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Abstract

Heavy gauge H-shapes under the brand names of RIVER
roUGH 325 and 355, have been developed for SM520CTMC and
SN490CTMC grades of JIS G 3106 and 3136 for building
structures. Their high strength and toughness were achieved by
enhanced refining mechanism in would-be-called the third
generation TMCP, which is a new hot rolling method for raising
ferrite nucleation rate by promotion of VN precipitation in the
austenite phase by using a V-Nbearing steel. The results of full-
scale loading tests carried out on a column-beam structure, in
which the column consisted of the newly developed heavy gauge
H-shape, proved the column to have a sufficient deformation
capacity and to ensure a safe structure as a material for high-rise
buildings.

1 Introduction

The heavy gauge H-shapes thicker than 80mm in the flange
part have such large cross sections as the box columns built by
welding of heavy gauge thick plates. Therefore, their
applications to columns of high-rise buildings are increasing
owing to the expected high safety with decreased welded portions
as well as the economy superior to the box column.

However, it has actually been difficult to improve the
mechanical properties of the heavy gauge H-shapes to the level
competitive to the thick plates manufactured by TMCP due to the
smaller universal mill capacity, which results in insufficient
refinement of microstructure. For instance, the hot rolling for
the heavy gauge H-shapes employs individual passes with small
reductions, namely 1-10%, at temperature higher than 900'C due

to deformation resistance. Consequently, the ferrite grain
refinement of the heavy gauge H-shapes can hardly be completed
through this rolling method, and thus, the toughness satisfactory
to seismic-resistance has not been necessarily achieved( I).

To overcome this point, the vanadium nitride (VN)
precipitates were focused on to utilize their revealed enhancement

of the ferrite nucleation potency(2-3) and the optimum rolling
method was studied to maximize efficiency in the ferrite
transformation ofV-N bearing HSLAsteels as the advanced TMCP
for heavy gauge H-shapes. This new TMCP could be called that
of the third generation following the first one for a controlled
rolling and the second one for an accelerated cooling.

2 Fine inclusion metallurgy for
heavy gauge H-shapes

The typical microstructures of the heavy gauge H-shape and
the thick plate produced by ordinary TMCP are shown in Fig. I.
The former microstructure indicates ferrite and pearlite constituent
coarser than the latter because the hot rolling of the heavy gauge
H-shape was forced to adopt a higher rehearing temperature and a
smaller reduction. A new TMCP technology is necessary for the
heavy gauge H-shapes to refine the microstructure to improve the
toughness.

The enhancement of ferrite nucleation with inclusions as

additional nucleation sites, is called "the fine inclusion

metallurgy(FIM)", and has been a great interest as the new type of
refining technology(4-6), which follows a controlled rolling and
an accelerated cooling(TMCP). According to the misfit theory,
the ferrite nucleation potency of inclusions can be determined by
the lattice coherency between inclusion and ferrite at the interface
(7). The change in the interfacial energy and the driving force
for ferrite nucleation from various inclusions were calculated and

the examples are shown in Fig. 2. The vanadium nitrides(YN)
have such highest ferrite nucleation potency as TiN particles
among various inclusions.

The enhancement of ferrite nucleation by VN precipitates
itself has already been examined as the method for the
strengthening and toughening without heat treatment for the
medium carbon steel bars with a large amount of S content(8-1 0).
In such case, the ferrite nucleation from the VNparticles was easily
enhanced with the help of MnS inclusions of large amount.



However, the weldedstructural steels such as the H-shapes can
not bear such amount of S from the viewpoints of toughness and
weldability. The key-point is how much ferrite nucleation rate
can be raised with the least amount of S by optimizing the chemical

composition and the rolling co~.dition.

Plate

~y lOOpm

Conventional heavy
gauge H-shape

Fig. I Microstructures of plate and heavy gauge H-shape

T~03(a-axis)~
MnS . 'lJl}ill}.

