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Abstract

Shunsuke TANIGUCHI*  Genichi SHIGESATO

Nippon Steel & Sumitomo Metal Corporation has developed TiO steels with excellent
HAZ toughness and applied them to offshore structures, line pipes and so on. There are two
important points. One is Ti oxides have high ability as nucleation site for IGE. The other is
Mn concentration control refines transformed microstructures on austenite grain bounda-
ries. In this paper, we report the IGF transformation mechanism of Ti oxides and the sup-
pression mechanism on grain boundary transformation by Mn concentration control as the
refinement mechanism of HAZ microstructures on TiO steels.

1. Introduction

As steel plates are used in welded structures, the properties of
the weld zone as well as those of the base metal are important. In
particular, the heat affected zone (HAZ) is heated close to the melt-
ing point of 1673 K, causing coarse grains of austenite (y) to occur.
Therefore, in the HAZ structure after cooling, there are coarse grain
boundary ferrite (GBF) and ferrite side plate (FSP) transformed
from y grain boundaries. Similar to the grain boundary cementite
and martensite—austenite constituents, coarse GBF and FSP can be
points of origin of fractures and cause the HAZ toughness to deteri-
orate markedly. Thus, to develop new steels that have good HAZ
toughness, technology for refining the coarse grain microstructures
forming from the y grain boundaries is important.

There are two methods for refining the HAZ microstructure. One
is restraining the growth of y grains by utilizing pinning particles.
As y grains decrease in size, the microstructures of GBF and FSP
formed in the cooling process are refined. As pinning particles, in
addition to the TiN particles that have been commonly used," parti-
cles of oxides and sulfides tens of nm in size containing Mg, Ca,
etc., which do not melt even at high temperatures, are especially ef-
fective.”™

The other method is refining GBF and FSP by utilizing the trans-
formation of intragranular ferrite (IGF). The IGF transformation is a
ferrite (a) transformation that takes place with interfaces of nonme-
tallic inclusions (hereinafter simply referred to as “inclusions”) dis-
persed in y grains as the nucleation site.” Ordinarily, GBF and FSP
nucleated at y grain boundaries grow and increase in size toward the
y grains. However, when an IGF transformation occurs, GBF and

FSP collide with IGF and stop growing. Consequently, they are re-
fined. The development of new steels utilizing the IGF transforma-
tion began in the 1970s. Various inclusions have been studied as nu-
cleation sites. They include, for example, TiNY, REM(O,S)-BN?,
Ca(0,S)”, TiN-MnS-Fe, (C,B) ", Ti,O,-TiN-MnS*'¥, Ti,O,-MnS-
BN, and TiN-MnS!'9. In the 1990s, Nippon Steel & Sumitomo
Metal Corporation successfully developed TiO steels utilizing TiO
oxides as nucleation sites suitable for the IGF transformation. Hav-
ing high HAZ toughness, those steels are used for offshore struc-
tures, line pipes, etc. In the 2000s, to improve the HAZ toughness of
TiO steels still more, the company had established not only the tech-
nology for promoting the IGF transformation but also the technolo-
gy for restraining the grain boundary transformation of GBF and
FSP and refining their microstructures by increasing the amount of
addition of Mn."™'® Concerning the development of steels for off-
shore structures applying those technologies, Fukunaga gives a de-
tailed account in the article “TMCP Steel Plates for Marine Struc-
ture Having High HAZ Toughness” in this special issue.

To apply the above techniques to refine HAZ microstructures on
a stable basis in the actual steel manufacturing process and further
enhance their functions, it is necessary to clarify the mechanisms of
refinement of HAZ microstructures. This study describes the results
of our studies on the mechanism of IGF transformation with a Ti
oxide as the nucleation site and the mechanism of restraint on the
grain boundary transformation by an increase in the amount of Mn
addition. The studies were conducted using the latest transmission
electron microscopy to clarify the mechanism of refinement of the
HAZ microstructure of TiO steel.
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2. Mechanism of IGF Transformation with Ti Oxide
as Nucleation Site

