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Abstract: In this paper, the influence of the silicon (Si) content on microstructure and impact property
of submerged arc weld metals (WMs) for weathering bridge steel was clarified. Actual submerged arc
welding (SAW) was carried out to produce WMs with 0.18 wt.%, 0.36 wt.%, 0.51 wt.%, and 0.60 wt.%
of Si. The low temperature impact property of weld metal was detected, and the weld microstructures
were characterized by optical microscopy (OM), scanning and transmission electron microscope
(SEM and TEM), and electron backscatter diffraction (EBSD). The results indicate that WMs consist of
polygon ferrite (PF), acicular ferrite (AF), granular bainitic ferrite (GBF), and martensite/austenite
(M/A) constituents in each Si content. With increasing Si, the proportion of PF increased, while AF
and GBF coarsened, the area fraction, f M/A, and the mean size, dM/A, of M/A constituents increased,
the number of inclusions decreased, but the size increased. Further, the fraction of high-angle grain
boundaries (HAGBs) with the misorientation tolerance angles (MTAs) greater than 15◦ reduced, while
the mean equivalent diameter, MEDMTA≥15◦ , of ferrite grains with HAGBs increased. Accordingly,
the impact toughness of WM was degraded from 108.1 J to 39.4 J with the increase in Si. The increase
in M/A constituents and inclusions size reduced the critical fracture stress, thereby formation of
larger microcracks and cleavage planes occurred. The reduced HAGBs exhibited a low hindering
effect on crack propagation, and, consequently, the impact toughness decreased with increasing Si
content.

Keywords: weathering bridge steel; Si content; submerged arc weld metal; M/A constituents;
inclusions; impact toughness

1. Introduction

The weathering bridge steels, containing Cu, Cr, and Ni, can attain robust mechanical
properties via a thermo-mechanical controlled process, as well as enough atmospheric
corrosion resistance by forming a stable rust layer [1–3]. Generally, a traditional arc welding
process is applied for this type of low-alloy steel structure manufacturing. In particular,
the SAW with high cladding efficiency is preferred in the welding of medium and thick
plates [4–6]. It is widely required in engineering that the corrosion resistance and strength
of the WMs should match with the base metal, and alloying elements, such as Cu, Cr, and
Ni, are also commonly added to the weld [7,8]. However, abundant alloying elements cause
a poor weld ability of weathering steel, and gas holes and a large number of inclusions are
often found in welds, and contain a high proportion of granular bainitic ferrite (GBF) and
coarse hard-phase martensite/austenite (M/A) constituents, which cause serious damage
to the metallurgical quality and impact performance of WMs [9–11].
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Optimization of alloy elements can modulate the properties of WMs. Some schol-
ars [12–15] reported that the toughness of WMs of weathering steel can be improved by
optimizing the content of Cu, Cr, and Ti. Among these reports, Si, as an indispensable
alloying element for weathering steel welds, improves corrosion resistance and also plays a
role of solid solution strengthening for WMs of weathering steel [16–18]. Meanwhile, Si
triggers deoxidation with Mn in the welding process, i.e., reduces the oxygen content in
the weld and minimizes the oxidation of beneficial alloying elements [19]. In addition, Si
can improve the flow and wetting characteristics of the weld pool [20], thereby enhancing
the metallurgical quality of WMs. Nevertheless, Chai et al. [21] reported that Si content
in WMs of low-alloy steel should not exceed 0.6 wt.% to ensure good elongation and
toughness. John et al. [22] pointed out that 0.14 wt.% to 0.63 wt.% of Si progressively
lowered the impact values of WMs in Si–Mn steel due to the hard phase M/A constituents.
Boniszewski [23] reported that more than 0.2 wt.% Si can prevent porosity. Moreover, the
limit of Si content of submerged arc welding wires of YS-Cu (≤0.30 wt.% for YS-CuC2
and ≤0.50 wt.% for YS-CuC3 and YS-CuC4), TH500/550/600-NQ (≤0.35 wt.%) have been
specified by Japanese JIS Z3351 [24] and Chinese TB/T 2374 [25] standards, respectively.
Accordingly, it is essential to study the influence of Si content on weld toughness and met-
allurgical quality for weathering steel. This study further reveals the role of Si in WMs of
weathering steel. However, as far as we know, similar research has not been reported yet.

