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follows the microstructure of pearlitic steel which 

has a layered structure of ferrite and cementite. Steel 

cord has the highest strength among the mass 

produced materials in practical use. To make it 

stronger, the carbon content in the wire rod has 

been increased from 0.7％ C (hypoeutectoid steel) 

to 0.8％C (eutectoid steel) and then to 0.9％C 

(hypereutectoid steel).

 Fig. 3 depicts a typical manufacturing process 

of steel cord used for tire reinforcement 2).

 A hot-rolled wire rod with a diameter of φ5.5mm 

is processed according to the steps of dry wire 

drawing, intermediate patenting, brass plating and 

wet wire drawing, up to which point both the steel 

cord and saw wire are produced by almost the same 

process. The filaments that constitute steel cord have 

extremely small diameters of φ0.15 -φ0.38mm and 

are subjected to strong torsional stress during the 

wire-stranding step after the wet wire drawing. 

This can cause the filament to break, decrease 

productivity and degrade the filament quality. 

Therefore, stringent quality is required throughout 

the entire length of each filament.

 A saw wire, on the other hand, is used as a solid 

filament and does not include a stranding step in its 

manufacturing process. The wire has an ultrafine 

diameter of φ0.08 -φ0.20mm to improve the yield 

of the material to be cut. In addition, the wire is 

repeatedly subjected to bending stress and tensile 

stress during cutting. Thus the tensile strength of a 

saw wire can reach as high as 4,000MPa (Fig. 4).

 Fig. 5 shows the relationship between the tensile 

strength of a filament for steel cord and the wire 

breakage frequency (index) during the stranding 

step, showing a rapid increase in the breakage 

frequency as the strength increases.3) The cause of 

the breakage, attributable to the wire rod, includes 

surface scratches, centerline segregation and 

inclusions. In particular, an inclusion as small as 

several tens of microns can not only become the 

starting point for wire breakage (Fig. 6), but also 

affect the fatigue characteristics 4). Thus, the cleanness 

of the steel definitely affects the quality of wire 

rods for steel cord, and non-metallic inclusions must 

be further reduced to prevent the wire breakage 

associated with increased strength.

2. Challenge to attain zero-breakage

 An inclusion that can cause wire breakage mainly 

consists of hard alumina, in particular, corundum 

(Al2O3) and spinel (MgO・Al2O3), which are unlikely 

Fig. 3  Manufacturing process of tire cord2）
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Fig. 5 Relationship between tensile strength of filament and 
wire breakage index during stranding process
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to elongate and likely to fracture during hot rolling 

and cold working 5) - 7).

 Alumina can either crystallize out from molten 

steel, or originate from refractories. To avoid this, 

various measures have been implemented, including 

the prevention of Al from mixing into the molten 

steel, modification of the slag refining method and 

improvement of refractories.

(1) Prevention of Al adulteration

 The concentration of dissolved Al in molten steel 

in equilibrium with a target composition is as low 

as several ppm. Therefore, the adulteration of Al, 

e.g., from alloy iron, must be controlled or 

restricted. Kobe Steel not only uses alloys with 

restricted Al concentration, but also has established 

a technology for suppressing Al in molten steel to a 

very low concentration by using a slag composition 

controlling technology during slag refining, as 

described later.

(2) Slag refining

 Kimura et al. studied the fracture behavior of 

alumina, zirconia, zircon and silica, all of which are 

hard and have high melting points, during hot 

rolling and cold wire drawing 9). The micrographs in 

Fig. 7 show the fracture behaviors of alumina and 

silica in hot rolled wire rods (φ5.5mm) and in the 

subsequent cold drawn wires 9). No significant 

difference appears in the fracture behavior of the 

hot rolled materials; however, in the cold drawn 

wire, silica, having lower compressive strength, is 

fractured into smaller pieces. Inclusions that are 

crystallized out from molten steel, or are adulterated 

from refractories, should be modified into glassy 

compositions with a lower melting point such that 

they can be fractured more easily.

 Inclusions in wire rods for steel cord are 

roughly classified into a CaO-SiO2-Al2O3 type having 

its origin in slag and a MnO-SiO2-Al2O3 type having 

its origin in deoxidation products. Fig. 8 shows the 

phase diagrams of the CaO-SiO2-Al2O3 and MnO-

SiO2-Al2O3 systems. In both systems, the composition 

range in which the melting point becomes low 

enough for the compound to elongate during hot 

rolling, and thus become harmless, lies in the 

vicinity of the eutectic line between anorthite and 

pseudowollastonite and in the area surrounding 

the primary phase of spessatite. Kobe Steel has 

succeeded in preventing hard alumina from being 

crystalized out and in rendering the inclusions 

harmless by establishing a production technology for 

accurately controlling slag so that it meets a target 

composition during slag refining.

(3) Improvement of refractories

 Refractories are indispensable for treating molten 

steel at high temperatures. However, refractories can 

cause wire breakage. Kobe Steel has established a 

technology for using refractories as materials for 

receiving molten steel so that the molten steel is 

maintained at maximum cleanness while retaining 

their strength and corrosion resistance.

Fig. 7  Typical examples of change in shape of oxide inclusions appeared on longitudinal section of steel wire during drawing 9)
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3. High drawability - Development of new product

 As described above, there is an increasing 

demand for stronger steel cord. Research and 

development in pursuit of the ultimate high 

strength are being done on steel cord with strength 

exceeding 4,000MPa. 

 On the other hand, for the purpose of reducing 

the production costs incurred by cord manufacturers, 

new methods are being developed for direct drawing 

and for improving the life of dies. Direct drawing 

does away with the intermediate patenting that 

exists in the primary wire drawing of conventional 

materials.

 Kobe Steel has been pursuing wire rods with 

higher strength as well as with excellent drawability, 

which enables direct drawing and improves the life 

of dies.

 An index for evaluating the drawability of a wire 

rod is the reduction of the area of the wire rod, in 

which a higher reduction of area is more suitable for 

wire drawing. It is also indispensable to decrease the 

tensile strength of wire rod by increasing the interval 

distance of lamellar pearlite, which enlarges the 

critical zone for wire drawing and increases the 

life of dies. 

 In general, the tensile strength and reduction of 

area of a wire rod are in a proportional relationship, 

in which the lower the strength is, the lower the 

reduction of area becomes. By combining controlled 

rolling and controlled cooling, Kobe Steel has 

developed a wire rod having excellent drawability 

with reduced tensile strength, while maintaining a 

high reduction of area.

 A torsion test is performed to evaluate the 

soundness of wire, in which vertical cracking, called 

delamination, occurs when a wire embrittled by the 

wire drawing is twisted.

 Fig. 9 compares the relationship between the 

true strain and the critical strain for delamination 

generation in a conventional steel to that of the 

newly developed steel. The newly developed steel 

exhibits no delamination at a higher wire drawing 

strain, demonstrating its excellent drawability.

4. Future prospects

 With its excellent characteristics, steel cord for 

tires has been playing an important role in traveling 

performance with its features including driving 

stability and weight reduction, which improves 

fuel economy. As the world focuses on the reduction 

of the global environmental burden, exhaust gas 

regulation in automobiles will become even more 

stringent, requiring higher strength steel cord that 

enables a further weight reduction in tires.

 Increasing the strength of steel cord is an effective 

means for reducing the weight of tires; however, 

increasing the strength of a material increases its 

defect sensitivity. Thus, further reduction is required 

for defects such as non-metallic inclusions, segregation 

and surface scratches.

 On the other hand, competition in the manufacturing 

of steel cord has become increasingly intense, requiring 

materials that contribute to cost reduction and 

productivity improvement.

 In addition, the market for solar energy 

generation will continue to grow, which will further 

enhance competition among saw wire manufacturers 

and ingot cutting manufacturers. Cuttability, assured 

by high strength, and cutting yield, assured by small 

wire diameter, require a wire rod with high strength 

and fewer defects that can cause wire breakage, as in 

the case of steel cord application.

Conclusions

 Kobe Steel will strive to develop materials 

meeting the market needs and thus contribute to the 

growth of industries related to tires, automobiles and 

solar energy generation. 
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Fig. 9  Relationship between strain and delamination
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Characteristics of Brittle Crack Arrest Steel Plate for 
Large Heat-input Welding for Large Container Ships
Masahito KANEKO＊1, Dr. Tokutaka TANI＊1
＊1 Plate Products Development Department, Research & Development Laboratory, Iron & Steel Business

Once it happens, brittle fracture in the hatch coaming 
parts around the deck openings of container ships 
causes serious structural damage that could potentially 
result in both fatalities and environmental damage. 
With this in mind, ships are designed and constructed so 
as to ensure that brittle crack does not occur. Further, 
if by chance it does occur, having a back-up function 
for arresting brittle crack included in the steel plate is 
essential. This report describes the characteristics of 
KE36 class brittle crack arrest plates. Improvement in 
brittle crack arrestability was achieved by the 
refinement of crystal grains, which is a result of strictly 
temperature-controlled TMCP (Thermo Mechanical 
Control Process).

Introduction

 With the recent increase in the volume of marine 

transport, container ships are becoming larger. Now, 

very large ships that can carry more than ten 

thousand containers have been built. A container ship 

has a structure with a large opening on its upper deck 

and its hull girder constructed with an open cross-

section. This requires container ships to have the 

highest longitudinal strength among large merchant 

ships. In order to ensure longitudinal strength while 

upsizing its hull, each container ship has a hatch side 

coaming surrounding its deck and an upper deck, 

both thickly built adopting steel plates no thinner 

than 50mm1).

 The interior of a thick plate, however, is in a plane 

strain state with the plastic region decreased in size. 

As a result, a stress greater than its yield stress is 

generated, and cracks propagate more easily. Brittle 

fractures, once occurring in the hatch coaming part 

around the deck openings of a container ship, can 

cause serious structural damage, with the potential 

for both fatalities and environmental damage. With 

this background, ships are designed and constructed 

so as to ensure that brittle crack does not initiate. 

