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ABSTRACT

In The Great Hanshin-Awaji Earthquake, the general yield brittle fractures were observed in beam-column
connections of steel building frames. Among many influencing factors which affect the general yield brittle fracture,
it can be considered that fracture toughness has substantial effects. Some studies are making clear the required
toughness for the base metal and the weld metal, but general values are not proposed. Moreover, it seems that it is also
important to pay attention to the toughness decrease in the weld heat affected zone (weld HAZ), because the toughness
decrease occurs in the HAZs of mild steel.

In this paper, the relationship between toughness of simulated HAZs of “the rolled steels for building structures
{(SNY’ and the weld heat-input limit of the SN steel are investigated, in an attempt to provide the required toughness for
HAZs  The relationships between the increase of the hardness value and toughness, and changes of microstructure
after weld heat-input are also discussed.

The main results are summarized asg follows. 1) The SN400B can keep its toughness at higher heat-inputs
compare to the SN490Bs.  2) The steel grade, which becomes harder than other steel grades at the same heat-input, has
smaller absorbed energy and smaller limit of heat-input. 3) The weld heat-input limit of the SN400B and the SN490B
are proposed separately for some required toughness values.
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1. Introduction

In The Great Hanshin-Awaji Earthquake, “general yield brittle fractures” were observed in beam-column
connections of steel building frames.  Many studies continued about the influencing factors and about the energy
abgorption capacity of the general yield brittle fracture. Among many influencing factors, it can be congidered that the
fracture toughness hag substantial effects, especially for fractures in beam-flanges. Some required toughness values
are suggested to avoid the general yield brittle fracture, but more studies and discussion are needed to propose general
values.  Moreover, the fracture toughness of steels for building structures may be altered after experiencing thermal
imposed by welding processes. So it seems that it is also important to pay attention to the toughness decrease of the
heat affected zone (weld HAZ), not merely the toughness of the base metal and the weld meal. In the present standard,
lower limit values of the Charpy absorbed energy of base metals and weld metals are provided as the required
toughness, that are to avoid the low stress brittle fracture. But the required toughness for HAZs is not provided at all

In this study, therefore, the relationship between the toughness of HAZs of rolled steels for building structures and
the welding heat-input are investigated. The relationship between the increase of the hardness value and toughness,
and changes of microstructure after welding heat-input are also dizcussed. Usually multi-pass welding iz used to
connect the beam-flange to the diaphragm or the column flange. But in this paper, single pass welding is examined as
a first step.

2. Experimental details
2.1 Steel types and grades of specimens

The rolled steels for building structures, named “SN™, were used in this experiment. As shown in the name, the
SN series was established for building frames in 1994. To keep the plastic deformation capacity of the frame, upper
and lower limits of the yield stress and the tensile strength, an upper limit of the yield ratio and a lower limit of the
elongation are provided in JIS (Japan mdustrial standard). The SN has three types, named “SN-A”, “SN-B”
and ”SN-C”. The SN-A is not permitted to be welded and a lower limit of absorbed energy in Charpy impact test is
not provided. The SN-B is permitied to be welded and a lower limit of Charpy absorbed energy, 277 at 0°C, is
provided. Only the SN-C is permitted to be used in weld cruciform connection members, which are forced to the
thickness direction. A lower limit of Charpy absorbed energy, 277 at 0°C, is also provided. Some chemical
compositions are limited in each type. The SN has two grades, 400 and 490. The number indicates a lower limit of
tensile strength and the yield stress values for the structural design are decided as 235MPa and 325MPa.  The chemical
compositions are also limited in each grade. In the experiment, the SN-B type was used because the SN-B is usually
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used as the beam-flange welded to column-flange or diaphragm. The beam-flange is one of the most damaged parts in
The Great Hanshin-Awaji Earthquake. Both of the 400 grade and the 490 grade are used in the experiments because
both of them are used as beam-flanges. Three series of the SN400B (named SN400-1~~3N400-3) and four series of
the SN490B (named SN490-1-~8N490-4) were used. All steels of each series were made by different companies.
The tensile test results and the chemical compositions, which are written in the inspection certificate of each series, are
shown in Table 1.