For this attempt, we prepared the submerged arc welding atmospheric corrosion
resisting wires with Si content of 0.15 wt.%, 0.32 wt.%, 0.45 wt.%, and 0.56 wt.% to be
subjected to SAW. The weld microstructure, inclusions, and impact properties were exam-
ined systematically after welding. In particular, the difference in the crack initiation and
propagation behavior of WMs caused by varying Si content was studied. Finally, the range
of Si content for favorable weldability of weathering steel is proposed.

2. Experimental Procedure

The welding wire steels with varied Si contents were melted by an 80 kg vacuum
induction furnace; the chemical composition of ingots is shown in Table 1. The preparation
process of the atmospheric corrosion resisting wires was subjected to the forging of welding
wire ingots, hot rolling of wire rods (ϕ 6.5 mm), rough drawing (ϕ 5.5 mm), fine draw-
ing (ϕ 4.0 mm), and copper plating. In addition, four pair of plates with dimensions of
32 × 400 × 150 (RD) mm3 were cut from weathering bridge steel for butt welding; the
chemical composition of base metal is shown in Table 2. The symmetrical Double-V type
grooves with an angle of 60◦ were machined (Figure 1a). Panasonic single-wire SAW ma-
chine was used in the welding process. High basicity agglomerated flux (2.0 ≤ BIIW ≤ 2.1)
was prepared and baked at 350 ◦C for 2 h before welding; the chemical composition of flux
is also compiled in Table 2. The parameters used during the SAW process were: voltage of
31–33 V, current of 560–580 A, welding speed of 20 m·h−1, inter-pass temperature below
130 ◦C, and the corresponding heat input of ~30 kJ·cm−1. After no defects were found
through ultrasonic testing (after 24 h of welding), the composition of the weld was tested,
as given in Table 3. Next, the impact toughness of WMs was detected. The samples were
taken 2 mm below the center of the weld, the pre-machined size was 80 (RD) × 10 × 10 mm3,
and samples etched by 4% nitric acid alcohol, and Charpy V-notch (CVN) position of
the WMs was determined (V-notch was made in the direction of thickness). Further samples
were machined into the standard impact dimensions of 55 × 10 × 10 mm3 for impact test
(Figure 1a–c). The impact property of the WMs was tested three times using JB-300B impact
tester for each Si content. Moreover, the round bars with the dimensions of 80 (RD) × ϕ6 mm2

were taken from the WMs. Typical 30 kJ·cm−1 welding thermal cycle was simulated by
Gleeble-3500 thermal simulation machine for varied Si content. The influence of Si on
the critical temperature of γ (austenite)→α (ferrite) transformation was measured via a
dilatometer attached to the thermal simulated round bars (Figure 1d).
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Table 1. The chemical composition of atmospheric corrosion-resisting electrode (wt. %).

Ingot C Si Mn P S Ni Cr Cu Mo Ti

E15 0.07 0.15 1.73 0.007 0.003 0.75 0.45 0.30 0.22 0.05
E32 0.07 0.32 1.74 0.008 0.005 0.74 0.45 0.29 0.23 0.05
E45 0.07 0.45 1.75 0.006 0.003 0.75 0.44 0.31 0.22 0.05
E56 0.07 0.56 1.74 0.007 0.004 0.75 0.45 0.30 0.23 0.05

Table 2. The chemical composition of base metal and flux (wt. %).

Base
metal

C Si Mn P S Cr Ni Cu Mo
0.05 0.30 1.44 0.012 0.005 0.51 0.39 0.32 0.15

Flux
SiO2 + TiO2 CaO + MgO Al2O3 + MnO CaF2 S P

20–30 25–35 15–30 15–25 0.06 0.08
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Figure 1. Schematic diagram of submerged arc welding and sampling (a), preparation of weld impact
samples (b), standard impact sample size (c), the phase transition temperature of welded metals (d),
and observation of weld—microstructure and fracture surface (e). RD: rolling direction; ND: normal
direction; TD: transverse direction.

