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Abstract: Pressure vessel steels are used in the manufacture of tanks for the storage of gases, chemical
materials and oil. To meet the increasing production demands, high-wire-energy welding is widely
used in the manufacture of pressure vessel steels. This means that the weldability of pressure vessel
steels needs to be improved. Therefore, in order to reveal the microalloying effect of Ca in pressure
vessel steel, this study took a commonly used pressure vessel steel as the research object, and three
groups of experimental steels with different Ca mass fractions were prepared using vacuum met-
allurgy, controlled rolling and controlled cooling. Welding heat simulation technology was used
to simulate the welding heat of experimental steel and the welding heat-affected zone (HAZ) was
investigated. The inclusions of the welding HAZ in the experimental steels were observed by using a
metallographic microscope and scanning electron microscope (SEM). The mechanism of intragranular
acicular ferrite (IAF) nucleation induced by the inclusions containing Ca elements in the welding
HAZ of pressure vessel steels was also discussed. The research results show that the addition of
Ca increased the number density of effective inclusions in the welding HAZ of the experimental
steel up to 535.60 pieces/mm?. The addition of the Ca element was beneficial for producing more
pinning inclusions in the experimental steel welding HAZ under the experimental conditions, and
the inclusions were mainly elliptical oxide complex inclusions of Ca-Si with a size of about 2 pum.
Meanwhile, Al;O3 and MnS were precipitated. After the addition of Ca elements, Mn-poor regions
appeared around the inclusions containing Ca in the welding HAZ. IAF nucleation was mainly
induced by the local compositional change mechanism and supplemented by the stress—strain energy
mechanism and inert interface energy mechanism. This study provides a valuable reference for
optimizing the welding process of pressure vessel steels and is of great importance for understand-
ing the IAF nucleation mechanism of Ca-containing inclusions in the welding HAZ of pressure
vessel steels.

Keywords: inclusions; pressure vessel steel; intragranular acicular ferrite; welding heat-affected zone;
nucleation mechanism

1. Introduction

Pressure vessel steels refer to the special steels used to make pressure vessels [1]. It
includes carbon steels and low-alloy high-strength steels. It is economical and convenient.
In addition, it is an indispensable and important steel [2-4]. Low-heat-input welding is
not sufficient for the production of pressure vessel steels because of its slow speed [5,6].
However, during high-wire-energy welding of pressure vessel steels, in the coarse-grained
zone of the welding HAZ, the solid base metal usually has obvious microstructure coars-
ening and performance deterioration due to the influence of welding thermal cycling [7].
In order to solve the problem of decreasing strength and toughness of pressure vessel
steel in high-heat-input welding production, many scholars around the world have carried
out research on this problem, mainly focusing on the use of microalloying elements in
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oxide inclusions and refining the austenite grain size to obtain good toughness of the IAF
microstructure as the main way to improve the toughness of the welding HAZ [8-10].
With the improvement in the welding energy input, the use of TiN and Ti oxides to
improve the toughness of the welding HAZ is no longer suitable for actual production [11].
Therefore, by adding Ca elements, a sufficient number of micron-scale inclusions were
introduced into the steels [12,13]. Elements such as Ca or micron-scale compound inclusions
formed with other elements play a very beneficial role in inducing the nucleation and
growth of the IAF microstructure in the welding HAZ. The IAF microstructure has the effect
of inhibiting the rapid growth of cracks, which can improve the strength and toughness
of the welding HAZ of pressure vessel steels [14-16]. There are four main mechanisms of
IAF nucleation in the welding HAZ: minimum mismatch mechanism, stress—strain energy
mechanism, local component change mechanism and inert surface mechanism [17,18].
The minimal mismatch mechanism suggests that smaller lattice mismatches between the
inclusions and ferrite reduce the interfacial energy for ferrite nucleation, thus promoting
IAF nucleation [19]. Wen et al. [20] found that Mg-containing inclusions have a strong
ability to induce IAF nucleation. The mismatch rates for MgO and MgAl,Oy relative
to ferrite were calculated to be 4.03% and 0.6%, respectively, at 1185 K. The minimal
mismatch mechanism was inferred to be its nucleation mechanism. The stress—strain
energy mechanism indicates that when welding with high wire energy, due to the different
thermal expansion coefficients of the inclusions and the steel matrix, a large stress—strain
field is easily formed around the inclusions in the HAZ, thus promoting IAF nucleation [21].
The relationship between the thermal expansion coefficient of the inclusions and the ability
of the inclusions to induce IAF nucleation is shown in Figure 1, which indicates that the
greater the difference in the thermal expansion coefficient between the austenite and the
inclusions, the easier it is for the IAF to nucleate on the inclusions. The mechanism of
local compositional changes is mainly applied to the study of titanium-containing steels at
present. In the presence of Ti inclusions in steel, MnS, BN, TiN, etc., can easily precipitate on
the surface of TiyOs, forming a Mn-poor zone [22]. Mn is an austenite-forming element that
enlarges the y-phase region and increases the phase transformation driving force. Therefore,
the presence of a Mn-depleted zone promotes the nucleation of IAF in the crystal [23]. The
inert surface mechanism suggests that inclusions provide high-energy inert surfaces for IAF
nucleation, reducing the nucleation barrier for the IAF microstructure [24]. This makes the
surface of inclusions in a specific size range become the preferred site for their nucleation.
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Figure 1. Relative size of the thermal expansion coefficient of common inclusions and austenite [21].
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The above four IAF nucleation mechanisms are basically inseparable from the action
of inclusions. And one mechanism alone is often insufficient to fully explain the true
nucleation process of IAF in the welding HAZ. Therefore, it is very unlikely that the IAF
nucleation only has a separate mechanism of action, which should be the result of the
combination of the above several mechanisms.