Ce02. ct'~
CeS . t'1J{of

AI203(a-axis). I(.~tt'
NbC . IJl.;cj, "

Ti203(c-axis) ~ VC t'ilfl'

AI203(c-axis)AIN Ti~~"

. yN-TiN
0 0.2 0.4

(J Y x - (J a X ( J/m2)

Fig. 2 Change in interfacial energy and driving force
for ferrite nucleation from various inclusions
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3 Completion of the third generation
TMCP

3.1 Ferrite nucleation behavior on VN

inclusion

Figure 3 shows an example of the ferrite nucleation on a VN
particle. It is necessary to clarify the two issues to utilize the
ferrite grain refinement in the most effective way. The first is the
clarification of the precipitation site of VN. Second is the
establishment of a rolling method to increase the amount of VN
precipitates in the austenite phase.

Figure 4 shows the ferrite transformation behavior, which
was observed in the isothermal transformation at 700'C and 650°C

for V-Nbearing steel comparing with a Nb steel. The V-Nbearing
steel indicated larger number density of ferrite grains than the Nb
steel. Particularly, the grain boundary had the number density
1.5 to 4 times more than the interior. The effect of austenite

grain size on the number density of the grain boundary ferrites

lransformedat 700'C is also shown in Fig. 5. The refinement of

austenite grains increased the number density of the grain boundary
ferrites owing to the increase in the surface area of the austenite
grain boundary for both steels. The V-N bearing steel clearly
showed the number density higher than the VN-Iess steel for the
same austenite grain size, This result shows the evidence for the
high ferrite nucleation potency of the VN precipitates on the grain
boundaries.

A suitable controlled rolling condition increased the amount
of VN precipitates in the austenite phase. The effect of the
rolling temperature on the VN precipitates in austenite is shown in
Fig. 6. The VNprecipitation was promoted at the austenite grain

boundary by the rolling at 900'C. The VNprecipitation was also

enhanced at the austenite grain interior by this rolling. This
temperature is metallurgically in the VN precipitation region in
austenite phase. On the other hand, few VNprecipitates were
observed at the austenite grain boundary and the interior by the

rolling at 1000°C because the VNprecipitates weredissolved into
austenite.

It is essential for the third generation TMCPto drive the VN
precipitation at the austenite grain boundary and interior
simultaneously and this differentiates the third generation TMCP
from the conventional TMCP, which primarily uses the rolling in
the non-recrystallization austenite region.

Fig. 3 An example of ferrite nucleation from VN

precipitate (electron micrograph, thin film)
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3.2 Metallurgy in the third generation TMCP
The thermo-mechanical behavior in the third generation

TMCP is illustrated in Fig. 7. This process needs suitable amount
of vanadiumand nitrogen and has the two metallurgicalstages in
rolling. The reheating temperature is desired as low as possible
in order to obtain a uniform fine grained austenite. The first
stage is the rolling in the temperature range of partial
recrystallization region and refines repeatedly the austenite grains.
The second stage is in the temperature range of VNprecipitation to
mainlypromotethe VN precipitation at an austenitegrainboundary
as well as in an austenite interior.

3.3 Advantages of the third generation TMCP
The relationship between the 0.2% proof stress and Charpy

absorbed energy at 0"C for the steel applied the third generation

lMCP method is shown in Fig. 8. The strength and toughness
wereimproveddramaticallyby the microstructuralrefinementwith
the third generation TMCPin comparison with the case of the
conventional process. These results suggest that the heavy
gaugeH-shapesaresupposedto exhibit suchexcellenttoughnessas
thick plates.
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Fig. 7 Schematic illustration of the third generation

TMCP for heavy gauge H-shape
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manufacturedby the third generation TMCP

