crack initiation.

(4) HAGBs can deflect and arrest the fatigue secondary microcracks effectively. The en-
hanced density of HAGBs, concomitant with elevated Nb contents, has been demon-
strated to directly augment the inhibitory effect of fatigue crack propagation.

(5) For the low-carbon microalloyed steels, the increase in Nb content resulted in en-
hanced fatigue crack initiation and propagation lifetimes, thereby increasing the
high-cycle fatigue strength of the CGHAZ.
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Abbreviations
The following abbreviations are used in this manuscript:

CGHAZ Coarse-grained heat-affected zone
LAGBs Low-angle grain boundaries
HAGBs High-angle grain boundaries
MED Mean equivalent diameter
PAGs Prior austenite grains
TMCP Thermomechanical control process
OM Optical microscope
SEM Scanning electron microscope
EBSD Electron backscatter diffraction
TEM Transmission electron microscope
EDS Energy-dispersive X-ray spectroscopy
LBF Lath bainitic ferrite
GBF Granular bainitic ferrite
DPF Degenerated pearlite ferrite
SAED Selected area electron diffraction
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BCC Body-centered cubic
FCC Face-centered cubic
IPFs Inverse pole figures
MTAs Misorientation angles
IQ Image quality
KAM Kernel average misorientation
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