Table 3. Chemical compositions of the weld metals (wt. %).

WM C Si Mn P S Ni Cr Cu Mo Ti

WM18 0.05 0.18 1.56 0.007 0.003 0.70 0.43 0.30 0.31 0.012
WM36 0.05 0.36 1.53 0.008 0.005 0.71 0.42 0.29 0.32 0.014
WM51 0.05 0.51 1.54 0.006 0.003 0.70 0.41 0.31 0.31 0.014
WM60 0.05 0.60 1.54 0.007 0.004 0.69 0.42 0.30 0.31 0.012

The weld microstructure for each Si content from the fracture was observed after
impact testing performance (cutting the fractures 3 mm below the upper surface perpen-
dicular to V-notch). Microstructural examination was performed by optical microscopy
(OM, Axiover-200MAT, Germany), scanning electron microscopy (SEM, SU-5000, JPN), and
transmission electron microscope (Talos F200x, Germany). The specimens for OM and SEM
were sanded, polished, and etched in 4% nitric acid alcohol. Samples were first directly
used under OM for the observation of inclusions, and then re-polished and etched with
LePera’s reagent for observing M/A constituents by OM. The number of inclusions in
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the field of view of 1 mm2 was calculated, and more than 1000 inclusions were randomly
selected from 20 fields of view. The size distribution characteristics of inclusions were
analyzed using Image-Pro software. Further, samples of 3 mm were cut from WMs with
different Si contents and prepared for TEM examination. Samples were sanded to ~50 µm
thickness using coarse and thin sandpapers, and then thinned to perforation on twin-jet
equipment (TenuPol-5, Germany) with an electrolyte consisting of 5% perchloric acid and
95% ethyl alcohol. Orientation of the weld microstructures was investigated by the electron-
backscattered diffraction microscopy (EBSD, JPN) equipped on SEM (the corresponding
specimens were prepared by electrolytic polishing with a solution of 90% methyl alcohol
and 10% perchloric acid).

Furthermore, the macro- and micro-morphologies of impact fractures for each WM
were analyzed by SEM. The fracture surfaces were cut perpendicular to V-notch; the internal
fracture characteristics were observed after sanding, polishing, and etching with 4% nitric
acid alcohol (Figure 1e).

3. Results
3.1. Impact Toughness and Fracture Characteristics

Figure 2 presents the CVN impact absorbed energy of WMs with varied Si content. As
Si increases from 0.18 wt.% to 0.36, 0.51 wt.%, and 0.60 wt.%, the low-temperature impact
energy decreases monotonously, and its average value decreases from 108.1 J to 90.6 J,
69.3 J, and 39.4 J, respectively. The growing Si content leads to a gradual deterioration in
the toughness of the WM.
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Figure 2. Low temperature impact toughness of WMs with varied Si content.

SEM images of the fracture surface of the WM are shown in Figure 3. The fracture
surface of welds with 0.18 wt.% of Si is mainly a ductile fracture, and shear lips are observed
at the fracture edge. The fiber zone accounts for a high proportion, i.e., mainly consisting
of small circular and deep dimples (Figure 3c). The radiation zone consists of cleavage
surfaces, and small inclusions occur in the center of some small cleavage surfaces (Figure 3e).
As Si content increases to 0.60 wt.%, the fracture surface exhibits typical cleavage fracture
morphology. By zooming in on local areas, a few tear ridges with ductile characteristics
can be seen, but the tear ridges possess small cleavage surfaces and shallow dimples. The
size of the cleavage surface of WM60 is significantly larger than that of WM18. Relatively
large inclusions are observed in the center of the large cleavage surface.
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3.2. Microstructural Characteristics

The impact specimens and the macro sections of the welded joint were etched with
4% nitric acid and alcohol, respectively. The location of impact sampling and weld area in
the impact specimens are shown in Figure 4a,b. In addition, the weld area in the impact
specimen was restored by Panorama Studio 3Pro software (Figure 4c,d). The weld impact
specimen included two areas, namely, the columnar crystal zone (CZ) and the equiaxed
crystal zone (EZ). The CZ structure grows at a certain angle along the centerline of the
weld, while EZ mainly refers to the heat-affected area of the upper layer of weld bead to
the next layer of weld bead in multi-layer multi-pass welding [26,27].