2.2 Details of simulated HAZ tests

Not all regions of weld HAZ experience an equivalent decrease in toughness because of the distance from the
molten weld pool. It has been shown that remarkable toughness logs occurs in the coarse-grained heat aftected zone
(CGHAZ). CGHAZ is a region immediately adjacent to the fusion zone where peak temperatures approach the
melting point. To measure the toughness of CGHAZ is almost impossible by impact tests using actually welded
specimens. Because the region of CGHAZ is so narrow it is difficult to adjust the tip of noich of the specimen and
mechanical properties of the weld metal and HAZs around CGHAZ affect the toughness of CGHAZ. In this study,
therefore, simulated weld CGHAZ specimens were used.

Samples, 535X 12 X9 mm, for the weld HAZ simulation were cut from as-received steel plates of 9mm thickness.
A thermal/mechanical simulator, “Gleeble 15007, was employed to simulate the weld CGHAZ. The area between
Smm from the center of samples to the XX -direction was heated by the thermal/mechanical simulator. Thermal cycles
of the simulation of CGHAZs are schematically shown in Fig. 1. ” In these thermal cycles, cooling rates from 800°C
to 500°C were varied to simulate the CGHAZs with various heat-inputs. Because the microstructure of weld HAZs of
low alloy steels has been said to be determined by the cooling rate from 800°C to 500°C. Ithas been also said that the
cooling rate from 800°C to 500°C can estimate the welding heat-inputs.

The Charpy impact test was adopted to measure the toughness in this research. Sub-size, 35X10X7.5 mm,
standard Charpy V-notch specimens were prepared from samples subjected the weld HAZ thermal cycle.

2.3 Relationship between cooling ratio and heat-input
According to the reference 2), the following relationships between the cooling ratio from 800°C to 500°C and the
welding heat-input by CO; shielded gas welding were adapted.

Jl 7
S=— - (1) P 10 J
2.9-(600—Tg)* {1+ 2 an- [ 1213 £ 1200 {8050 o
B To ; ? g E ERTI
g 1000 [ e © 5sec
E E o = 250
& : Cooling ratio from 800°C to 500°C (sec) 500 _
J : Welding heat-input (J/cm) 600 F
f : Thickness of welded member (mm) 400 K
70t Temperature of steel before welding (°C) 200
0

Using these equations, the cooling rate can be
calculated by the welding heat-input. Assuming that the
thickness of the welded beam-flange iz 20mm and
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Fig.1 Thermal cycle used to simulate weld CGHAZ s

Table 1 Tensile test results and chemical composition of SN400Bs and SN490Bs

Tensile test results Chemical composition (mass %)
oy u 5 YR lcl s |m|[rp|s|alm|alv]|m]|s Ceq
(MPa) | MPa) | (0) | (2%) x 102 %107 =10 x 1072 %102
SN400-1 337 448 29 75 9 23 64 23 10 18 g 15 0 30 | 05 25
SN400-2 | 312 430 34 73 7 24 | 134 | 14 3 1 4 0 31
SN400-3 374 452 32 83 11 22 98 12 4 1 2 1 0 28
SN490-1 388 527 26 74 15 28 | 149 | 13 3 2 3 2 1 42
SN490-2 | 433 554 24 79 16 24 | 139 | 17 3 2 4 2 2 41
SN490-3 338 529 25 64 16 34 | 145 | 18 3 2 4 0 0 42
SN490-4 | 400 356 23 72 16 36 (136 | 11 5 2 4 4 0 41
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temperature of the beam-flange before welding as a typical value, cooling rates from 800°C to 500°C are calculated as
follows. Heat-input: 10kJ/cm = cooling ratio: 3.8 sec, 16kJ/cm = 8.5 sec, 37kJ/cm = 35 sec, 60kJ/cm = 80 sec,
87kJ/cm = 150 sec.

We call these CO; heat-input values {10kJ/cm, 16kJ/em, 37kJ/cm, 60kJ/cm and 87kJ/cm) as “the equivalent
heat-input™ in this paper. As shown later (Fig. 5), the Vickers hardness values of the area between about £10mm from
the center are almost stable and it suggests that the area represents a uniform CGHAZ.