4 Manufacturing practice of heavy gauge
H-shapes

The third generation TMCP was applied to the heavy gauge H-
shapes of SM520TMCtype of JIS G 3106 (equivalentto ASlM
A572 Gr.50). Figure 9 shows the manufacturingprocesses in
sequence for heavy gauge H-shapes. The width and thickness of
the flange were 515 and 80mm, respectively, and the web was
612mm-wide and 50mm-thick. Table I lists the typical chemical
compositions for the developed H-shape comparing with those of
the conventional onc. The developed H-shape was added such
amountof nitrogenas to suit for vanadiumcontent andtheCeqand
the Pcm values were lower thanthoseofconventionalone.
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Fig. 9 Manufacturing processes in sequence of

heavy gauge H-shape

Table I Typical chemical compositions of heavy gauge H-shape

of the third generation TMCP tVDeand conventional one(mass%)
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4.1 Mechanical properties of base metal

The microstructures of the developed H-shape and the

conventional one are compared in Fig. 10. The microstructures of

the developed H-shape show the fine ferrite and pearlite structure in

the various portions. In particular, the microstructure of the

innermost portions, which are hardly processed thermo-

mechanically, was remarkably refined more than that of the

conventional onc. This result is attributed to the enhancement of

the grain boundary and the intra-granular ferrite nucleation from the

YN precipitates by the third generation TMCP.

The results of the tensile test and the Charpy impact test at

various portions are shown in Figs. I I and 12. The high strength
and the excellent toughness were verified even in the innermost

portions. The Charpy absorbed energy at O"C of the specimens,

which had the notches in the flange thickness directions, were 50J

or more. The strength and toughness of the developed H-shape are

not less than those of the thiek plates manufactured by the plate

rolling of conventional TMCP. These results suggest that the
third generation TMCP is effective to refine the microstructure in

the innermost portion of H-shapes. The hardness

distributions of the developed H-shape are shown in Fig. 13. A
flat hardness distribution was observed.
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Microstructures of the ocvcloped heavy gauge H-shape at specific potions

Steel C Si Mn AI Others Ceq WI'S Pcm

Developed 0 n 0.38 1.38 0.028 CU,Ni,Y,N 0.39 0.25

Conventional 0.15 0.38 1.50 0.030 CU,Ni,Y 0.43 0.27
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Fig. 13 Hardness distributions for the developed

heavy gauge H-shape

4.2 Susceptibility to cold cracking
The maximum hardness in weld heat-affected zone(HAZ) was

tested according to JIS Z31 01 by Vickers hardness tester. The

resultant hardness distributions in HAZ are shown in Fig. 14.

The maximum hardness in HAZ of the developed H-shape was 280

points; this value is sufficiently lower than that of the conventional

H-shape with 350 points, which is the widely known hardness value

as an index for the upper limit for prevention of cold cracking.

Figure 15 shows the results of the y-groove weld cracki ng test

according to JIS Z2\158 for the developed H-shape comparing with
the conventional one. No occw-rence of cracks was observed for

the developed H-shape under no preheating condition at the room

temperature of 25 °C. The sufficient weldabili ty of the developed
H-shape superior to the conventional one was verified.
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4.3 Mechanical properties of welded joints
The weldedjoints were completed by the multi-layered CO2arc

welding by using the developed H-shape to the column and
investigated their performances. The weldedjoints were of two
different types such as the column to beam type and the column to
column type. The 40mm-thick plates of SN490B grade of JlS
G3l36 were used to the beam. The welding conditions are
summarized in Table 2.

Table 3 shows the tensile test results of the welded joints.
The tensile strength of welded joints was not less than that of the
column and the beam materials. The Charpy impact test results at

(fC of those joints are shown in Table 4. The notch positions
were set at the weld metal, the crossing fusion line, and the position

Table 2 Welding conditions for joints

Table 3 Tensile test results of flange and beam welded

joints

Welding method:C02 gas welding, Welding electrode:KC-50

Table 4 Chmpy impact test results of weldxl joints

*HAZ:Imm from F.L. ( ):Crystallinity(% )

Beam

Column to beam

BM

Column to column

400

350

:>
;; 300
VJ
VJ
C)

""2 250
Cl:!