Furthermore, in case a brittle crack should be 

initiated by chance, it is essential that a back-up 

brittle crack arresting function be included in the 

steel plates 2). Many studies have been conducted on 

the crack-arrestability of steels. It is reported that a 

brittle fracture test, performed on a model test body 

simulating a T joint for a hatch side coaming and 

upper deck, gave a result indicating that a steel plate 

having a thickness of 60mm can serve as an 

effective crack arrester if it has a Kca value (brittle 

crack propagation-arrest toughness) no smaller than 

6,000N/mm1.5 at a test temperature of -10℃ 3, 4).

 However, only a few reports refer to the methods 

for producing such a heavy thickness in steel plates 

for hull structures, i.e., a plate thicker than 50mm 

and having high arrestability with a Kca value 

(-10℃) exceeding 6,000N/mm1.5.

 In this development work, heavy-thickness steel 

plates were control rolled under optimum conditions 

with stringent roll control in the temperature zones 

that respectively cause recrystallization and non-

recrystallization. As a result, a technique was 

established for producing a steel plate with a high 

arrestability with a Kca value (-10℃) exceeding 

6,000N/mm1.5. This paper outlines an overview of 

the production technique and introduces the 

characteristics of the newly developed steel plate.

1. Development target

 Table 1 shows the target properties to be 

achieved by this development work. The target 

mechanical properties for the base metal and 

welding joint are to meet the requirements of the 

Nippon Kaiji Kyokai (NK) standard, KE36.

 The arrest characteristics of the base metal aim 

to satisfy the minimum brittle crack-arrest toughness 

at the test temperature of -10℃, Kca (-10℃), to be 

no lower than 6,000N/mm1.5, according to the 

"Guidelines on Brittle Crack Arrest Design" proposed 

by Class NK 4).

Properties of welded jointsArrestabiltyBase metal properties
Thickness
(mm)Grade vE－20

(J)
TS
(MPa)

Welding
method

Kca(－10℃)
(N/mm1.5 )

vE－40
(J)

EL
(％)

TS
(MPa)

YP
(MPa)

≧34(Ave.)
≧24(Each)490～6201pass

EGW＊≧6,000≧34(Ave.)
≧24(Each)≧21490～620≧35560KE36

＊EGW (Electrogas welding)

Table 1  Target properties
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2. Development concept

 Improvement of arrest characteristics is known 

to be achieved by several techniques including: 1) 

refining the grain size of the surface layer to 1 - 3μm 5); 

and 2) balancing the grain refining and the deformation 

texture of ferrite 6).

 This development work aims to establish a 

technique for producing a steel plate having 

arrestability with a Kca value (-10℃) exceeding 

6,000N/mm1.5 by fully exploiting the capacity of the 

existing facilities.

 As shown in Fig. 1, Kca is reported to correlate 

with the toughness of a base metal at t/4 portion 

(fracture surface transition temperature vTrs)7). If 

there is no slip deformation, cracks in a steel material 

generally propagate along a crystal plane with a low 

surface energy before causing fracture8). Therefore, 

the toughness of the base metal can be effectively 

improved by increasing the grain boundaries having 

misorientation angles greater than 15 degrees. Such 

grain boundaries serve as resistance against brittle 

cracks 9). Grain boundaries with misorientation angles 

greater than 15 degrees are here referred to as "high 

angle grain boundaries." It is important to refine 

grains surrounded by high angle boundaries to 

improve the toughness of the base metals, because 

such refinement is considered to result in the 

improvement of the arrest characteristics (Kca≧
6,000N/mm1.5). In the case of heavy-thickness steel 

plates, however, the applicable rolling reduction is so 

limited and the temperature deviation in the 

thickness direction is so large that the conventional 

rolling technique will not allow rolling in the 

required temperature zones, making refinement 

difficult.

 To resolve this issue, a technique called thermo 

mechanical control process (TMCP) was introduced. 

This technique enables an adequate control of the 

rolling reduction in the recrystallization and non-

recrystallization temperature zones 10). The technique 

was fine tuned for the rolling temperature regions and 

rolling reduction. More specifically, the conventional 

technique involves rolling continuously across the 

high temperature regions from the recrystallization 

temperature zone to non-recrystallization temperature 

zone. This conventional method is modified by 

incorporating steel plate cooling during the rolling to 

allow tighter temperature control. A study was 

conducted on the rolling in the low temperature 

region at a non-recrystallization temperature 

immediately above the Ar3 transformation point. 

The temperature is considered to facilitate grain 

refinement by effectively introducing strain 

(nucleation sites) to austenite grains.

3. Features of newly developed steel

3.1  Chemical composition and mechanical properties 
  of base metal

 The chemical composition of the newly developed 

steel is shown in Table 2. To ensure toughness at low 

temperatures in the heat affected zone (HAZ) caused 

by high heat input welding, the C content is limited 

to 0.08% in order to prevent the toughness 

deterioration caused by island-shaped martensite. 

For this purpose, Ceq is maintained as low as 0.34%. 

A small amount of Ti is added to prevent the 

toughness deterioration caused by the coarsening of 

prior austenite grain. Furthermore, a small amount 

of Nb, which expands the non-recrystallization 

temperature zone, is added in order to promote the 

refinement of the grains surrounded by high angle 

boundaries.

 The relation between the size of grains 

surrounded by high angle boundaries and Kca (-10℃) 

was studied under various TMCP conditions. The 

result is shown in Fig. 2. As predicted, Kca is 

Fig. 1  Relationship between Kca at －10℃ and vTrs (t/ 4)
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improved by refining grains surrounded by high 

angle boundaries. By making these grains no larger 

than 10μm, the target of Kca (-10℃)≧6,000N/mm1.5 

was achieved.

 Now, a study was conducted to establish a 

production technique for decreasing the grain size 

to under 10μm while maintaining high angle 

boundaries to ensure arrest characteristics. Fig. 3 

shows micrographs and electron backscattering 

diffraction (EBSD) patterns mapping the crystal 

orientations at grain boundaries of newly developed 

and conventional steels 11). The grains mapped are 

those surrounded by high angle boundaries with 

crystal misorientation greater than 15 degrees. The 

conventional steel has a structure mainly consisting 

of upper bainite. By introducing an adequate amount 

of strain in a low temperature range between the 

recrystallization temperature and non-recrystallization 

temperature, the newly developed steel is changed so 

as to have a structure mainly consisting of polygonal 

ferrite in which grains surrounded by high angle 

boundaries with crystal misorientation greater than 

15 degrees are refined. This is attributable to the 

strain introduced at a low temperature between the 

recrystallization temperature and non-recrystallization 

temperature, which serves to form ferrite nuclei in 

the austenite grains and to promote the generation of 

polygonal ferrite12).

 Table 3 shows the base metal properties of the 

steel tested. The newly developed steel plate exhibits 

the mechanical properties that satisfy the target with 

vE－40, greater than 340J, sufficiently exceeding the 

target value (34J). As shown in Fig. 4, the developed 

steel plate exhibits a favorable fracture surface 

transition temperature of lower than -90℃.

3.2  Brittle crack propagation-arrest characteristics

 Brittle crack propagation-arrest characteristics 

were evaluated by Kca values, calculated from the 

results obtained by an ESSO test 5) specified by the 

Guidelines on Brittle Crack Arrest Design. Fig. 5 

shows the result of the ESSO test. By extrapolating 

the fitted line, the developed steel is expected to have 

Kca exceeding 8,000N/mm1.5 at the lowest use 

temperature (-10℃), which sufficiently satisfies the 

minimum brittle crack arrest toughness value Kca 

(-10℃)≧6,000N/mm1.5 specified by the Guidelines 

on Brittle Crack Arrest Design.

 Fig. 6 shows an example of the fracture surface, 

Base metal properties
Thickness
(mm) vTrs

(℃)
vE－40
(J)＊2

EL＊1

(%)
TS＊1

(MPa)
YP＊1

(MPa)

－100 340  (Ave.)
338, 332, 349 (Each)3153842560Developed

Steel

－60 231 (Ave.)
235, 230, 229 (Each)2361549960Conventional

Steel

－ ≧34  (Ave.)
  ≧24  (Each)≧21490～620≧35560KE36 Target

properties
 ＊1 Round tensile specimen：NK14A　＊2 Charpy test specimen：NKU4

Table 3  Mechanical properties of developed steels

Fig. 3  Microstructure and grain boundary map with EBSD
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in which brittle crack is arrested as a result of 

toughness improvement associated with the 

temperature gradient. It is considered that, as a 

shear-lip extends from the surface layer to the 

interior (t/8 - t/4) of the steel plate, the driving 

force of brittle fracture becomes smaller than the 

kinetic fracture toughness value at the center of plate 

thickness. This serves to arrest the brittle crack 8). 

The developed steel exhibits fracture surface 

having a shear-lip extending to t/8 - t/4. The plastic 

deformation at the shear-lip is considered to absorb 

energy for crack propagation, improving the arrest 

characteristics.

3.3  Characteristics of high-heat-input welding joint

 High-heat-input welding is performed for 

assembling the hatch side coaming and upper deck 

of a container ship to assure high construction 

efficiency. To simulate the work done at these 

portions, electro-gas welding (EGW) with a single 

electrode was performed with high heat input. 

The welding conditions for the developed steel 

plate are shown in Table 4 and the welding joint 

characteristics are shown in Table 5. The welding 

was performed with a high heat input of 450kJ/cm. 

The joint strength satisfies the target value. In 

addition, positive results were obtained regarding 

the joint toughness: a Charpy absorbed energy of 34J 

or more was achieved at all notch positions in the 

V-notch Charpy impact test at a test temperature 

of -20℃.