In this study, the effects of Ca elements on the inclusion characteristics (shape, compo-
sition, number density and size distribution) of the welding HAZ for pressure vessel steels
were investigated. The mechanism of IAF nucleation induced by the inclusions containing
Ca elements in the welding HAZ of pressure vessel steels was also investigated. Therefore,
this article provides a valuable reference for optimizing the welding process of pressure
vessel steels.

2. Materials and Methods

This experiment used the BJ-VIM-5 vacuum induction melting furnace (Dalunte
Vaccum Technology, Shen Yang, China) to smelt experimental steel, as shown in Figure 2.
The raw material was heated when the vacuum level was less than 1 x 1072 Pa. Argon
was used as a protective gas during the melting process. When the material was melted to
boiling, Ca-5i alloy was added and stirred. After refining, pouring began and the casting
mold was removed after 3 h of furnace cooling. The actual smelting chemical composition
of the experimental steel is shown in Table 1.

Figure 2. The BJ-VIM-5 vacuum induction melting furnace.

Table 1. Actual melting chemical compositions of experimental steel.

Chemical Compositions (wt%)

Items
C Si Mn P S Ni Mo v Nb Cr Als Ti N
Design 006~  010- 145 025 020~ 0045 00—  0.10- 0.01-
compositions 009 020 160 =005 <0006 535 930 0055 002 030 =00 gpp =000
Actual 010 013 14 0012 0005 028 0202 0047 0015 019 0007 0016  /
compositions

In this experiment, the alkaline earth element Ca was added as a deoxidizer. According
to the different mass fractions of Ca elements in the experimental steel, three groups of
experimental steels were designed to be smelted, and 5 kg of each group was smelted. The
designed addition amount (wt.%) of Ca for each group of experimental steels is shown in
Table 2, where “R” represents the experimental steel with Ca addition amount of 0% and
“C1”,“C3” and “C5” represent the experimental steels with Ca addition amounts of 1 wt.%,
3 wt.% and 5 wt.%, respectively.
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Table 2. Designed calcium contents of experimental steels.

Items R C1 C3 C5
Ca (wt.%) 0 1 3 5
Ca-Si alloys (g) 0 161.290 483.870 806.450

The experimental steel billet was rolled on a hot rolling test machine with a roll
diameter of 450 mm. After the rolling, the billet was placed on a self-made water-cooling
equipment for cooling. In order to obtain and analyze the samples of the designated area
of the welding HAZ with sufficient size, the method of welding thermal simulation was
usually adopted. The dimensions of these samples were 10.5 mm x 10.5 mm x 55 mm.