3. Results and discussion

3.1 Relationship between toughness of HAZs and heat-input

Fig. 2 and Fig. 3 show the relationship between the Charpy absorbed energies and the equivalent heat-input. The
Charypy abzorbed energy values are converted into full-zize specimen values by multiplying the section area-ratio of
the full-size and the sub-gize specimen (4/3). Three parallel lines were draswn in these figures without curve fitting line
in each figure. The meaning of the each line and its absorbed energy values are as follows.

a) Solid lines: This line shows 85J. This value is proposed in reference 3) to avoid the general yield brittle fracture.
But this is proposed for a comparatively uniform part like the weld metal and the base metal. So it seems that the
specimens without welding heat-input in each series should have higher Charpy absorbed energy values than this.

b} Dotted lines: This line shows 47J.  This value is required for some weld metals and base metals in JIS. This is the
maximum value required for the weld metal and the base metals used for building structures, generally. But, as
mentioned above, this value is proposed to avoid the low stress brittle fracture not to avoid the general yield brittle
fracture.

¢) Dot-dash lines: This line shows 27 This value is also required for some weld metals and base metals include the
SN-B, and this value is also proposed to avoid the low stress brittle fracture.

As mentioned in the section 1, the toughness values to avoid the general yield brittle fracture are not yet clear.  So
these values are used in this paper as vardsticks. The Charpy impact test results in this experiment are compared with
these three values.

The following equation is used to curve-fit. This equation is usually used for the temperature transition curve.
In these figures, we replace equivalent heat-input for temperature,” and we use largest value in no heat input as the
upper shelf and smallest value in as §7kJ/cm heat input as the lower shelf.

ViFus — vEis J : CO, equivalent heat-input (kJ/cm)

vE(J))= exp {—a(J — VJE)} +1 FvEe e @ VvHus : Upper shelf (T}, vEis : Lower shelf (I)
a, vJE : Fitting variables
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Fig. 2 Relation between Charpy absorbed energy and equivalent weld heat input (SN400B)
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Fig.3 Relationship between Charpy absorbed energy and equivalent weld heat input (SN490B)

37kJ/cm and decrease to 47J in about 60kJ/cm. For large equivalent heat-inputs, about 87kJ/cm, it decreases to 277,
that required for the base metal in the SN400B. In the case of the SN400-2, decrease of the means of absorbed energy
become more gradual and the means never decrease blow 477 and 277, even at an equivalent heat-input 87kJ/cm.
From the above results, it could be said that the SN400Bs, which have more than 200J Charpy absorbed energy in no
heat-input, can meet 85kJ at least until 37kJ/cm, can meet 47kJ at least until 60kJ/cm and can meet 27kJ at least until
87kJ/cm. On the other hand, the SN400-3 has a small Charpy absorbed energy (56J), less than 85J in no heat-input.
After equivalent heat iz inputed, the means of absorbed energy decrease to under 457 in about 10kJ/cm and decrease to
below 277 in about 16kJ/ecm. It could be said that the SN400Bs, which have small Charpy absorbed energies, less than
857J in no heat-input, can’t meet 27kJ even in small equivalent heat-input.

3.1.2 Toughness decrease of SN490Bs by welding heat-input
With decreasing equivalent welding heat-input, the Charpy absorbed energy of the SN490Bs also tends to decrease

significantly in all series. Differed from the SN400B, difference in each series is relatively similar in the SN490B.
All series of the SN490B have large absorbed energies, much more than 85J with no heat-input. In the case of the
SN490-1, the SN490-2 and the SN490-3, after equivalent heat is inputted, the means of absorbed energy gradually
decrease to 85J in about 10kJ/cm, decrease to 47T in about 16kJ/cm and decrease to 27T in about 37kJ/cm or less.
Only in the case of the SN400-4, the means of absorbed energy decrease significantly and the means never decrease to
about 27J in equivalent input 10kJ/em and 16kJ/cm, even though the absorbed energy for no heat-input are larger than
the SN490-2 and the SN490-3. The tensile test results and the chemical compositions of the SN490-4 do not show big
differences compared to the SN490-1~SN490-3.

From the above results, it could be said that the SN490B, which have more than 85J Charpy absorbed energy for no
heat-input, can not meet 27kJ in heat-input 37kJ/cm. At heat-input 16kJ/cm, most of the SN490Bs can meet 27J and

477, but some of the SN490Bs cannot meet 47k]J in very small heat-input, 10kJ/cm.  And almost of the SN490B cannot
meet 857 in very small heat-input, 10kJ/cm.