Conclusions

 An adequate amount of strain was introduced 

at a low temperature in the range between the 

recrystallization temperature and non-recrystallization 

temperature to produce a microstructure mainly 

consisting of fine polygonal ferrite. As a result, 

grains surrounded by high angle boundaries were 

successfully refined in a heavy- thickness steel plate 

having a thickness exceeding 50mm.

 The results satisfy the minimum brittle crack 

arrest toughness value Kca (-10℃)≧6,000N/mm1.5 

specified in the Guidelines on Brittle Crack Arrest 

Design. The developed steel responds to the need for 

larger and safer container vessels, which continue to 

be built. The demand for the newly developed steel is 

expected to grow rapidly.
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Properties of welded joints
Thickness
(mm)

vE－20min＊2(J)Broken 
location

TS＊1

(MPa) Bond＋
1mmBondDepoPosition

199
203
182

208
204
207

113
91
108

Surface
t/2
Back

HAZ58360

≧34(Ave.)
 ≧24(Each)－490

～620
KE36

Target properties
 ＊1 Round tensile specimen：NKU2A 　＊2 Charpy test specimen：NKU4

Table 5  Mechanical properties of EGW welded joint
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Effect of Steel Toughness on Brittle Crack Arrest 
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Brittle crack arrest properties in ship construction have 
become more important as shipbuilding steel plates 
become thicker and stronger. There have been indications 
that steel toughness can have the effect of arresting 
brittle crack initiating in a welded joint; however the 
T-weld joints of an actual large structure have not been 
well investigated. This report describes how the brittle 
crack length and steel toughness were found to affect 
brittle crack arrest behavior. Furthermore, it was 
suggested that brittle crack could be arrested by using 
a horizontal plate of Kca that would be sufficient even 
for the T-weld joint of an actual large structure.

Introduction

 The upsizing of container ships not only increases 

the allowable load and income per passage, but also 

decreases the number of crossings, which leads to the 

reduction of CO2 emissions and contributes to the 

lessening of the environmental burden. The demand 

for marine transport is increasing with the recent 

rapid growth of East Asian economies such as that of 

China. This upsizing trend is more apparent for 

transport vessels such as container ships 1).

 A container ship has an upper deck provided 

with a large opening and employs ultra-thick plates 

for the longitudinal strength members of its hull. 

As the ships are upsized, they require steel plates 

that are stronger and thicker 2). According to an 

experimental result 1), a brittle crack, initiated in a 

high-heat-input welded portion of a thick plate, 

propagates straight along the welded portion. This 

poses a challenge when adopting thick plates and 

joining them to hull structures by high-heat-input 

welding. To satisfy the recent upsizing requirement 

for container ships while assuring safety, brittle 

cracks must be arrested without fail before they 

propagate along the high-heat-input welded portions 

of thick plates.

 As shown in Fig. 1, a container ship has an upper 

deck (strength deck), a hatch side coaming and a T-

weld joint that connects the hatch side coaming (a 

part of the longitudinal stiffening member) with 

the upper deck. In this construction, a brittle crack 

propagating straight along a welded portion of the 

hatch side coaming can be arrested by the base 

material of the upper deck, if the base material has 

sufficiently high crack-arresting performance 

(brittle crack arrestability), and if the positions of 

welded joints are shifted away from each other in 

such a way that the crack collides directly with the 

base material of the deck. Several studies have been 

conducted on this possibility 3)- 6). Studies conducted 

by the authors indicate that brittle cracks can be 

arrested by constructing the strength deck with a 

steel plate having a brittle crack arrestability (Kca) 

exceeding a certain level 5), 6). These studies, however, 

have been conducted on small dimensional scales 

simulating the actual hull structure, leaving unclear 

the Kca for steel plates that can arrest the long and 

large cracks that may occur in actual hull structures.

 Hence, large specimens were prepared, each 

simulating a T joint between a hatch side coaming 

and strength deck. Brittle fracture tests were 

performed on these specimens while varying the 

specimen dimensions and the Kca of the plate 

simulating the strength decks. The performance of 

arresting long and large brittle cracks was studied, 

as reported in this paper.

1. Testing procedure

1.1  Specimen shape

 Three types of specimens (specimens 1 - 3, as 

shown in Fig. 2 (a)-(c)) were prepared by welding 

steel plates having a thickness of 60mm. Each 

specimen had a horizontal member simulating a 

strength deck and a vertical member simulating a 

hatch side coaming. Full penetration welding was 

performed to join the vertical member with the 

horizontal member to simulate a T joint between a 

hatch side coaming and strength deck. Experiments 

Fig. 1  Construction around hatch coaming
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were conducted on these three types of specimens, 

each having different dimensions, so as to study the 

effect of crack length reaching the horizontal plate. 

Each vertical member was made of two steel plates 

butt-welded by electrogas arc welding (EG welding). 

The vertical members were welded to the horizontal 

members by CO2 welding with full penetration. 

Table 1 summarizes the welding conditions, and 

Fig. 3 shows a typical cross-sectional macro structure 

of the full-penetration welded joint.

1.2  Steel plates used for testing

 The vertical member was made of the same steel 

(steel plate A) as reported previously (YS＝520MPa, 

TS＝619MPa)6). In this study, two types of steel plates 

(Steel plates B and C), having different Kca, were used 

for horizontal members to study the effect of the 

Kca values of the horizontal steel plates. The Kca 

values at -10℃ of the steel plates B and C were 

4,200N/mm3/2 and 7,360N/mm3/2, respectively. Steel 

plates B and C are both in the same strength class. 

Table 2 shows the specimen numbers and the steel 

plates used for each specimen.

1.3  Testing method

 A tensile testing machine with a maximum load 

of 30MN was used for the test. Fig. 4 illustrates the 

testing method. A jig was disposed between the 

testing machine and a specimen to apply homogeneous 

stress to the specimen. The temperature of each 

specimen was monitored using thermocouples 

Fig. 2  Dimension of specimens (Unit：mm)
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Fig. 3  Cross section of T-weld joint of specimen 1
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Table 1  Welding condition for specimen 1

Fig. 4  Schematic illustration of experiment for T-weld specimen

5,000 Impact load�

Specimen�
1,200�

Attached �
horizontal plate

Attached plate Thermo couples�
Crack gauge for measuring crack propagation speed�

Horizontal plate
(Upper deck)Dimension

of
Specimen

Specimen
Kca at －10℃(N/mm3/2)

(Material)

4,200(N/mm3/2)
(Steel B)

Fig.2(a)1

Fig.2(b)
2－1

7,360(N/mm3/2)
(Steel C)

2－2
Fig.2(c)3

Table 2 Steels used for the specimen (Steel A was used for 
vertical plate)



72KOBELCO TECHNOLOGY REVIEW NO. 30 DEC. 2011

affixed to it at several locations. Each specimen 

was homogenized at a set temperature of -10℃ for 

more than 30 minutes before the test. The tensile 

load was controlled so as to make the average strain, 

determined by strain gauges affixed to several 

location of the horizontal plate, become 257MPa (i.e., 

the design stress of a strength deck).

 Under the above conditions of temperature and 

loading, an impact load was applied to the notched 

portion on the top of each specimen to initiate a 

brittle crack.

 In a case where the propagation rate of brittle 

crack is not high enough, the load applied to the 

specimen may decrease after the initiation of the 

brittle crack, which affects the test result. Therefore, 

an additional strain gauge affixed to the jig was used 

for this test, so that the load behavior after brittle 

crack initiation could be monitored by measuring the 

strain on the jig.

2. Test results

2.1  Brittle crack propagation behavior in vertical 
   member

 In all of the above tests, brittle cracks propagated 

along the EG weld portions immediately after the 

cracks were initiated. The crack propagation rate, 

immediately before the brittle cracks reached the T 

joint, was measured to be 500-700m/s. The strain 

gauges placed on the jig showed no load reduction 

that affected crack propagation.

2.2  Brittle crack arrest behavior of horizontal plate

 Fig. 5 (a)-(d) shows the fracture surfaces after 

the tests. It should be noted that, in the case where 

the horizontal member did not break, it was ductile-

fractured forcefully by applying a tensile load after 

the test.

 In the case of Specimen 1 (vertical plate height 

(H)=300mm: horizontal plate, Steel plate B), the 

brittle crack propagated along the EG weld portion of 

the vertical plate and propagated further into the 

horizontal plate via the T joint portion, as shown in 

Fig. 5(a); however, the extent of the propagation 

was small compared with the thickness of plate B, 

showing that the brittle crack was arrested 

immediately after its propagation into steel plate B.

 In the case of Specimen 2-1 (H＝500mm: horizontal 

plate, Steel plate B), the brittle crack propagated to 

the end of the horizontal member without being 

arrested (Fig. 5(b)).

 In the case of Specimen 2-2 (H＝500mm: horizontal 

plate, Steel plate C), the brittle crack propagated 

about 6~8mm into Steel plate C via the T joint and 

was arrested (Fig. 5(c)).

 In the case of Specimen 3 (H＝700mm, horizontal 

plate: Steel plate C), the brittle crack propagated 

about 6~8mm into Steel plate C via the T joint and 

was arrested (Fig. 5 (d)).

3. Factors affecting brittle crack arrest characteristics

3.1  Discussion on the effect of Kca of steel plate for 
  horizontal plates

 Specimen 2-2 arrested the crack, unlike Specimen 

2-1, despite the fact that they both have the same 

shape (H＝500mm). This is attributable to the Kca of 

the horizontal steel plate of Specimen 2-2 being 

higher than that of Specimen 2-1. The Kca of the 

horizontal steel plate significantly affects the brittle 

crack arrest characteristics at the T joint of the 

horizontal plate.