This experiment used the Gleeble-2000 welding thermal simulation test machine (DSI,
St. Paul, MN, USA), as shown in Figure 3. The experimental steel was subjected to a
welding heat input of 100 kJ /cm to simulate the double-wire and multi-wire welding of
actual production. The welding thermal cycle curve at 100 k]/cm is shown in Figure 4.
The first step was to set the welding heat input and fix the sample. The second step was
to preheat, and the temperature was set to 100 °C. The third step was to heat, and the
heating speed was set to 200 °C/s. After 6 s, the peak temperature reached 1320 °C. The
fourth step was to cool, the cooling time (tg,5) was set to 80 s and tg,5 represents the time
required to cool from 800 °C to 500 °C. The sample was gradually cooled from 500 °C to
room temperature.

Figure 3. The Gleeble-2000 welding thermal simulation test machine.
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Figure 4. The curve of welding thermal circulation.

The HAZ inclusions were observed using a metallographic microscope. According to
GB/T10561-2005 “Steel-Determination of content of nonmetallic inclusions-Micrographic
method using standards diagrams”, Image-Pro Plus 6.0 professional image analysis soft-
ware was used to carry out two-dimensional analysis of the number density, size and
distribution of inclusions in the welding HAZ of each experimental steel. The shapes
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and compositions of the inclusions in the experimental steel welding HAZ were observed
and analyzed using the S-4800 SEM (Hitachi, Tokyo, Japan) and the supporting energy
spectrum analyzer (EDS) (Hitachi, Tokyo, Japan). The accelerating voltage of the SEM was
0.5-30 KV and it had a resolution of 1.0 nm (15 KV).

3. Results
3.1. Analysis of Inclusions in the Welding HAZ of Experimental Steel

The metallographic specimens were magnified 100 times by using a metallographic
microscope and the number density and distribution of inclusions were observed, the
result is shown in Figure 5. Combined with the results of related studies [10,21,22], it was
necessary to reduce the unavoidable statistical errors due to the shape of the inclusions in
order to more accurately reflect the effect of inclusions on the welding HAZ of the material.
In this experiment, the method of measuring the area of inclusions was specifically adopted
and used as a basis for classifying the sizes of the inclusions. The size distribution of the
inclusions in the experimental steels is shown in Table 3.

Figure 5. Distribution of inclusions in welding HAZ of experimental steels with added Ca.

Table 3. The number density of inclusions of different sizes in the HAZ of experimental steels.

_ Ttems R c1 c3 cs5
Diameter (um)
0.4-1.5 94.59 175.01 336.00 428.64
1.5-2.0 21.39 54.47 37.92 80.42
2.0-2.5 6.95 15.08 15.28 26.53
2.5-3.0 6.53 12.56 15.97 23.89
>3.0 3.75 13.36 14.03 34.86

The addition of Ca promoted the formation of fine inclusions in the experimental steel
welding HAZ to a certain extent. Combined with the results of related studies [25,26], it
was found that when the area of the inclusion was less than 5 um?, the diameter of the
inclusion was generally less than 2.5 pm, which was the most suitable inclusion size to
pin the grain boundary and induce IAF nucleation. They were called effective inclusions.
The change trend of the number density of the inclusions and the effective inclusions of
each experimental steel are shown in Figure 6. With the increase in Ca, the number density
of inclusions and the number density of effective inclusions in the experimental steel
welding HAZ increased continuously. The total number density and the number density
of effective inclusions of R steel were the lowest, which were 133.21 pieces/mm? and
122.93 pieces/mm?, respectively. In the welding HAZ of the experimental steel with 5 wt.%
Ca added, the number density of inclusions was the largest, with 594.35 pieces/ mm?, and

the number density of effective inclusions was also the largest, with 535.60 pieces/mm?.
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Figure 6. The number density of total inclusions and effective inclusions in the experimental steel
welding HAZ.

The above only discusses the number density of inclusions and effective inclusions. In
order to more specifically reflect the influence of the inclusions on the welding HAZ in each
experiment, the inclusions were classified according to their different effects in different size
ranges. When the area of the inclusion was less than 0.5 um?, the diameter of the inclusion
was generally less than 8 nm. These nanoscale inclusions can play the role of pinning grain
boundaries and inhibit grain growth and coarsening in the welding HAZ. When the area
of the inclusion was 0.5~5 um?, its diameter was generally 0.8~2.5 um. These micron-scale
inclusions were the most suitable size for inducing IAF nucleation. The more of the IAF
microstructure there was in the welding HAZ, the better the strength and toughness. When
the area of the inclusion was greater than 5 um?, its diameter was generally larger than
2.5 um. These larger-sized inclusions were not very effective at pinning the grain bound-
aries and inducing IAF nucleation. Therefore, the number density of the inclusions of
this size in the experimental steel welding HAZ should be minimized. The distribution
of inclusions with different effects per unit area in the HAZ of each experimental steel is
shown in Figure 7.