The microstructure of CZ and EZ is further observed by OM, as shown in Figure 5.
For the CZ region, the microstructures include acicular ferrite (AF), granular bainitic
ferrite (GBF), and polygonal ferrite (PF) phases, with the increase in Si content in weld,
the number fraction of PF is increased, and AF and GBF coarsened. For the EZ region,
the microstructures are also composed of AF, GBF, and PF phases; PF occupies a higher
proportion compared to CZ region, and the size and number fraction of PF are increased
with a growing amount of Si in the weld, while the AF and GBF also experience coarsening.
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WM60 (g,h).

M/A constituents in WMs after corrosion are shown in Figure 6. It corroded and
transformed into a bright white color in CZ and EZ regions. With the increase in Si content
in the WM, the size and area fraction of M/A constituents in CZ and EZ are obviously
increased. Further, more than 1000 M/A constituents in 15 fields of view were used to
estimate the impact of Si on their size and area fraction via the Image-Pro software, as
shown in Table 4. For the CZ region, as Si increases from 0.18 wt.% to 0.60 wt.%, the
area fraction of M/A constituents increases from 5.50% to 8.43%, while the mean size
increases from 0.60 µm to 0.87 µm, respectively. For the EZ region, the area fraction of M/A
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constituents increases from 5.18% to 7.90%, while the average size of M/A constituents
increases from 0.68 µm to 0.98 µm, respectively.
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OM images of weld inclusions are shown in Figure 7; the corresponding statistics
of the number and size distributions of inclusions are shown in Figure 8a,b, respectively.
With the increase in Si content (from 0.18 wt.% to 0.60 wt.%) in the WM, the number of
inclusions is decreased sharply, but the grain size of inclusions is increased. The number of
inclusions in 1 mm2 field of view is reduced from 535 to 305, however, the average diameter
of inclusions is increased from 0.47 µm to 0.81 µm.
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Table 4. List of microstructure observations and quantifications.

WM
f M/A/% dM/A/µm f MTA>15◦ /% MEDMTA≥15/µm

CZ EZ CZ EZ CZ EZ CZ EZ

WM18 5.50 ± 0.20 5.18 ± 0.25 0.60 ± 0.04 0.68 ± 0.03 55 46 3.3 4.3
WM36 6.39 ± 0.15 6.12 ± 0.18 0.69 ± 0.03 0.79 ± 0.04 47 42 3.9 4.9
WM51 7.23 ± 0.16 6.97 ± 0.13 0.78 ± 0.03 0.87 ± 0.04 46 40 4.6 5.7
WM60 8.43 ± 0.17 7.90 ± 0.16 0.87 ± 0.04 0.98 ± 0.03 41 37 5.3 6.5

f M/A—Area fraction of M/A constituents, dM/A—average size of M/A constituents, f MTAs>15—the number
fraction of boundaries at misorientation tolerance angle > 15◦, MEDMTA≥15◦—mean equivalent diameter of grains
with boundaries at misorientation tolerance angle > 15◦.
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Inverse pole figure maps of CZ and EZ regions were obtained from EBSD analysis,
as shown in Figure 9. The HAGBs are defined as MTAs of boundaries higher than 15◦