3.2  Discussion on the effect of specimen dimensions
   (brittle crack length)

3.2.1  Comparison of Specimens 1 and 2-1

 The brittle crack propagated in Specimen 1 (H＝
300mm) was arrested as soon as it collided with 

the horizontal plate. On the other hand, the brittle 

crack in Specimen 2-1 (H＝500mm) was not arrested, 

although its horizontal plate had the same Kca as that 

of Specimen 1. The difference is considered to be due 

to the difference in the height H of the vertical plates. 

Specimen 2-1 had a vertical plate with a larger H, 

which made the stress intensity factor at the crack tip, 

K value, larger than that of Specimen 1 when the 

crack reaches the horizontal plate. The stress Fig. 5  Test results (fracture surface)
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intensity factor exceeded the Kca of the horizontal 

plate, causing the crack to propagate.

3.2.2  Comparison of specimens 2-2 and 3; possibility 
    of arresting even longer and larger brittle crack

 In the case of Specimen 3, the crack was arrested 

despite the fact that the crack, when it reached the 

horizontal plate, was longer than the crack in 

Specimen 2 - 2. This is considered to be caused by the 

K value at the crack tip still being smaller than the Kca 

of the horizontal plate even under the conditions of 

the crack in Specimen 3.

 According to Machida et al.7), a rapidly propagating 

brittle crack suppresses the formation of a plastic 

region, making the K value almost constant for the 

increase of the crack length (a saturation phenomenon). 

If the K value of Specimen 3 is saturated, exhibiting 

the same saturation phenomenon, there should be no 

increase in the K value even for longer and larger 

cracks. If this is the case, cracks should be arrested by 

using Steel C for the horizontal member. The 

behavior of the crack in this saturation phenomenon 

in K value, however, has not been fully understood 

because of the difficulty in evaluating the K value at 

the tip of the brittle crack. This study attempts to 

evaluate this saturation behavior in K value of a 

brittle crack that propagates in a vertical member 

during the T joint test. Measurements were 

conducted using a strain gauge to discuss the 

characteristics required for a horizontal member 

arresting a long and large brittle crack.

4. Steel plate characteristics required for arresting
 long and large brittle cracks

4.1  Study on the saturation behavior of K value

 To study the saturation behavior of K value 

during brittle crack propagation, a strain gauge is 

affixed in the vicinity of the weld portion (i.e., the 

crack propagation path) of Specimen 3 to evaluate 

the strain when the crack passes (Fig. 6). The strain 

distribution in the vicinity of a crack tip is considered 

to vary corresponding with the K value at the crack 

tip. So the behavior of the K value is discussed from 

the aspect of strain behavior.

 Fig. 7 shows an example of the values measured 

by the strain gauge. Also included in this figure is the 

time period (evaluated by a crack gauge measurement) 

during which the brittle crack passed right beside the 

strain gauge. This figure indicates that the strain 

value reached a maximum immediately before the 

brittle crack passed right beside the strain gauge. 

This is considered to be caused by strain that is 

higher diagonally in front, rather than right beside, 

the crack in the vicinity of a crack tip. As shown in 

Fig. 7, the difference between the time when the 

strain reached a maximum and the time when the 

crack passed right beside the strain gauge was about 

0.042ms, which corresponds to a crack propagation 

length of 26.7mm, considering the crack propagation 

rate (636m/s for an equivalent crack length) 

measured simultaneously. The distance between 

the crack tip and the position where the strain 

maximizes is calculated, according to the linear 

fracture mechanics, to be 20mm in the crack 

propagation direction, assuming the positional 

relationship of this study (i.e., the strain measured 

at a point 50mm from the side of the crack path). 

This calculated value is essentially the same as the 

measurement result, verifying the validity of the 

evaluation, using strain measurement, of the strain 

distribution in the vicinity of a crack tip.

 Here, the maximum strain value was first 

determined from the values measured by the strain 

gauges, then, the crack length which gives the 

maximum strain was estimated from the strain 

Fig. 7  Strain behavior of strain gauge D in Fig.6
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propagation rate to establish the relationship 

between the maximum strain and crack length. 

4.2  Results of strain measurement

 Fig. 8 shows the relationship between the 

maximum strain measured and the crack length. 

Fig. 8 shows a tendency for the maximum strain 

measured to become almost constant when the 

crack length exceeds about 500mm. Also shown is a 

phenomenon in which the strain drops rapidly at a 

point right before (about 50mm before) the crack 

reaches the horizontal plate.

 These measured results were compared with a 

finite element method (FEM) analysis performed on 

Specimen 3. Fig. 9 shows the analysis model. Here, 

a 1/2 (half) structure in z-direction was modeled 

using solid elements. The horizontal plate was 

divided into three elements, and the vertical plate 

into six elements, in the plate thickness direction. 

The adjacent area of the crack propagation was 

segmented with meshes as small as 5mm at the 

minimum, to improve the accuracy of the calculation. 

A model crack (crack length, 0-700mm: crack tip, 

linear) was introduced, penetrating the plate thickness 

at the upper end of the vertical plate. 

 It should be noted that brittle cracks propagate 

at high velocities (maximum 700m/s in Specimen 3), 

making the materials through which the cracks 

propagate deform very rapidly. As a result, the yield 

strength of the material surrounding a crack tip 

becomes very high due to the effect of strain rate 

dependence, and the crack opening becomes very 

small. To statically simulate this condition, in many 

cases the original single-edge cracked specimen is 

converted into a center-cracked specimen for elastic 

calculation. In this study, a static elastic analysis was 

conducted on the specimen converted into a center-

cracked one with the symmetry boundary condition 

at the F portion in Fig. 9 (corresponding to the upper 

end of the specimen). This calculation assumes that 

a constant load is applied in the arrow direction at 

the end of the analysis model as shown in the figure, 

such that the nominal stress becomes 257MPa. The 

specimen length in the load direction was 5,000mm, 

which matches the distance between the loading 

points at the time of experiment illustrated in Fig 4. 

An analysis solver, ABAQUS6.5 8), was used.

 The maximum values for strain in the x direction 

at each point / position corresponding to the location 

where a strain gauge was affixed (on the line E-E in 

Fig 6) were determined from the analysis result in 

order to examine their relationship with the crack 

length. The results are shown by the dashed line in 

Fig 8. As described previously, this study conducted 

a static elastic analysis for a high speed deformation 

behavior, and the analysis result did not quantitatively 

match the measured result. However, the analysis is 

considered to allow a qualitative comparison with 

the measured result. As shown in Fig. 8, the analysis 

result shows a rapid decrease in strain immediately 

before (about 50mm before) the crack reaches the 

horizontal plate, the same decrease as measured, 

indicating that the rigidity in front of the crack tip is 

increased by the horizontal plate. On the other hand, 

no strain saturation phenomenon, as observed in 

the actual experiment, exists in the simulated result 

in the crack length range of 500mm or longer.

 The strain distribution at a crack tip is significantly 

affected not only by crack length, but also by the 

crack propagation rate. The strain saturation behavior 

observed in this study might also have been affected 

by the rapid crack propagation. To clarify the effect 

of the propagation rate of a brittle crack, the relation 

between the brittle crack propagation rate (measured 

by a crack gauge) and crack length in Specimen 3 is 

summarized in Fig.10. This figure indicates that a 

brittle crack longer than about 200mm propagates 

stably at a high rate of about 630-720m/s. In Fig. 8, 

the measured strain value becomes almost constant 

in the crack length range of about 500-620mm. In 

Fig.10, no significant change in the crack propagation 

rate is observed in the same crack length range, 

indicating no significant change occurring in the 

crack propagation behavior itself. In Fig.10, the 

crack propagation rate increases by about 50m/s for 

a crack length of 630mm, implying some effect on the 

periphery of the crack tip, however, no significant 

Fig. 8 Relationship between crack length and maximum 
strain on E-E line in Fig.6
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increase in the crack propagation rate is observed for 

the a crack length of 566mm. As shown in Fig. 8, 

strain saturation behavior is observed for a crack 

length of 500mm-620mm. The change in the crack 

propagation rate, observed in the same region in 

Fig.10, is not considered to affect the strain 

saturation behavior.

4.3  Saturation behavior of K value and the    
  characteristics required for steel

 From the previous results, it can be concluded 

that the strain saturation phenomenon observed in 

the actual measurements does not correlate with the 

change in the brittle crack propagation rate and has 

no link to brittle crack propagation behavior. Kinetic 

effect, which cannot be taken into account in FEM 

static elastic analysis, is considered to have affected 

the result. As described above, the strain distribution 

in the vicinity of a crack correlates well with the K 

value of the crack tip, and thus the K of the crack tip 

in Specimen 3 may also have been saturated. 

Assuming that this agrees with the above mentioned 

comment by Machida, K values will saturate to the 

same value for longer and larger cracks, meaning 

that brittle cracks can be arrested by using Steel plate 

C for the horizontal plate (e.g., strength deck) as in 

the case of Specimen 3.

Conclusions

 A study was conducted using large joint 

specimens, each simulating a joint between a hatch 

side coaming and strength deck. The focus was 

put on the effect of the properties of a horizontal 

plate (simulating a strength deck) on the arrest 

characteristics of brittle cracks generated in the weld 

portion of a vertical plate (simulating a hatch side 

coaming), taking into account the size of the 

specimen.

The following describes the knowledge obtained:

  ・ For the horizontal steel plate, Kca and specimen 

dimension (brittle crack length) significantly 

affect the crack arrest performance. Steel C (Kca＝
7,360N/mm3/2) exhibits crack arrest even for the 

largest specimen used in this study.

  ・ A strain measurement conducted during the 

testing of Specimen 3 confirmed that the strain in 

the vicinity of a crack tip crack becomes saturated 

during crack propagation once the crack reaches 

a certain length.

  ・ The strain in the vicinity of crack tip is considered 

to correlate with the K value. The brittle crack 

propagation test conducted on Specimen 3 

indicates that the K value can possibly be 

saturated during crack propagation.