Concerning the mechanism of IGF transformation, several fac-
tors have been proposed. They include, for example, the effect of a
Mn-depleted zone around the inclusion as the nucleation site, the ef-
fect of an interfacial energy arising from the lattice matching be-
tween the inclusion and y, @, and the effect of a strain energy ascrib-
able to the difference in thermal expansion coefficient between the
inclusion and y. However, none of them have been verified yet.!2%.
With respect to the influence of alloying elements on the IGF trans-
formation of TiO steel, Kojima et al. report that when the amount of
Mn addition was decreased from 1.6 mass% to 0.04 mass%, the rate
of IGF transformation declined from 77% to 3%. Thus, Mn is an in-
dispensable element in the IGF transformation of TiO steel.?" There-
fore, paying our special attention to the Mn-depleted zone men-
tioned above, we examined the Mn concentration distribution on
the nanometer order using a transmission electron microscope
(TEM).222

The chemical composition of the sample steel was Fe-1.6Mn-
0.003S-0.004N (mass%). After vacuum melting, the steel was hot-
rolled into a slab. To simulate a welding heat affected zone, the slab
was first heated in a high-frequency induction furnace at 1673 °K
for 1 s and then cooled in such a manner that it passed the 1073 °K—
773 °K region in 300 s (see Fig. 1).

After the above heat treatment, the slab was cut and the cross-
section obtained was ground and etched in nital. The cross section
was then observed under a scanning electron microscope (SEM) to
identify from the morphology of grains the inclusion that had served
as the IGF transformation nucleation site. Next, a portion of the slab
containing the inclusion was extracted by using a focused ion beam
(FIB) system and formed into TEM specimens on Mo grids. The
specimens were subjected to quantitative elemental analysis by en-
ergy dispersive X-ray spectroscopy (EDS) with the electron beam
illumination spot controlled by means of scanning transmission
electron microscopy (STEM).

Figure 2 shows a STEM bright-field image of the inclusion (a)
and EDS elemental maps (b)—(f). In the interface between the inclu-
sion and ¢, approximately 30 nm in width, there was a region where
the intensity of Fe was low. This is not due to an uneven thickness
the TEM specimens but due to the gradual change in thickness of
because of the inclined interface between the inclusion and a. Fig. 2
(d) shows the distribution of Mn. On the outside of the interface

1673 Kx1s

Fig.1 Heat treatment to simulate HAZ
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Fig.2 STEM-EDS elemental mapping around a non-metallic inclusion
of nucleation site for IGF*>%
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Fig. 3 Bright field TEM image of a non-metallic inclusion of nucleation site
for IGF and Mn concentration profile by EDS point analysis >

overlapping region, there was a region where the Mn concentration
was low. From the distributions of S, Ti, and O, it can be seen that
the inclusion did not contain solute sulfur. The principal components
of the inclusion were Ti and O. In addition, the inclusion contained
a very small amount of solute manganese.

Figure 3 shows a bright-field TEM image of the inclusion and
the Mn concentration distribution around the inclusion. The Mn
concentration was quantified by an EDS point analysis on the dotted
line shown in the bright-field TEM image in Fig. 3 (a). It was found
that the Mn concentration decreased over a distance of about 200
nm from the inclusion and that the decrease in Mn concentration in
the neighborhood of the inclusion was about 0.9 mass%.

Yamamoto, Takamura et al. suggest that the Ti oxides have cat-
ion vacancy and as Mn is absorbed into cation vacancies in Ti ox-
ides, a large Mn-depleted zone is formed around the Ti oxides.' It
is considered that a similar phenomenon occurs with the Ti oxides
in TiO steel. Mn is an element that stabilizes y. It is known that
when the Mn concentration decreases 1 mass%, the y — o transfor-
mation point rises by about 50 K.'> The implication is that the rise in
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y — o transformation point caused by a Mn depletion around Ti ox-
ides promotes the IGF transformation.