and marked by black lines, while the low-angle grain boundaries (LAGBs) with MTAs
ranging from 2◦ to 15◦ are marked by white lines [28]. The mean equivalent diameter
(MED) of grains with boundaries at MTAs higher than 15◦ (MEDMTA>15◦ ) and the fraction
of boundaries at MTAs higher than 15◦ (f MTA>15◦ ) for each Si content were estimated,
as shown in Figure 10 and Table 4. As Si content in WM increases from 0.18 wt.% to
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0.60 wt.%, the fraction of f MTA>15◦ is decreased (CZ: 55%→ 41%; EZ: 46%→ 37%). Mean-
while, MEDMTA>15◦ is stimulated (CZ: 3.3 µm→ 5.3 µm; EZ: 4.3 µm→ 6.5 µm).
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Figure 10. The number fraction of boundaries at different MTAs (a,b) and MED of the grains with
boundaries defined by MTA from 2◦ to 15◦ (c,d) with varied Si content for welded microstructure.
CZ (a,c) and EZ (b,d).

Moreover, weld microstructure of CZ (Figure 11a–c) and EZ (Figure 11d,f) were also
characterized via TEM. The microstructure of weld was composed of ferrite laths and black
island structures. In addition, heterogeneous nucleation of AF is observed on complex
inclusions, and some inclusions are covered by ferrite growth and do not show nucleation
ability. The energy dispersive spectroscopy (EDS) analysis of inclusions (with/without
nucleation) is counted in Figure 11 (I–III), and the results show that the inclusions are
composed of Al-Mn-Si-Ti-O composites. With the increase in Si content in WMs from 0.18
wt.% to 0.60 wt.%, the width of the ferrite laths is increased for CZ and EZ. The island
structure is identified as an M/A constituent by selected area electron diffraction (SAED)
pattern and the light/dark field, as shown in Figure 11g,h.

Metals 2023, 13, x FOR PEER REVIEW 12 of 20 
 

 

 

 
Figure 11. TEM micrographs of CZ (a−c) and EZ (d−f) of WMs and elemental composition of 
inclusions (I−III); bright field (g), dark field (h), and inset SAED of M/A. WM18 (a,d), WM36 (b,e), 
WM60 (c,f) and WM 51 (g,h), DP−degenerated pearlite. 

4. Discussion 
4.1. Deoxidation Reaction of Weld Pool and Origin of Inclusions Reduction  

The deoxidation reaction of SAW refers to the displacement oxidation reaction and 
deoxidation. Deoxidation reaction involves alloy elements with high oxygen affinity and 
occurs in the region where the molten droplets and slag are mixed with the molten welded 
metal [29,30]. Metal melting and replacement reactions occurred at the front of the weld 
pool, while metal solidification and deoxidation reactions occurred at the back of the weld 
pool. According to the TEM results (Figure 11), the inclusions in the weld are composite 
inclusions—Al-Mn-Si-Ti-O-S. Thus, the possible metallurgical reactions during the 
metallurgical process of the weld are summarized in Figure 12. 

Figure 11. Cont.



Metals 2023, 13, 1506 11 of 18

Metals 2023, 13, x FOR PEER REVIEW 12 of 20 
 

 

 

 
Figure 11. TEM micrographs of CZ (a−c) and EZ (d−f) of WMs and elemental composition of 
inclusions (I−III); bright field (g), dark field (h), and inset SAED of M/A. WM18 (a,d), WM36 (b,e), 
WM60 (c,f) and WM 51 (g,h), DP−degenerated pearlite. 

4. Discussion 
4.1. Deoxidation Reaction of Weld Pool and Origin of Inclusions Reduction  

The deoxidation reaction of SAW refers to the displacement oxidation reaction and 
deoxidation. Deoxidation reaction involves alloy elements with high oxygen affinity and 
occurs in the region where the molten droplets and slag are mixed with the molten welded 
metal [29,30]. Metal melting and replacement reactions occurred at the front of the weld 
pool, while metal solidification and deoxidation reactions occurred at the back of the weld 
pool. According to the TEM results (Figure 11), the inclusions in the weld are composite 
inclusions—Al-Mn-Si-Ti-O-S. Thus, the possible metallurgical reactions during the 
metallurgical process of the weld are summarized in Figure 12. 