  ・ From the above, cracks longer and larger than the 

ones studied this time can possibly be arrested by 

a horizontal plate (e.g., strength deck) made of a 

steel having adequate brittle crack arrest 

characteristics.
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A new process technique, Kobe super toughness (KST), 
enables maintaining excellent toughness in heat affected 
zones (HAZs) formed by large heat input welding. In 
order to improve the KST treatment, the effect of Ca 
addition on HAZ toughness was studied with focus on 
TiN particles. It was found that Ca addition inhibits the 
crystallization of coarse TiN particles and increases the 
number of fine TiN particles precipitated. Consequently, 
a fine-grained microstructure of HAZ was achieved and 
HAZ toughness was improved significantly.

Introduction

 Heavier gauge steel plates are more and more 

being used, with the recent increase in the size of 

steel structures such as container vessels and 

buildings. Welding such heavy gauge steel plates 

requires increased number of passes, making 

conventional multi-pass welding highly inefficient. 

Therefore, ultra-high-heat-input welding, such as 

electrogas arc welding and electroslag welding, 

which enable one-pass welding, is being increasingly 

used. The increased welding heat input, however, 

keeps the heat-affected zones (HAZs) of the welds 

at a high temperature for an extended period of 

time, as well as decreasing the cooling rate. This 

coarsens the microstructure and significantly 

decreases toughness.

 To resolve such issues, Kobe Steel developed a 

process technique, Kobe Super Toughness (KST).1) This 

technique enables the refinement of microstructure 

with a minor addition of Ti to disperse fine TiN 

particles, which suppress the coarsening of austenite 

(γ) grains in HAZs and serve as transformation 

nuclei for intragranular ferrite (α). This ensures 

favorable toughness in ultra-high-heat-input welded 

joints in HAZs, providing steel with a high degree of 

safety.

 The requirement for HAZ toughness, on the 

other hand, is becoming increasingly stringent, 

which calls for further improvement of the KST 

technique. There are reports that HAZ toughness 

can be improved by utilizing CaO and CaS, along 

with TiN, as transformation nuclei for intragranular 

α2), 3). Kobe Steel has also confirmed that the addition 

of Ca improves HAZ toughness 4). However, not 

much detailed study has been done on the effect of 

Ca addition on HAZ toughness and on TiN particles, 

leaving much unknown. Therefore, a detailed study 

was conducted to ascertain how Ca addition affects 

particle size and the number of TiN particles. Based 

on the knowledge obtained, the amount of Ca to be 

added was optimized for HAZ toughness and the 

improvement effect was verified. The following is an 

outline of this study.

1. Experimental procedure

 Table 1 shows the chemical compositions of the 

steels tested in this study. Calcium mainly serves to 

form oxide. The addition of Al, another oxide-

forming element, which is similar to Ca, was 

varied to vary the amount of dissolved oxygen 

which affects oxide formation. Each composition was 

melted in a 150kg vacuum melting furnace and was 

cast in an ingot having a diameter of 250mm and a 

height of 400mm. Each ingot was heated to 1,100℃ 

and hot rolled into a plate 50mm thick. The 

temperature at the completion of the hot rolling was 

adjusted so as to be 850℃.

 Inclusions in each ingot were observed to study 

the effect of Ca addition on the crystallization of TiN. 

The observations were conducted at intermediate 

positions between the ingot surface and the center. 

A field emission electron probe micro-analyzer (FE-

EPMA) was used to observe the inclusions, to 

analyze the composition of inclusions larger than 

2μm and to determine the particle size of TiN. Each 

particle size of TiN was given by the diameter of a 

circle whose area is equal to the area occupied by 

the TiN in each inclusion.

 To study the effect of Ca addition on the 

precipitation of TiN in a HAZ, a heat cycle test, called 

a synthetic weld thermal cycle, which reproduces 

and simulates ultra-high-heat-input welding, was 

conducted on rolled steels with the additive amount 

of Al fixed at 0.03%. The heat cycle was applied to 

specimens, each of which was taken from the mid-

(mass％)
othersNCaTiAlMnSiC
Cu, Ni, B0.00600～0.00220.0150.013～0.0581.550.350.08

Table 1  Chemical compositions of steels
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plane between the rolled surface and the center plane 

of a plate. To reproduce the welding conditions, 

these specimens were heated to 1,400℃, held at that 

temperature for 30 seconds and then cooled in such 

a way that the temperature went from 800℃ to 500℃ 

in 730 seconds.

 After the synthetic weld thermal cycle, inclusions 

larger than 2μm were measured for their TiN 

content by the FE-EPMA. The number density of TiN 

precipitates smaller than 300nm was determined using 

a transmission electron microscope (TEM).

2. Experimental results 

2.1  Effect of Ca addition on crystallization of TiN 
  in ingots

 Fig. 1 shows typical inclusions observed by the 

FE-EPMA. Steel with no addition of Ca exhibits 

coarse TiN particles with sizes of around several 

microns, which have been nucleated from Al2O3. The 

steel with added Ca, on the other hand, exhibits 

complex oxides consisting of Al and Ca, with CaS 

surrounding the complex. Almost no crystallization 

of TiN was observed.

 Fig. 2 shows the relation between the CaO 

content in the oxides and the size of TiN particles 

crystallized on these oxides. It should be noted 

that all the oxides in these compositions consist 

essentially of CaO and Al2O3, or in other words, the 

remainder of CaO is almost entirely Al2O3. As a 

whole, the particle size of TiN decreases with the 

increase in CaO content. The size of TiN particles 

rapidly decreases in the CaO concentration range of 

about 40-60% and reaches a minimum at about 50%.

 Fig. 3 shows the relationship between the CaS 

content and the TiN content in the inclusions. The 

TiN content decreases rapidly with the increase in 

CaS content, and almost no TiN crystalizes out in the 

CaS content range higher than 20%.

2.2  Effect of Ca addition on TiN precipitation in HAZ

 Fig. 4 shows the effect of Ca addition on the TiN 

content in the inclusions larger than 2μm and on 

the number density of fine TiN smaller than 300nm. 

With the increase in the amount of Ca added, the TiN 

content in the inclusions larger than 2μm decreases, 

while the number density of fine TiN increases. This 

is considered to be caused by the increased addition 

Fig. 2 Effect of CaO content in oxides on diameter of TiN 
particles
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of Ca suppressing the crystallization of coarse TiN 

on the oxides, resulting in a large portion of TiN 

finely precipitated.

3. Discussion

 As shown Fig. 1, TiN crystallizes out preferentially 

on Al2O3, but not on CaS or on CaO-Al2O3. In order 

to evaluate how easily TiN can crystallize out, the 

lattice misfits agsinst TiN and critical nucleus 

formation energies of CaO, CaS and Al2O3 were 

calculated according to the method proposed by 

Aaronson, J.H.Van Der Merwe, Jimbo and Morikage 

et al.6) - 8) The results are shown in Fig. 5 and Fig. 6. 

Here, the critical nucleus formation energy is 

standardized by the nucleus formation energy of 

Al2O3 for comparison. Moreover, for the calculation, 

the interface energy was assumed to be the same as 

the structural energy. The result indicates that CaS 

has the largest lattice misfit against TiN, while Al2O3 

and CaO have almost the same level of lattice misfit. 

The critical nucleus formation energy was the largest 

for CaS and the smallest for CaO. Therefore, from 

the aspects of lattice misfit and critical nucleus 

formation energy, CaS is least likely to become the 

nucleus for the crystallization of TiN. This is 

considered to have caused the rapid decrease of TiN 

content with the increase of CaS content, as shown 

in Fig. 3. Among the three compounds, CaO is the 

most likely to become the nucleus for the 

crystallization of TiN. However, as shown in Fig. 2, 

the particle size of TiN tends to decrease as the CaO 

content increases. This is considered to be caused by 

the increased addition of Ca, which not only 

increases the CaO content, but also increases the 

concentration of CaS, which is unlikely to become 

the nucleus for the crystallization of TiN. This is 

considered to have caused CaS, having critical 

nucleus formation energy smaller for CaO than for 

TiN, to be formed around the oxide as shown in 

Fig. 1, decreasing the area of contact between the 

molten steel and CaO.

 The following discusses the phenomenon, as 

shown in Fig. 2, in which the particle size of TiN 

decreases rapidly in the CaO concentration range of 

40-60%. In order for oxides to serve as the nuclei for 

the crystallization of TiN, it must exist as a solid in 

molten steel. Taking this into account, our research 

focused on the melting point of oxides. It is generally 

known that, when the CaO content in an oxide 

reaches 40-60%, the melting point of the oxide 

becomes 1,413-1,600℃ and is minimized at the CaO 

content of 49% 9). Assuming the temperature of 

molten steel during casting to be 1,600℃, the region 

where the content of CaO becomes 40-60% coincides 

with the region where the melting point of the oxide 

becomes lower than the temperature of the molten 

steel. In other words, as the CaO concentration 

approaches 49% in this region, the oxide in the 

molten steel remains as a liquid at lower temperatures, 

lowering the crystallization temperature of TiN and 

shortening the time from the start of crystallization 

until the completion of the solidification of molten 

steel. This is considered to have suppressed the 

coarsening of TiN.

4. Verification of improvement in HAZ toughness

 Based on the above, the effect of Ca addition on 

TiN particles is summarized as follows. From the 

aspects of the melting point of oxides, lattice misfit 

and critical nucleus formation energy, an increase in 

Ca addition not only suppresses the formation of 

coarse TiN, which becomes the origin of brittle 

fracture, but increases the fine TiN which contributes 

to the refinement of γ grain and the generation of 

intragranular α. All of these are considered to be 

effective in improving the HAZ toughness of ultra-

high heat-input welds.