::r:

200

150 - 20 -10

Sample T.S.(N/mm 2) Fracture position

Column to beam
592 Plate

592 Plate

Column to column
540 H-shape
553 H-shape

Welding joint Position Pass Current Voltage Travel speed Heat input
(A) (V) (cm/min) (kJ/cm)

Horizontal-
Column to beam

fillet(uphill) 16-24 290- 330 37 3156 1223

Horizontal
61 68 270- 300 34- 35Column to column

uphill
32- 59 10-19

Sample (direction) Position
Absorbed energy, vEo U)

HAZ* Bond WM

Column to beam(Z) @ 89 (45) 84 (43) 123 (28)

Column to column(L) @ 224 (13) 220 (5) 134 (15)



] mm-distant from the fusion line (HAZ ] mm). The tests were

also performed in the Z-direction (the flange thickness direction) for

the column to beam joint and the L-direction for the column to

column joint. The toughness for the HAZ I mm and the crossing
fusion line of the column to beam joint showed slight deterioration

compared with the column to column joint, however, the all

absorbed energy values were as sufficient as 89J for the HAZ Imm

and 84J for the crossingfusionline.

4.4 Structural perlonnance of welded column-
beam component

The cyclic loading test was carried out on the full-scale
column-beam structure, which was built with the column of the

developed H-shape(H6] 2 X 500 X 50 X 80) and the beam of the

built-up H-shape(H] 000 X 300 X ]9 X40, SN490B), in order to

investigate the fracture characteristics and the plastic deformation
capacity. The yield strength ratio of the beam to the column of
the column-beam structure was about 0.6. The hysteresis of
overall deflection-load curves in the cyclic loading test is shown in
Fig. ] 6. A vertical axis indicates the ratio of the beam edge

10ad(Q) to the calculation value of total plastic load(~p) of the
beam. A horizontal axis means the value of overaJl deflection( (;

T)divided by the beam span(lb). The cyclic loading test finished
with the maximum proof load of 1799 -1836kN and the cumulative

plastic deformation magnification of 19.9 ~27. 7. No cracks and

loca] area bucklings were observed for the column as well as the
welded portions. These results suggest that the developed H-
shape column has such sufficient deformation capacity as to exhibit
the excellent seismic-resistance as a component of the building
structure.
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Fig. 16 Hysteresis of overall deflection and load

curves in the cyclic loading test;

Q:beam edge load, ~p:calculated value of total plastic

load of beam, (; r: overall deflection of beam, and

Ib:beam span

5 Conclusion

The ferrite grain refinement was studied to improve the
toughness of the heavy gauge H-shapes. The V-Nbearing HSLA
steels were investigated in tcrm of the ferrite nucleation potency of
the VNprecipitates being combined with the third generation TMCP
for the most effective use of the FIM technology. The findings
in this study are concluded as the followings:

(1)VN precipitates have such highest ferrite nucleation potency
as TiN precipitates among various inclusions.
(2)VN particles precipitate at both an austenite grain boundary
and a grain interior and enhance the ferrite transformation.
(3)The third generation TMCP consists of the two primary stages
in rolling. The first stage was the austenite grain refining in
the partial recrystallization. The second was the promoting
the VN precipitates at austenite grain boundary in VN
precipitation region.

(4)The heavy gauge H-shape with dimensions of 612 X 500 X 50

X 80mm was successfully manufacturedby using the V-Nbearing
steel through the third generation TMCP. Its ferrite grains
were remarkably refined and the high strength and the excellent
toughness were verified even in the innermost potions, which
are hardly proccssed thermo-mechanically.
(5)The developed H-shapes also exhibited the excellent
weldability and the sufficient notch toughness at all positions in
the various simulated weldcdjoints of the actual construction.
(6)The full-scale loading test proved that the column-beam
structure by using the developed H-shape as a column had such
sufficient deformation capacity as to give the seismic safety for
the high-rise buildings.
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