Figure 11. TEM micrographs of CZ (a–c) and EZ (d–f) of WMs and elemental composition of
inclusions (I–III); bright field (g), dark field (h), and inset SAED of M/A. WM18 (a,d), WM36 (b,e),
WM60 (c,f) and WM 51 (g,h), DP—degenerated pearlite.

4. Discussion
4.1. Deoxidation Reaction of Weld Pool and Origin of Inclusions Reduction

The deoxidation reaction of SAW refers to the displacement oxidation reaction and
deoxidation. Deoxidation reaction involves alloy elements with high oxygen affinity
and occurs in the region where the molten droplets and slag are mixed with the molten
welded metal [29,30]. Metal melting and replacement reactions occurred at the front of
the weld pool, while metal solidification and deoxidation reactions occurred at the back
of the weld pool. According to the TEM results (Figure 11), the inclusions in the weld are
composite inclusions—Al-Mn-Si-Ti-O-S. Thus, the possible metallurgical reactions during
the metallurgical process of the weld are summarized in Figure 12.

The statistical results of inclusions indicate that with increasing Si content, the number
of inclusions in 1 mm2 area of the weld is decreased, while the size of the inclusions is
increased (Figure 8). A combination of multiple factors can contribute to such variation in
inclusions. Smith et al. [31–33] reported that inclusions in the weld pool can be eliminated
within a limited time depending on their floating speed, which is approximated by Stokes’
law, as shown in Equation (1). From the formula, the floating speed of inclusions depends
on the density (ρ), viscosity, and radius of inclusions. The effect of Si content on viscosity
was calculated using JmatPro, and the results show that the viscosity decreases with
the increase in Si (Figure 13), which is consistent with previous research [20], i.e., Si can
improve the flow characteristics of the molten pool. Vezzu [34] pointed out that the higher
the content of Ti, Mn, Si, etc., in molten steel, the higher the degree of segregation of solute
elements at the interface of the inclusions, and this mechanism could lead to a gradual
increase in the size of the inclusion. As a strong deoxidizing element (Si), more silicon is
transited into the weld pool to participate in the reaction, and the degree of segregation
is increased, accordingly, the tendency for inclusions to grow may increase. Further, the
deoxidized products (SiO2, MnO, Al2O3, etc.) can form complex inclusions such as silicate
with low density and a low melting point [31,35]. The incorporation of Si increases such
inclusions with a decline in their average density. Accordingly, increasing Si content leads
to high floating velocity of inclusions, i.e., more conducive to the removal of inclusions.
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However, inclusions might collide and recombine during the upward floating process, as
the cooling speed of the welding pool is faster, resulting in some composite inclusions not
being discharged in a timely manner and remaining in the weld seam. Thus, their size is
further coarsened.
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v = 2g·r2 (ρFe − ρi)

9η
(1)

where v—floating velocity of inclusion; g—gravitational acceleration (9.8m/s2); ρFe,
ρi—density of Fe and inclusions (ρFe = 7.85 g/cm3); η—viscosity of molten pool; and
r—radius of the metal inclusion.

4.2. Effect of Si on the Weld Microstructure

After the solidification of weld pool, solid phase transformation occurred during
the continuous cooling, and the microstructure after phase transformation was closely
related to chemical composition and cooling conditions. Figure 5 depicts the microstructure
of CZ and EZ under different Si contents. In order to analyze the effect of Si on the
phase transformation behavior of welds, the thermal expansions of welds with different Si
contents were measured using a thermal dilatometer to determine the onset temperature
(Ar3) and end temperature (Ar1) of γ (austenite)→α (ferrite) phase transition, as shown in
Figure 14. As Si increases from 0.18 wt.% to 0.60 wt.%, Ar3 is increased from 679 ◦C to 719 ◦C,
i.e., stability of austenite is decreased, leading to a high phase transformation temperature
of γ → α, as mentioned [36]. Phase transformation occurring at high temperatures is
conducive to the diffusion of C, leading to the formation of a large number of PF at the prior
austenite grain boundaries (PAGBs). As the phase transformation temperature decreases,
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the diffusion of C is inhibited, which promotes the transformation of GBF and AF. The AF
is heterogeneous nucleated on the inclusions, while GBF is nucleated at PAGBs [37]. The
increase in Si transitioning to WMs causes an increase in Ar3, leading to a high content of PF
in the CZ of the weld. Compared to the lower Si content, GBF and AF undergo coarsening.
The EZ of the weld is the heat-affected region of the previous layer of weld bead to the
next layer of weld bead in multi-layer multi-pass welding. When the CZ region undergoes
the filling of the next layer of weld bead, the EZ region is formed. Increasing Si increases
the amount of PF in the microstructure of the CZ, and GBF and AF are grown; when the
CZ undergoes a heating process again, the microstructure further coarsens accordingly,
resulting in an obvious coarsening of the microstructure in the EZ as the Si content increases.
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tion for each Si content in WMs.