 In order to verify this, the chemical compositions 

shown in Table 1 were modified such that they 
Fig. 6 Critical nucleus formation energy between TiN and 

inclusions

1.5�

1.4�

1.3�

1.2�

1.1�

1.0�

0.9�

0.8�

0.7�

0.6
CaO CaSAl2O3

Compared to normalized�
energy of Al2O3 as 1.0

N
or
m
al
iz
ed
 c
rit
ic
al
 n
uc
le
us
 fo
rm
at
io
n 
en
er
gy

Fig. 5  Lattice misfit between TiN and inclusions
CaO CaS

0.35�

0.30�

0.25�

0.20�

0.15�

0.10�

0.05�

0.00
Al2O3

La
tti
ce
 m
is
fit



79 KOBELCO TECHNOLOGY REVIEW NO. 30 DEC. 2011

have an additive amount of Al set at 0.03%. The 

steels were cast, rolled and subjected to the synthetic 

weld thermal cycle, as described previously; then 

Charpy tests were conducted to evaluate their HAZ 

toughness. The fracture surfaces of the specimens 

after the Charpy test were observed. Also observed 

were micro structures of the specimens etched by 

NITAL (an etching solution consisting of alcohol and 

nitric acid).

 Fig. 7 shows the relationship between the amount 

of Ca added to the steel and the transition temperature 

at which fracture appears (vTrs). The increase in the 

amount of Ca has been verified to lower the vTrs, 

significantly improving the HAZ toughness of ultra-

high heat input welds. The fracture surfaces of the 

Charpy test specimens clearly show that coarse TiN 

particles in steel without the Ca addition originate 

brittle fracture as shown in Fig. 8. Furthermore, the 

steel without Ca added exhibits coarse ferrite grains 

larger than 100μm, as shown in Fig. 9, while the 

steel with Ca added exhibits a fine and homogeneous 

dispersion of ferrite with a grain size of around 

20μm, a result of the promotion of intragranular α 

generation. These results verify that the addition of 

Ca suppresses the formation of coarse TiN while 

increasing fine TiN, thus refining the microstructure 

in the HAZs of ultra-high heat input welds and 

improving their toughness.

Conclusions

 Kobe Super Toughness (KST), a process technique 

for finely dispersing TiN particles, was further 

improved by the addition of Ca. This technique is 

applicable to a wide variety of steel plates used in 

various fields including shipbuilding and construction, 

contributing not only to the improvement of welding 

efficiency, but also to the improvement of the safety 

of steel structures, and to the benefit of the entire 

society.
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A series of 590-980MPa grade hot-dip galvannealed 
steel sheets has been developed in order to improve the 
formability of automotive body frame parts, such as 
lower pillars. These are either DP or TRIP-aided steel 
sheets, designed 1) to have homogeneous microstructures, 
2) to inhibit the precipitation of carbide, 3) to maintain 
ferrite as much as possible, 4) to harden the ferrite to 
prevent degradation of local deformability, and in TRIP-
aided steel sheet, additionally, 5) to obtain a large 
amount of retained austenite. The above microstructural 
controls are mainly accomplished by the addition of 
silicon, which can be adopted through a special surface 
preparation technology. The developed steel sheets have 
not only excellent formability, but also meet practical 
performance requirements, including good spot 
weldability and high coating.

Introduction

 In recent years, high-strength steel sheets are 

more and more  being used for automotive structural 

members to make auto bodies strong enough to meet 

increasingly stringent collision safety standards 

and light enough to meet the emission reduction 

requirements for environmental protection 1). Among 

these sheets, galvannealed (hereinafter referred to as 

"GA") steel sheets are applied to parts that require 

corrosion resistance. In particular, high-strength 

GA steel sheets with excellent workability, are 

proactively adopted for lower parts of pillars and 

other structural members. With the recent increase 

in the number of parts employing high-strength steel 

sheets, the demand  for further improved workability 

is growing 2), 3).

 In response to these needs, Kobe Steel has 

developed a high tensile-strength GA steel, in the 

strength grade of 590 - 980MPa, which has an 

elongation 1.3 times higher than that of conventional 

materials 4). This paper describes the concept of its 

microstructure control and major characteristics.

1. Concept of microstructure control

 The developed materials include a dual-phase 

(DP) steel sheet, consisting of ferrite and martensite, 

and a transformation-induced plasticity (TRIP) aided 

steel sheet, consisting of ferrite, bainite and retained 

austenite. Both kinds of steel sheets ensure high 

ductility under the design concepts of ① homogenized 

microstructure, ② inhibited carbide precipitation, ③ 

the maximum amount of ductile ferrite, and ④ ferrite 

with its own strength increased by solid solution 

strengthening to prevent the deterioration of local 

deformability. In addition, ⑤ the TRIP-aided steel 

sheet is designed with its microstructure controlled 

so as to secure a large amount of retained austenite.

 As a means for achieving the above objectives, the 

DP steel sheets adopt the technology developed by 

Kobe Steel for 590 - 980MPa grade GA steel sheets5)-12) 

and have compositions that largely suppress the 

bainite transformation during the cooling after 

annealing (②, ③). Furthermore, both the DP steel 

sheet and TRIP-aided steel sheet developed this time 

contain silicon (Si), an additive element playing an 

important role in stabilizing the ferrite and 

significant solid solution strengthening (③, ④). For 

some time, Si has been known to be effective in 

improving workability 13); however, its application to 

GA steel sheet was difficult because the element 

tends to deteriorate coating quality. To resolve this 

issue, Kobe Steel developed a special surface 

modification which enabled GA steel sheet to contain 

above 1.0% of Si, as in the case of cold-rolled steel 

sheet, leading to this development.

 The addition of Si can significantly increase 

elongation. On the other hand, Si addition facilitates 

the precipitation of ferrite in the microstructure 

during cooling, which decreases the yield ratio, 

leading to a significant reduction of yield strength 

for a given tensile strength. Thus, when producing 

a steel sheet containing Si, the microstructure is 

controlled while focusing on the recovery and 

recrystallization behaviors of the cold-rolled structure, 

in which the cold rolling reduction is optimized for 

each composition and for sheet thickness by 

adjusting the yield strength so as not to cause the 

deterioration of elongation during annealing. This 

control method offers a technique that is effective 

in obtaining a homogeneous composite structure 

regardless of sheet thickness (①). TRIP-aided steel 

sheets, on the other hand, adopt a microstructure 

control which maximizes the amount of retained 

austenite. Typically, a TRIP-aided steel sheet is 

austempered to increase carbon concentration in 

untransformed austenite. When producing a GA 

steel sheet, the steel sheet is exposed to an elevated 
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temperature in galvannealing treatment, which 

induces a phenomenon, unique to GA steel sheet, 

involving a structural change in which the austenite 

decomposes (precipitating carbide). The newly 

developed steel sheet contains retained austenite, 

whose amount is maximized by an optimized 

austempering (⑤). This new austempering includes 

galvannealing, unlike conventional austempering 

which simply condenses carbon. 

 Fig. 1 shows typical microstructures of the newly 

developed steel sheets: (a) DP steel sheet of 980MPa 

grade and (b) TRIP-aided steel sheet of 780MPa 

grade. Both the steel sheets contain large amounts 

of ferrite with no carbide precipitate observed. 

Furthermore, the DP steel sheet has a homogeneous 

and fine composite structure, while the TRIP-

aided steel sheet is predominantly massive retained 

austenite with needle-like retained austenite 

(indicated by the arrows in the figure) between the 

laths of bainitic ferrite. Fig. 2 shows the grain boundary 

distribution inside the 980MPa grade DP steel sheet 

obtained by a crystal orientation analysis based on an 

electron backscattering pattern (EBSP) measurement. 

In the grain boundary distribution diagram (Fig. 2 

(b)), the black solid lines represent large angle grain 

boundaries with crystal misorientation of 15 degrees 

or larger, while the gray solid lines represent small 

angle grain boundaries with crystal misorientation 

smaller than 15 degrees. The figure indicates that the 

ferrite structure contains many small angle grain 

boundaries, which are remainders of a cold-rolled 

structure that has been annealed and is subgrained. 

The newly developed materials make use of such 

subgrain structures to adjust strength characteristics 

so as to achieve the high elongation described later. 

Fig. 3 shows cross-sectional SEM micrographs of 

the newly developed 590MPa grade and 980MPa 

grade DP steel sheets, both having the quality of 

exhibiting homogeneous coating layers with 

favorable powdering resistance.

2. Main characteristics of newly developed materials

2.1  Formability

 Table 1 summarizes the typical tensile properties 

of the newly developed materials (thickness 1.6mm). 

Also included in this table are the typical values of 

590 - 980MPa grade cold-rolled steel sheets, in 

which the reference values of the 980MPa grade 

cold-rolled steel sheet are represented by those of 

a conventional Kobe Steel DP steel sheet that was 

developed for higher elongation 14). All the newly 

developed materials exhibit elongations equivalent 

to those of the reference cold-rolled steel sheet in 

the same strength grade. Fig. 4 compares the tensile 

strengths (TSs) and elongations (ELs) of the newly 

developed sheets of 980MPa grade DP steel and 

780MPa grade TRIP-aided steel with those of the 

conventional materials. As the result of the 

composition design and microstructure control 

described previously, both of the newly developed 

sheets realize elongations up to 1.3 times greater 

than that of Kobe Steel's conventional materials. A 

Fig. 1 SEM images of microstructure in developed steel sheets 
 ((a)980MPa grade DP and (b)780MPa grade TRIP)

(b) 780MPa grade TRIP steel sheet(a) 980MPa grade DP steel sheet

5μm

Fig. 2 Image Quality map (a) and Crystal orientation image 
map with boundary distribution (b) in developed 
980MPa grade DP steel sheet

ND
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(a) IQ map (b) Boundary distribution
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(below 15 agree)

5μm

5μm

Fig. 3 SEM images of coating layer in developed steel sheets 
((a)590MPa grade, (b)980MPa grade DP steel)

(a) 590MPa grade DP steel sheet (b) 980MPa grade DP steel sheet

5μm

EL
(％)

TS
(MPa)

YP
(MPa)CategoryTS gradeSteel

34613387Dual Phase590MPa
Galvannealed (GA)

steel
(Developed)

23828481Dual Phase
780MPa

29823478TRIP
181,037619Dual Phase980MPa
33633388Dual Phase590MPa

Cold-rolled (CR)
steel 22838509Dual Phase780MPa

181,032635Dual Phase980MPa
・Specimen thickness : 1.6mm
・Tensile test : JIS Z2241 (JIS Z2201 ＃5 specimen in Transverse direction)

Table 1 Tensile properties of developed GA (Galvannealed) 
steel sheets and reference CR (Cold-Rolled) steel 
sheets
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stretch forming test confirmed that the TRIP-aided 

steel sheet exhibits extremely high strain dispersibility 

with less likelihood of local thickness reduction and 

achieves a limit-forming height comparable with that 

of a conventional 590MPa grade DP steel sheet which 

is one grade lower in terms of strength.