450

| [ Jarea<0.5 um? [ area 0.5-5.0 um?

| I Jarea>5.0 pm?

2
ey
o
o

w
a1
o

300.77

w

o

o
T

235.99 231.82

N

a1

o
T

153.21

=
a1
o

=
o
o

58.75

a1
o

30

1

C3 C5

The number density (pieces/mm?)
S
o

Figure 7. Distribution of inclusions with different effects per unit area in HAZ of each experimental steel.
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As shown in Figure 7, since the number density of inclusions was the least in the
raw material steel welding HAZ, the number density of inclusions that played the role
of pinning and inducing IAF nucleation was the least, with only 68.48 pieces/mm?. As a
result, the raw material steel had poor strength and toughness. In the three experimental
steels with the Ca element, the number density of inclusions that played the role of pinning
and inducing IAF nucleation gradually increased and was obviously higher than that of the
raw steel. Among them, 105.84 pieces/mm?, 235.99 pieces/mm? and 300.77 pieces/mm?
inclusions with an area less than 0.5 um? were found in the C1, C3 and C5 steels, respectively.
The number density of pinning inclusions in the welded HAZ of the experimental steel
with 1 wt.% Ca was less than the number density of inclusions for inducing IAF nucleation.
In the other two groups of experimental steel with Ca elements, the inclusions were mainly
used for pinning. In conclusion, the addition of the Ca element facilitated the production
of more inclusions that acted to provide pinning in the experimental steel welding HAZ
under the experimental conditions.

3.2. EDS Analysis of the Main Inclusion Composition

The main inclusions of the experimental steel welding HAZ with Ca were found
during the shape observation and composition analysis. The results are shown in Figure 8.
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Figure 8. Cont.
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Figure 8. The main inclusion composition of HAZ in each experimental steel: (a,b) are raw steel,
while (c,d) are Ca-added steels.

As shown in Figure 8a,b, the main inclusion in the welding HAZ of raw steel was
the oxide inclusion of Ti or Al elements, and it had a very irregular shape, large size,
and irregular quadrangles with edges or even triangular angles. The oxide of Al(Al,O3)
was prone to accumulate in steel fluid to form coarse inclusions. This inclusion had no
induction effect on the IAF, and it easily formed cracks during processing, which damaged
the toughness of the welding HAZ of the material to a certain extent and was an undesirable
inclusion. As shown in Figure 8c,d, the inclusions in the experimental steel welding HAZ
with the Ca element added as a deoxidant were mainly the oxygen-sulfide inclusions of Ca
and Mn. Because the Ca element of the alkaline earth metal caused a spheroidizing effect,
combined with the results shown in Figure 8d, the oxygen-sulfide shape of the inclusion
Ca was generally elliptical or spherical. Such a shaped inclusion was conducive to the
nucleation and growth of ductile IAF microstructure.

The alkaline earth metal Ca element made the shape of the inclusion mostly spherical,
with a size of about 2 um, which was in the most suitable size range of inclusions for the
IAF nucleation, as described above. Moreover, there were more inclusions of this size in the
experimental steel welding HAZ, and thus, the amount of IAF nucleation was also greater.

4. Discussion
4.1. The Effect of Adding Ca on the Welding HAZ of Experimental Steels

The morphology and line scan analysis of typical inclusions in the welding HAZ of
experimental steels with Ca are shown in Figure 9. It was observed that the total mass



Coatings 2023, 13, 2009 9of 14

fractions of the Ca and S elements were equivalent, and the contents of both elements
increased significantly in the central area of the inclusion line scanning. Al and O elements
were the most abundant and concentrated in the area left of the center. The change rule of
Mn content was similar to that of Ca and S, and the content was more in the center of the
inclusions. The content of the Si element varied little in the inclusions. Therefore, it can be
seen that the basic morphology of the inclusions was as follows: the complex oxysulfide
containing mainly (Ca-Mn-Si) was formed in the center, while the oxides containing Al were
precipitated on the side left of the center. Under the condition of line scanning, the typical
inclusions in the welding HAZ of experimental steel with the Ca element added were
elliptical Ca-Si complex oxide inclusions. Meanwhile, Al,O3 and MnS were precipitated to
the left and center of the inclusions, respectively.