The solubility of C atoms in α is significantly lower than that of γ. During the
transformation process of γ→ α, there is always accompanied by the diffusion of C atoms
from α to γ, and the enrichment of C atoms occurs to form metastable austenite(γ’). γ’ is
transformed into M/A constituents during the rapid air cooling [38,39]. High doping of
Si in the weld enhances Ar3, consequently, the diffusion time of C atoms increases and
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becomes more sufficient. It leads to the formation of large-sized γ’, and in the subsequent
rapid cooling, the formation of large-sized M/A constituents occurs (Figure 6). Due to
non-uniformity in heat in the weld, lamellar DP is formed in some areas that experience
long residence time at high temperatures (Figure 11).

4.3. Effect of Si Content on Impact Property of Weld Metal

With the gradually increased amount of Si (0.18 wt.% to 0.60 wt.%) in the weld, the
impact toughness of WM at −40 ◦C is dropped from 108.1 J to 39.4 J, and the fracture mode
changes from ductile to brittle. Impact toughness generally consists of two parts: crack
initiation energy and crack propagation energy, thereby the effect of Si is discussed in terms
of crack initiation and propagation.

The hard phase M/A constituents and non-metallic inclusions in the microstructure
had a significant effect on the crack initiation process [3,40]. Both their hardness values were
significantly higher than that of the matrixes, which could easily cause local embrittlement.
The main reason for this phenomenon was that under the impact load, due to the uneven
plastic deformation between the M/A constituents, inclusions, and ferrite matrix, local
stress concentration occurs near the M/A constituents and inclusions. When the local stress
concentration level around the M/A constituents or inclusions exceeds the critical fracture
stress, microcracks may occur. The kernel average misorientation (KAM) map obtained by
EBSD can be used to measure the degree of local microscopic strain concentration [41,42].
As shown in Figure 15, with the increase in Si content, the degree of local microscopic strain
clearly increases. At the same time, the critical fracture stress could be evaluated according
to the classical fracture theory [43,44], as shown in formula (2). An increase in the size of
M/A constituents and inclusions leads to a decrease in critical fracture stress. Doping of Si
can boost the size of M/A constituents and inclusions, which stimulates the degree of local
stress concentration, and, consequently, the critical fracture stress decreases. The impact
fracture surface and cross-section observations are shown in Figure 3e,f and Figure 16a,b,
respectively. When the Si content in the WM was low, the small cleavage surface caused by
inclusions could be clearly observed, and the merging of micro-voids was also generated.
When the Si content was high, the cleavage surface also occurred near the inclusions, and,
compared to the low Si content, the size of the cleavage surface increased, and large-sized
microcracks also generated around M/A constituents. Therefore, with the increase in Si
content, it was easier to initiate cracks and increase their size, and the corresponding energy
consumption during the crack initiation stage continued to decrease.

σc =

(
2Eγ1/2

s

(1 − ν2)d

)
(2)
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Figure 16. Micro-voids and microcracks beneath the fibrous regions of impact fracture at WM18 (a) and
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The critical fracture stress, σc, is measured in terms of Young’s modulus E, effective
surface energy γs, Poisson’s ratio ν, and size of the microcrack d (d can be regarded as the size
of inclusions/M/A constituents).