 Table 2 shows the typical values of the hole 

expansion ratio (λvalue), an index for stretch-

flangeability, and the minimum bending radii in a 

90 degree V-bending test. The minimum bending 

radius was determined from the smallest bending 

radius that causes no crack in a tested material bent by 

a 90 degree punch with a tip radius (R) of 0 - 5.0mm. 

The direction of bending was vertical to the direction 

of rolling. Also included in the table are the typical 

values for conventional 590 - 980MPa grade GA steel 

sheets. The newly developed materials have λ values 

that are all equivalent to those of the conventional 

materials in the same strength grade, with 

suppressed deterioration of local deformability, and 

as a result have superior balances of EL and λ 

compared with conventional materials. In general, 

bendability is known to correlate with stretch-

flangeability as well as with local ductility 15), 16). Thus 

the minimum bending radius is regarded to correlate 

favorably with λ. The newly developed material, 

however, exhibits an excellent bendability despite its

λ comparable to that of the conventional materials. 

This indicates that the bendability is not necessarily 

determined by λ. In other words, there may be 

effects other than the generally-known one of the 

addition of Si decreasing the difference in hardness 

between ferrite and martensite, improving the local 

deformability. However, the detailed mechanism has 

not been clarified yet, and a study is being conducted 

to elucidate the details. Fig. 5 shows the forming 

limits for (a) the newly developed material of 

590MPa grade and (b) 980MPa grade DP steel sheet 

(both having a thickness of 1.2mm). The scribed 

circle diameter is 0.25inch, and the dashed lines 

represent the forming limits for the conventional 

materials in the same strength grade for comparison. 

It has been shown that both of the newly developed 

materials have forming limits higher than those for 

conventional materials in a plane strain state, which 

is the most stringent forming condition. The high 

forming limit is attributable to the previously 

described composition design and microstructure 

control, both having an effect of improving 

elongation. 

2.2  Spot weldability

 Fig. 6 (a) and (b) respectively show the tensile 

shear strength (TSS) and cross tensile strength (CTS) 

of the 590MPa grade and 980MPa grade DP steel 

sheets, both newly developed, for varying welding 

Fig. 4 Relationship between tensile strength and elongation 
in developed 980MPa grade DP and 780MPa grade 
TRIP steel sheets
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Table 2 Hole expansion ratio and Minimum bending radius 
of developed and conventional steel sheets
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current. Each sample sheet has a thickness of 1.6mm 

welded under the conditions shown in Table 3. 

Both the 590MPa grade and 980MPa grade steel 

sheets newly developed, have tensile shear strengths 

exceeding the requirement of JIS-A grade; i.e., 13.5kN, 

with a nugget diameter of 5.4mm. A suitable current 

range, not causing expulsion, is confirmed to be as 

large as 2.5kA or wider. On the other hand, cross 

tensile strength may decrease as an effect of the 

composition 17). However, the newly developed 

materials exhibit no noticeable deterioration in 

strength. The newly developed materials of 590MPa 

grade and 980MPa grade result in a ductility ratio, 

the ratio between the tensile shear strength and 

cross tensile strength (CTS/TSS), of 0.65 or higher 

and 0.48 or higher, respectively, in the suitable 

welding current range. Fig. 7 shows the relationship 

between the tensile shear strength and sheet 

thickness for a nugget of the newly developed 

980MPa grade material that has a diameter of 

5.4mm. For the thicker sheets, the electrode diameter 

and applied pressure were increased and the current 

period was extended. As a result, a favorable joint 

strength with a tensile shear strength greatly 

exceeding the load specified by JIS-A class was 

obtained.

 Table 4 summarizes the results of tests aimed at 

evaluating the practical spot weldability, in which 

the newly developed 590MPa grade and 980MPa 

grade materials were welded under the conditions 

of a smaller electrode tip diameter (6mm) and lower 

applied pressure (3,430N), compared with the 

conditions shown in Table 3. In addition, the welding 

was performed with or without a gap (1mm) in 

between the welded sheets. The table also includes 

the current values for the specified nugget diameter 

(5.4mm), JIS-A grade specification (13.5kN) and for 

expulsion. For all the cases, the electric current range 

 in which both the specified nugget diameter and 

JIS-A grade specifications are satisfied without 

causing expulsion is above 1.5kA. This indicates that 

the newly developed materials not only have 

favorable workability, but also produce high 

welding joint strength in a consistent manner.

Fig. 6 Relationship between welding current and (a)tensile 
shear strength, (b)cross tensile strength in developed 
590MPa and 980MPa grade DP steel sheets
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Conclusions

 New galvannealed steel sheets of 590 - 980MPa 

grade with elongations as high as 1.3 times those 

of the conventional materials have been developed. 

The concepts of their microstructure control and 

main properties have been introduced. The newly 

developed materials are characterized not only by 

their excellent elongations, but also by superior 

bendability, spot weldability and coating quality, 

which are sufficient to satisfy customer needs. Kobe 

Steel regards these newly developed materials as a 

high-elongation type among the high-strength GA 

steel sheets. In response to customer needs, Kobe 

Steel has a lineup of products including, in addition 

to the above, steels with improved weldability and 

steels of high YS type. On the other hand, recent 

customer requirements for material properties have 

become much more stringent than they were several 

years ago, so Kobe Steel will continue striving to 

improve the characteristics of materials to resolve 

issues that the customers may have and thus expand 

the application of high-strength steel sheets.
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Formability of TRIP Type Banitic Ferrite Steel Sheet
Takayuki KIMURA＊1
＊1 Process Engineering Development Department, Research & Development Laboratory, Iron & Steel Business

In recent years, cold rolled steel sheets of 980MPa 
grade have been increasingly used for automotive 
parts to improve collision safety (crashworthiness) and 
to reduce body weight. Kobe Steel has developed a 
new 980MPa cold rolled steel sheet with elongation 
properties that are an improvement over conventional 
dual-phase (DP) steel sheets. This article focuses on the 
press formability of the newly developed steel sheet. 
Press formability testing was performed using a small-
sized model die and a large-sized actual part die. The 
result clearly indicates that the developed steel sheet 
has a significantly improved press formability when 
compared with conventional DP steel sheets.

Introduction

 The latest automobiles are required to have both 

improved collision safety and weight reduction 

and make wide use of high-strength steel sheets. 

However, steel sheets with higher strength tend to 

have poor elongation characteristics and are more 

prone to crack during press forming. Therefore, some 

auto parts must be made in separate pieces for ease of 

forming. To resolve the issue, several methods have 

been proposed, including multiple process steps 

for improving deep-drawing formability1) and dual 

punching to improve stretch flangeability2). So far 

as the materials are concerned, the steel sheets that 

have been developed are of high strength and 

superior formability. Kobe Steel has developed a 

cold-rolled, transformation-induced-plasticity (TRIP) 

type, banitic-ferrite steel sheet of 980MPa grade 

(hereinafter referred to as the "developed steel"), 

which is suitable for auto body frames, with 

elongation characteristics that are an improvement 

over those of conventional dual phase (hereinafter 

referred to as "DP") steel sheets3), 4).

 This paper describes the features of the developed 

steel and reports the results of formability tests 

conducted using a small laboratory scale die and a 

large die simulating actual parts.

1. Microstructure and mechanical properties of 
 developed material

1.1  Microstructure

 Steel sheets with improved workability have been 

needed as the applications of high tensile strength 

steel of 980MPa grade increase. In response, Kobe 

Steel aims at improving elongation characteristics, 

while maintaining stretch-flangeability in comparison 

with the conventional 980MPa grade DP steel sheet of 

a type focusing on elongation (hereinafter referred 

to as "980DP steel"). Fig. 1 3) shows micrographs of 

the developed steel and 980DP steel. The developed 

steel contains a large amount of retained γ, which 

is morphologically controlled so as to be finely 

dispersed in elongated shapes to ensure elongation 

characteristics. The purpose of this is to increase the 

stability of retained γ such that the TRIP effect 

continues until the late stage of deformation.

1.2  Tensile properties

 To evaluate the mechanical properties of the 

developed steel, tensile tests were conducted on 

specimens prepared according to JIS 5, using a 

100kN autograph manufactured by Shimadzu 

Corporation. The cross-head speed was kept 

constant at 10mm/min. Comparisons were made 

with 980DP steel, as well as with 780MPa grade 

DP steel (hereinafter referred to as "780DP steel"). 

As shown in Table 1, the developed steel exhibits an 

elongation comparable to that of the 780DP steel 

and greatly exceeds that of the 980DP steel, implying 

its excellent formability. In addition, the developed 

Fig. 1  Microstructure of 980MPa grade cold rolled steel sheets
a) developed steel, b) conventional DP steel3）

5μm 5μm

b) DP steela) Developed steel

(t：1.4mm)

n value
2-6％

EL
(％)

TS
(MPa)

YS
(MPa)

0.22201,062631980 Developed steela)

0.15161,060642980 DP steelb)

0.1320831527780 DP steelc)

Table 1  Mechanical properties of sample steels
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steel exhibits a n value (work hardening index) 

which is much higher than those of the reference 

steels, an indication of superior strain dispersibility. 