Figure 9. Typical inclusion morphology and line scanning results of Ca-added steel.

By observing the morphology and line scanning results of the typical inclusions in the
welding HAZ of the experimental steel with the Ca addition, it was found that, first, from
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the morphology of the inclusions, spherical or nearly spherical inclusions were produced.
The reason was that the spheroidization of alkaline earth metal Ca elements changed the
morphology of the inclusions in the welding HAZ of each experimental steel. Second,
from the line-scanning distribution of the elements in the inclusions, Ca elements generally
compounded with other elements to form complex inclusions.

4.2. The Mechanism of IAF Nucleation Induced by Ca Elements in Welding HAZ

Metallographic specimens from the HAZ of the experimental steel with added calcium
were corroded by the 4% alcoholic solution of nitric acid; a typical IAF microstructure
induced by the fine circular inclusions is shown in Figure 10.

iy & V=

A A s
e N

S4800 15.0kV 15.0mm x1.00k SE(M)

Figure 10. Typical microstructure of IAF in experimental steel welding HAZ.

The addition of the Ca element could promote the spheroidization of the inclusions.
The complex inclusions containing the Ca element could effectively induce the IAF nu-
cleation. It can be clearly seen from Figure 10 that starting from the inclusion position,
it radiated in both upward and downward phases, forming two “coarse” primary IAF
microstructures. The figure continues to indicate the formation of a secondary IAF mi-
crostructure through an inductive nucleation mode of the primary IAF microstructure. The
relatively “thick” primary IAF microstructure was the main trunk, and at the same time,
many branch IAF microstructures continued to be induced on the main trunk. This was the
refinement effect of the IAF microstructure itself. A large number of IAF microstructures
were interlaced and firmly combined with each other, which played a role in improving the
strength and toughness of experimental steel welding HAZ.

4.2.1. IAF Nucleation Mechanism Induced by Minimum Mismatch

The inclusions that promoted the IAF nucleation were affected by the interface energy
of themselves or between the precipitates and the ferrite, and the interface energy between
them was determined by the lattice mismatch. The study showed that the inclusions with a
good coherent relationship with the IAF microstructure or the precipitates on inclusions
could effectively reduce the interface energy between the inclusions and ferrite and promote
the IAF nucleation [27-29]. The lattice mismatches between the inclusions and ferrite in the
experimental steel are shown in Table 4.

As shown in Table 4, there was a good coherent relationship between the inclusions
of some body-centered cubic microstructures, such as MnS, and the ferrite. The lattice



Coatings 2023, 13, 2009

11 0f 14

mismatch was small, which was beneficial for becoming the core of the IAF nucleation
and promoting the formation of the IAF microstructure in the welding HAZ. The lattice
mismatch between the CaO inclusion and ferrite was large in this experimental steel, about
16%. The CaO inclusion itself did not have the conditions to apply the minimum mismatch
mechanism to induce the IAF nucleation. Therefore, the inclusions containing the Ca
element in this experiment should induce IAF nucleation via other mechanisms.

Table 4. Lattice mismatches between inclusions and ferrite in experimental steel [30-32].

Lattice Constant/(10—8 cm) Parallel Surface
Inclusion Mismatch (%)
a b C Inclusion Ferrite
(111) (111)
MnS 5.224 5.224 5.224 [110] [110] 8.8
(100) (100)
CaO 4.810 4.810 4.810 [010] [011] 16.0

4.2.2. IAF Nucleation Mechanism Induced by Stress-Strain Energy

The average thermal expansion coefficient of the inclusions was small and the thermal
expansion coefficient of the austenite matrix was relatively large during the high-heat-input
welding. Thus, a stress—strain field was formed around the inclusions, causing a certain
degree of distortion. The resulting distortion could provide activation energy to induce
the IAF nucleation. Research data [33] show that, as shown in Table 5, the average thermal
expansion coefficient of austenite is 23.0 x 10~% K1, while that of CaO is 13.5 x 107 ¢ K1,
which is close to only half that of austenite. Therefore, a large stress—strain field was
generated around the inclusions to provide power for the IAF nucleation. However, it
is also considered that the energy required for ferrite nucleation is often 1 to 2 orders
of magnitude larger than the activation energy generated only by thermal expansion
differences. Therefore, the stress—strain energy only existed as an auxiliary mechanism
to induce the IAF nucleation in the welding HAZ of the experimental steel with the Ca
element added.