Figure 16c,d show the crack propagation behavior in the radial region of the impact
fracture surface. It could be observed that the crack deflection or arrest occur at ferrite
boundaries, and the crack propagation length is increased with the increase in Si. Generally, the
deviation and/or retardation of microcracks propagation mainly depends on the orientation
deviation between adjacent grains [45,46]. Figure 17 shows the crack propagation behavior in
the radiation zone (EBSD image), and the blue and red lines are distinguished between HAGBs
with MTAs higher than 15◦ and LAGBs with MTAs between 2–15◦, respectively. As can be
seen, the cracks pass through LAGBs and stop at HAGBs. Zhang et al. [47] mentioned that
HAGBs can significantly impede crack propagation and improve toughness, i.e., the density
of HAGBs was a key factor in determining crack propagation resistance. With the increase in
Si doping, the proportion of HAGBs in CZ and EZ is decreased from 55% and 46% to 41%
and 37%, respectively; meanwhile, MEDMTA≥15◦ in CZ and EZ regions increases accordingly.
This indicates that the density of HAGBs unit area is reduced as Si doping increases, and the
corresponding energy consumption during the crack propagation is decreased.

Metals 2023, 13, x FOR PEER REVIEW 17 of 20 
 

 

 
Figure 16. Micro-voids and microcracks beneath the fibrous regions of impact fracture at WM18 (a) 
and WM60 (b). Typical secondary crack propagation beneath the radiation regions of impact 
fracture at WM18 (c) and WM60 (d). 

 
Figure 17. Typical secondary crack propagation behavior beneath the radiation regions at WM36. 

5. Conclusions 
This paper studies the effect of Si on the microstructure and impact properties for 500 

MPa weathering bridge steel weld metals of submerged arc welding. The correlation 
between the microstructure and impact properties was pointed out. The following 
conclusions were drawn in this article: 
(1) Weld metals with varied doping of Si in columnar crystal zone and equiaxed crystal 

zone formed a mixed microstructure of acicular ferrite and granular bainitic ferrite 

Figure 17. Typical secondary crack propagation behavior beneath the radiation regions at WM36.



Metals 2023, 13, 1506 16 of 18

5. Conclusions

This paper studies the effect of Si on the microstructure and impact properties for
500 MPa weathering bridge steel weld metals of submerged arc welding. The correla-
tion between the microstructure and impact properties was pointed out. The following
conclusions were drawn in this article:

(1) Weld metals with varied doping of Si in columnar crystal zone and equiaxed crystal
zone formed a mixed microstructure of acicular ferrite and granular bainitic ferrite
and polygon ferrite and M/A constituents. With the increase in Si doping in weld
metals, the phase transformation occurred at high Ar3, resulting in more polygon
ferrite and coarsening of the sizes of acicular ferrite, granular bainitic ferrite, and M/A
constituents;

(2) With the increase in Si content from 0.18 wt.% to 0.36, 0.51 wt.%, and 0.60 wt.%,
the impact energy decreased monotonously, and its average value decreased from
108.1 J to 90.6 J, 69.3 J, and 39.4 J, respectively. Considering that the impact toughness of
500 MPa weathering bridge steel joints needs to be higher than the limit of 54 J, to
ensure good toughness of the weld metals, doping of Si in weld metals should not
exceed 0.51 wt.%;

(3) The increase in Si content in the weld metals led to an increase in the size of M/A
constituents and inclusions, resulting in a decrease in crack initiation energy, while the
decrease in high-angle grain boundaries density reduced crack propagation energy.
Both of these reasons led to a decrease in the impact toughness of the welded metal
with an increase in Si content;

(4) The research and development of submerged arc welding wires matching 500 MPa
weathering bridge steel with excellent welding process performance and mechanical
properties is of great significance for promoting the application of high-strength
weathering steel in the field of bridges. In addition, we will continue to pay attention
to the matching problem of strength, toughness, and corrosion resistance between
high-strength weathering bridge steel and weld metals in future research.
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