3.1.3 Comparison between SN400Bs and SN490Bs

Fig.4 shows the means of Charpy absorbed energy for every equivalent welding heat-input. The SN400-3 is
avoided because the Charpy absorbed energy is small compared to the others. Means of all SN400Bs and SN490Bs
are also shown in Fig.4.

Not only in no heat-input, in all welding heat-input the means of the absorbed energy of the SN400Bs are larger
than those of SN490Bs. The decreased rates of the absorbed energy of the SN400Bs are also smaller than that of
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were tested every lmm from the center to +20mm
and —-20mm of X-direction. Fig. 5 shows the
example of the Vickers hardness test results.

Fig. 6 shows the comparison of the Vickers
hardness tests results between the SN400Bs and the SN490Bs at heat-input 37J/em. The mcreased values of the
Vickers hardness in Fig. 7 are the means from -6mm to +6mm of X-direction. The Vickers hardness values of the
SN490Bs were larger than those of the SN400Bs for no heat-input, but differences were not so large, about 10 -~
20HV. After the welding heat-mput, increases of hardness of the SN490Bs were much larger than those of the
SN400Bs. So increase of hardness is related to toughness at the same heat-input. It could be said that the steel grade,
which becomes harder for the same welding heat-input than the other steel grades, has smaller absortbed energy and
smaller limit of heat-input.

Fig. 7 shows the comparigon of the Vickers hardness tests results between heat-input 16kJ/cm and 37kJ/cm in the
SN490Bs. The increases in values of the Vickers hardness in Fig. 8 are also means from -6mm to +6mm of
X-direction. The increased values of the SN490Bs for heat-input 37kJ/cm were smaller than those for 16kJ/cm. It
could be said that in the same steel grade, the increase in values of hardness with welding heat-input become small but
absorbed energies also become small with increasing of equivalent heat-input.
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Fig.4 Comparison between SN400Bs and SN490Bs
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Fig. 7 Comparison of the Vickers hardness tests results
between heat-input 16kJ/cm and 37kJ/em (SN490B)
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Fig. 8 Microstructures of SN400B Fig. 9 Microstructures of SN490B
(SN400-2, welding heat-input 37kJ/cm) (SN490-2, welding heat-input 37kT/cm)

3.3 Microstructures after welding heat-input

Fig. 8 and Fig. 9 show photos of the microstructures of the SN400Bs and the SN490Bs for a welding heat-input
37kJ/em.  These are typical of the each steel grade, but the large differences are not observed in each grade.

The microstructures of the SN400Bs consist mainly of martensite, but ferrite was observed at the grain boundary.
On the other hand, the microstructures of the SN490Bs consist of martensite and ferrite was not observed. The
difference of this martensitization rate might be caused by the difference of the equivalent carbon. And it seems that
the difference of martensitization rate causes the difference of toughness decrease and the hardness between the
SN400B and the SN490B.

4. Conclusions
In this paper, the relationship between the toughness of simulated CGHA Zs of the rolled steels for building structure

and the welding heat-input limit are investigated. The investigation results are summarized as follows.

(1) The SN400B can meet higher Charpy absorbed energy at all heat-input compared with the SN490B and the SN400B
can meet its large toughness at higher heat-inputs compared with the SN490B. This difference might be caused by
the difference of martensitization rate of the SN400B and SN490B.

(2) The steel grade which becomes harder than other steel grades at the same heat-input, has smaller absorbed energy
and smaller limit of heat-input.

(3) In the case of the SN400B, which has more than 200J Charpy absorbed energy for no heat-input, the heat-input limit
for the required toughness of 277 is over 87kJ/cm, that of 477 is at least 60kJ/cm and that of 857 is at least 37kJ/cm.
But in the case of the SN400B, which has a small Charpy absorbed energy, less than 85J for no heat-input, can’t
meet all the required toughnesses even at small equivalent heat-input.

(4) In the case of the SN490B, the heat-input limit to the required toughness of 277 is about 37kJ/cm, that of 477 is at
least 16kJ/cm and that of 857 is very small heat-input, less than 10kJ/cm.

Determination of the required toughness value, which inchides the effect of the toughness mismatch, of CGHAZSs
to avoid the general yield brittle fracture and more experimental results will be required in future researches. But it
seems better to design to avoid stress concentration points or defects in CGHAZs, because brittle point are exist in
CGHAZs after large heat-input welding.
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