Table 5. Contrast of the average thermal expansion coefficients.

Substance Austenite CaO

Thermal expansion coefficient (1070 K1) 23.0 13.5

4.2.3. IAF Nucleation Mechanism Induced by Local Composition Change

The solute elements in steel, such as Mn, were poor around the inclusions. Their
contents were significantly reduced within a certain range around the inclusions and a
Mn-poor zone was formed, resulting in the local composition changes and inducing the
IAF nucleation [34-36]. The inclusion point analysis of the welding HAZ in added-Ca steel
is shown in Figure 11. The chemical composition point analysis results of the inclusions in
the welding HAZ in added-Ca steel are shown in Table 6.

Table 6. Inclusion chemical composition point analysis results of welding HAZ in Ca-added steel.

Position S Mn Ca Fe
1 20.79 7.95 21.43 34.72
2 19.45 6.65 18.45 54.92
3 5.30 2.13 4.38 82.31
4 - 0.82 - 98.33
5 - 1.62 - 97.53
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Figure 11. Inclusion point analysis of welding HAZ in Ca-added steels (1 is located at the center, 2 is
located at the outer center, 3 is at the edge, 4 is closer to the outside, 5 is the matrix).

As shown in Figure 11, position 1 was located at the center of the circular inclusion
and position 2 was located at the outer center. It can be seen from Table 6 that the contents
of Mn at positions 1 and 2 were 4 to 5 times higher than that at position 5 of the matrix,
which indicates that Mn was enriched in the inclusions. Position 3 was at the edge of the
inclusion, and the content of Mn here was reduced. Position 4 was closer to the outside of
the inclusion, and the Mn content here decreased significantly to only 0.82%, which was
about 50% of the Mn content in the matrix. Therefore, it can be concluded that there was a
Mn-poor phenomenon around the Ca-containing inclusions, which increased the driving
force of the IAF nucleation. This can be used as a mechanism to induce IAF nucleation in
the welding HAZ of steel containing Ca.

4.2.4. TAF Nucleation Mechanism Induced by Inert Interface Energy

Ricks et al. [37] suggested that the surface of the inclusions in steel acts as an inert
interface and provides energy to induce the IAF nucleation. The interface between the
inclusions and the matrix plays a role in reducing the nucleation barrier of the IAF, which
is only related to the number density and size of the inclusions, and has nothing to do
with their composition. In this experiment, a large number of small spherical inclusions
formed by the addition of the Ca element were dispersed in the welding HAZ, which could
partly provide a high-energy inert surface for the IAF nucleation to a certain extent. It could
reduce the IAF nucleation barrier and promote the IAF nucleation.

Related studies [38,39] showed that the inert interface energy of complex inclusions
with the diameters of 0.5-2.0 um is about 105-106 J/mol, which is close to the minimum
energy required to induce the IAF nucleation (about 106 ] /mol). However, relying solely
on the inert interface energy mechanism is not sufficient to fully explain the nucleation
mechanism of the IAF microstructure.

5. Conclusions

(1) With the increase in the Ca element, the number density of inclusions and effective
inclusions in the experimental steel welding HAZ showed an increasing trend. The
experimental steel welding HAZ with 5 wt.% Ca added had the highest inclusion
number density of 594.35 pieces/mm?. And this steel also had the highest effective
number density of inclusions, which was 535.60 pieces/ mm?

(2) In the three experimental steels with Ca elements, the number density of inclusions
that played the role of pinning and inducing IAF nucleation gradually increased and
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was obviously higher than that of the raw steel. The addition of the Ca element was
beneficial to produce more pinning inclusions in the welding HAZ of the experimental
steel under the experimental conditions.

(3) The inclusions in the welding HAZ of experimental steel with the Ca element added
were mainly elliptical oxide complex inclusions of Ca-Si with a size of about 2 um.
Meanwhile, Al,O3 and MnS were precipitated to the left and center of the inclu-
sions, respectively. The inclusions with such shapes and sizes were conducive to the
nucleation and growth of the ductile IAF microstructure.

(4) After the addition of the Ca elements, a Mn-poor zone appeared around the inclusions
containing Ca in the welding HAZ. IAF nucleation was induced mainly by a local
compositional change mechanism, supplemented by stress—strain energy and inert
interface energy mechanisms.
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