3. Mechanism of Restraint on Grain Boundary
Transformation by Increasing Amount of Addi-
tion of Mn
TiO steel utilizing the IGF transformation shows high HAZ

toughness. With the aim of meeting the need for higher HAZ tough-

ness, we developed technology for securing superior HAZ tough-
ness on a stable basis. There were two different approaches to the
technology development. One is simply increasing the amount of Ni
addition. (This has long been considered effective to improve the
toughness of HAZ.) The other is refining the HAZ microstructure
by some means or refining the microstructures of GBF and FSP,
which are the products of a grain boundary transformation. Nippon

Steel & Sumitomo Metal has found that increasing the amount of

addition of Mn restrains the occurrence of the grain boundary trans-

formation.''® Figure 4 compares the simulated HAZ structures of
two different TiO steels having the same carbon equivalent through
proper adjustment of the contents of C, Mn, Ni, and Cu.'® It is evi-

dent that the steel added with 1.92 mass% Mn, shown in Fig. 4 (a),

has a finer FSP microstructure than the steel added with 1.6 mass%

Mn and 0.4 mass% Cu and Ni, shown in Fig. 4 (b). We discussed

the mechanism whereby GBF and FSP are refined when the content

of Mn is increased. First, we made a quantitative analysis of the ef-
fect of Mn-depleted zone on the high IGF transformability that is
characteristic of TiO steel. The analysis revealed that the decrease in

Mn content in the neighborhood of Ti oxides was 0.7 mass%, which

is almost the same as in TiO steel of the conventional chemical

composition.'® Therefore, using a composition system free from the

IGF transformation, we evaluated the effects of contents of Mn and

Ni on grain boundary ferrite transformation. Consequently, it was

found that increasing the amount of Mn addition was more effective

than increasing the amount of Ni to restrain the grain boundary fer-
rite transformation.” Based on the above discussions, it is consid-
ered that increasing the amount of Mn addition to TiO steel is more
effective to restrain the grain boundary transformation than to pro-
mote the IGF transformation. Next, with the aim of comparing the
effect of increased Mn addition on the grain boundary transforma-
tion with the effect of increased Ni addition, we studied them using
model composition steels of Fe-0.3C-1X (X=Mn, Ni) mass%. As
the effect on grain boundary transformation, nucleation and grain
growth need to be considered separately. In the present study, as the
effect on nucleation, we paid our attention to the decrease in grain
boundary energy ascribable to segregation of the alloying element
to the y grain boundary that is the nucleation site.?>

The steel specimens used were Fe-0.31C-1.01Mn (mass%) steel

Fig. 4 HAZ microstructures of the same carbon equivalent steels with
composition of a) Fe-0.06C-1.92Mn-0.001A1-0.01Ti and b) Fe-
0.06C-1.60Mn-0.41Cu-0.39Ni-0.01A1-0.01Ti mass% '¥
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(hereinafter “1%Mn steel”) and Fe-0.31C-1.06Ni (mass%) steel
(hereinafter “1%Ni steel”). After vacuum melting, each of the steel
specimens was hot-rolled into a slab, which was cut into bar-shaped
samples. The samples were sealed in argon gas and subjected to ho-
mogenizing treatment at 1473K for 48 h. After that, cylindrical
samples prepared from the bar-shaped ones were subjected to solu-
tion treatment at 1273 K for 30 min. The heat treatment conditions
used are shown in Fig. 5. Each of the samples was first retained at
1473K to make the y grain size about 400 ym and then kept at
1173K for 30 min. Then, the samples whose grain boundary segre-
gation was to be measured were subjected to water hardening. On
the other hand, the samples whose nucleation behavior was to be
measured were kept at 983 K for 5 to 30 s during the initial period
of transformation before subjected to water quenching.

Each of the samples for examination of the nucleation behavior
was cut, and the cross-section obtained was ground and subjected to
nital etching. Then, the cross sections were observed under an SEM.
The behavior of nucleation was evaluated in terms of the number
density of ferrite particles per unit area along the prior austenite
grain boundaries of the sample. At the same time, the Mn and Ni
concentration distributions in the prior austenite grain boundaries
were measured by using the STEM-EDS method.

With respect to the samples for measurement of grain boundary
segregation, each of the cross sections was ground, and a scanning
ion microscopic image thereof was observed using an FIB system.
The prior austenite grain boundaries were identified from the form
of crystalline grains. Then, a portion containing the identified prior
austenite grain boundaries was extracted by FIB, fixed onto an Mo
grid, and formed into a TEM sample, which was subjected to argon
ion milling to remove the damage caused by the FIB processing.
The sample was then subjected to a quantitative elemental analysis
by EDS with the spot of electron beam illumination kept controlled
by STEM.

Figure 6 shows an example of SEM observation of a sample for
examination of nucleation. A martensitic microstructure was ob-
tained by the water quenching. On the other hand, particles of ferrite
were found along the prior austenite grain boundaries. The number
of those ferrite particles was counted and divided by the observed
area. The quotient obtained was used as the indicator of nucleation
frequency. The frequency of nucleation was compared between 1%

Austenization condition

1%Mn steel :1473 Kx 100 s

1%Ni steel :1473 Kx 400 s
(Average grain size ~400 um)

1173 Kx 30 min

983 Kx5-30s

Water Quenching

Nucleation behavior

Segregation analysis

Fig. 5 Heat treatment to investigate segregation and nucleation behaviors



NIPPON STEEL & SUMITOMO METAL TECHNICAL REPORT No. 110 SEPTEMBER 2015

Fig. 6 Ferrite nucleation along the prior austenite grain boundaries

2.5%107

% o
E O 1% Ni steel
2 1.5%x107 -
i
f=
S
@ 1.0X107 - A
S
< A A
s 1% Mn steel
o 0.5%107 - 10
P
=
()
[’

0 T

0 10 20 30 40

Holdingtime / sec

Fig. 7 Ferrite particle densities

Mn steel and 1% Ni steel. Figure 7 shows the comparison results.
The horizontal axis represents the time for which the sample was
held at 983 K, and the vertical axis represents the number density of
ferrite particles. On the whole, the 1% Mn steel is smaller in number
density than the 1% Ni steel, suggesting that the former shows a
lower frequency of nucleation.

Figure 8 shows an example of observation of a prior austenite
grain boundary using the dark-field STEM method. It can be seen
that the lathrass structure of martensite markedly changes in direc-
tion at the prior austenite grain boundary. The samples were subject-
ed to an EDS quantitative analysis with the spot of electron beam il-
lumination kept changed in the direction perpendicular to the prior
austenite grain boundary. Figure 9 shows the concentration distribu-
tions of Mn and Ni in the neighborhood of the prior austenite grain
boundary. At the prior austenite grain boundary, both Mn and Ni in-
creased in concentration; however, Mn showed a larger amount of
segregation. The change in grain boundary energy was calculated by
using the model of Hillert et al. > Consequently, Mn showed a larg-
er amount of segregation and a smaller amount of decline in grain
boundary energy.

From the above results, it is considered that the reason why Mn
restrains the nucleation more effectively than Ni is that Mn segre-
gates in austenite grain boundaries more than Ni, causing the aus-
tenite grain boundary energy to decrease more. In the future, it is
necessary to study the effect of Mn on the growth of particles as part
of the mechanism of restraint on the grain boundary transformation
by an increase in amount of Mn addition.
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Fig. 8 STEM image of the prior austenite grain boundary
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Fig. 9 Concentration profile of Mn and Ni on prior austenite grain boundary

4. Conclusion

As the mechanisms of refinement of the HAZ of TiO steel, the
mechanism of IGF transformation and the mechanism of restraint
on the grain boundary transformation by increased addition of Mn
were studied. Consequently, the following knowledge was obtained.
A Mn-depleted zone is formed around Ti oxides. The rise in a — y
transformation point near Ti oxides caused by that Mn-depleted
zone is considered to enhance the IGF transformability. In addition,
the amount of Mn segregation in prior austenite grain boundaries is
considerably large. The decline in prior austenite grain boundary en-
ergy caused by the segregation of Mn is considered to contribute to
the restraint on nucleation.
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