Thus, the developed steel advantageously suppresses 

the local reduction of thickness during press forming 

and is expected to enhance collision performance 

when used for parts in automobile body frames.

 In order to verify the superior strain dispersibility 

of the developed steel, strain measurement using 

a non-contact strain measuring machine, ARGUS, 

manufactured by GOM mbH, was conducted in the 

longitudinal direction of the tensile specimens. A 

pattern of equally-spaced dots was provided on each 

specimen prior to the test. Each specimen was 

mounted on a tensile machine, elongated, and 

dismounted as soon as the strain reached 15%. After 

the deformation, the position relationships in the 

dot pattern were measured and the image was 

processed to evaluate the strain distribution. The 

measurement results, shown in Fig. 2, indicate that 

the developed steel exhibits less local strain 

concentration when compared with the reference 

steels, with the strain almost uniformly distributed 

within the specimen. The distributions in the 

thickness reduction rates of the specimens (Fig. 3) 

verify that local strain concentration is suppressed 

for the developed steel.

2. Formability of developed steel

 The developed steel sheet was studied for its 

formability in terms of the four major forming modes 

of stretching, deep drawing, stretch flanging and 

bending. The thickness of the tested materials was 

1.4mm.

2.1  Stretch formability

 Fig. 4 depicts the testing apparatus. The stretch 

formability was evaluated by the maximum forming 

height, which is determined by the punch stroke, 

which causes failure with a rapid load drop in the 

load-stroke diagram. As a reference, the 980DP steel 

was also tested. The testing apparatus was a 500kN 

universal deep-drawing tester manufactured by 

TAKES-GROUP Ltd.

 The maximum forming heights shown in Fig. 5 

verify that the developed steel has a formability 

superior to that of the 980DP steel. This result is as 

expected from the results of the tensile tests. The 

stretchability is reported to be affected by the 

elongation and n values of materials5).

 As in the case of the tensile test, the strain 

dispersion effect in the stretch formed samples was 

studied. Thickness reductions were measured on the 

developed steel and 980DP steel, both formed to a 

height of 17mm. As shown in Fig. 6, the thickness 

reduction rate for the developed steel is less than 

30% even near the top where the reduction reaches 

the maximum. On the other hand, the 980DP steel 

exhibits a thickness reduction of about 35% for the 

same forming height, verifying the superior strain 

dispersibility of the developed steel in the stretching 

test.

Fig. 2 Longitudinal strain distribution of tensile test specimen 
(strain：15％)
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Fig. 3 Distribution of thickness reduction rate in tensile test 
specimen (strain：15％)
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2.2  Deep drawing formability

 Deep drawing tests were conducted using a 

punch having a spherical head with a head diameter 

of 50mm (Fig. 7). The maximum forming height at 

a drawing ratio of 2.0 was used as the evaluation 

index. The maximum forming height was determined 

by the punch stroke, which causes failure with a 

rapid load drop in the load-stroke diagram, just as 

in the case of the stretch formability test. Both the 

980DP steel and 780DP steel were tested as reference 

materials. The tests were conducted using a 500kN 

universal deep-drawing tester manufactured by 

TAKES-GROUP. Ltd.

 As shown in Fig. 8, the developed steel exhibits 

the best formability among the three types of steel 

tested. The difference can easily be seen in the photos 

of the formed samples (Fig. 9). The developed steel 

exhibits the highest total elongation and n value, the 

combined effect of which is considered to have led 

to its superior formability. As described above, the 

developed steel contains retained γ, which is 

considered to assure excellent strain dispersibility 

and to increase the strength at the punch shoulder 

portion by strain-induced transformation as well 6). 

In other words, the excellent strain dispersibility is 

considered to allow the developed steel to have a 

larger thickness near the vertex in comparison with 

the DP steel. In addition, the greater strength 

increased by work hardening is considered to have 

enabled the developed steel to endure great resistance 

against the material flow into the flange. Another 

reason for the excellent formability is that, unlike 

conventional retained γ steel, the developed steel 

has finely dispersed retained γ in elongated shapes, 

such that work hardening continues until the late 

stage of the deformation. As for resistance against the 

material flow into the flange, the volume expansion 

associated with the strain-induced transformation of 

retained γ suppresses the transformation under the 

compressive stress generated by the drawn material. 

Furthermore, the strength increment due to work 

hardening, which is smaller than in the case of DP 

steel, decreases the flow resistance and contributes to 

the improved deep drawability of the developed 

steel.

2.3  Stretch flangeability

 The stretch flangeability was evaluated by a hole-

expanding test. The test was conducted according to 

the Japan Iron and Steel Federation Standard, 

JFST1001. The stretch flangeability of the developed 

steel is almost equal to that of the 980DP steel, as 

shown in Fig.10. In general, the stretchability and 

stretch-flangeability of a high-strength steel sheet are 

in a trade-off relationship. In other words, steel sheet 

having a superior stretchability tends to have poor 

stretch-flangeability and vice versa. The reason for 

the suppressed degradation of stretch-flangeability, 

despite the superior stretchability, compared with 

the 980DP steel, is that the developed steel has a fine 

and homogeneous microstructure that suppresses 

local cracking.

2.4  Bending formability

 Bending formability is evaluated by the 

existence/nonexistence of a crack on the outer 

surface of a sample bent by V bending with a punch 

with a punch angle of 90 degrees. The punch tip 

radius, R, was varied from large to small. In this V 

bending test, each sample was placed such that the 

Fig. 6 Thickness reduction rate distribution of stretch test 
specimen (Forming height：17mm)
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rolling direction was parallel to the bending ridge 

line, and the punch was forced until the applied 

pressure reached 19.6kN. The test results are 

summarized in Table 2. They confirm that the 

developed steel has a bending formability almost 

equivalent to that of the 980DP steel. The developed 

steel sheet can be bent to the point where it is 

substantially U-shaped, which is considered to 

satisfy the bending workability required for body 

frame parts.

2.5  Formability evaluation using die simulating 
  front pillar

 As described above, the developed steel is 

superior in formability to the conventional type of 

DP steel sheet in all three of the aspects of 

stretchability, deep-drawability and bendability. Its 

stretch-flangeability has been confirmed as almost 

equal to that of the 980DP steel. To demonstrate the 

superior formability of the developed steel, an 

evaluation was conducted using a large-sized die 

simulating an actual part.

 Kobe Steel once evaluated the formability of the 

developed steel using a die to simulate a B-pillar and 

confirmed the superiority of the developed steel3). 

The evaluation at that time, however, focused on the 

formability of deformation elements including only 

stretching and deep drawing, rather than the 

formability of an entire part, lacking the deformation 

element of stretch flanging; so this time the 

evaluation was conducted based on an A-pillar, 

which contains the deformation element of stretch 

flanging. A simulation die was used for evaluating 

the overall formability of the entire part.

 Fig.11 is a photo showing the formed part. The 

A-pillars, currently in volume production, use steel 

sheets of either 440MPa grade or 590MPa grade steel 

sheets, and only a few employ the 980MPa grade. In 

many cases, this component is constructed in 

separate blocks, in which the pocket shape in the 

lower part of the vehicle is separated to avoid 

cracking during the press forming. The evaluation 

this time, on the other hand, was conducted by 

forming the part as a single piece without splitting. 

As shown in Fig.11, the press-formed shape requires 

a superb deep-drawability and stretchability, as 

well as a superior stretch-flangeability at the blank 

holder portion. As a reference, 980DP steel was also 

press-formed. The sheet thickness in either case was 

1.4mm.

 The blank holder force was varied from 800kN 

to 2,000kN, while checking for the existence/ 

nonexistence of cracks and wrinkles. As shown in 

Table 3, the 980DP steel could be formed up to 

1,300kN without cracking; however, wrinkling 

occurred in the seat surface facing the upper surface 

of the punch. These wrinkles, occurring inside the 

part, can be suppressed by increasing the blank 

holder force. The arrow in the table indicates the 

direction along which the wrinkle suppression 

Fig.10  Limited hole expanding ratio of steels
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becomes more advantageous. Fig.12 shows an 

example of the wrinkles. A blank holder force 

greater than 1,400kN resulted in cracking in the 

stretch flange portion, as shown in Fig.13. The 

developed steel, on the other hand, was formable 

without causing any cracking up to the equipment 

capacity limit, a blank holder force of 2,000kN. Thus 

the developed steel can be used for increasing the 

strength of parts and for the reduction of production 

cost by single-piece forming. Furthermore, its 

excellent formability can be exploited to allow the 

product design of parts having deeper cross-sections 

and to improve collision performance.

Conclusions

 A TRIP type, bainitic ferrite, 980MPa grade 

cold-rolled steel sheet with superior formability 

was introduced. This sheet has improved elongation 

characteristics, compared with conventional type 

DP steel.

 The developed steel is superior in elongation 

characteristics and strain dispersibility compared 

with the conventional type DP steel and can be 

applied to body frame parts (forming).

 A formability evaluation, using a small laboratory 

scale die, has confirmed that the developed steel 

has a formability exceeding that of conventional type 

DP steel in all the terms of stretching, deep-drawing 

and bending. It also exhibits a stretch-flangeability 

almost equal to that of the conventional material.

 Dies for large, actual-size parts simulating a B-pillar 

and A-pillar were used to evaluate the formability of 

the developed steel. The results confirm that the 

developed steel has a formability that substantially 

exceeds that of conventional type DP steel. The 

developed steel can reduce costs by enabling the 

single-piece forming of parts which otherwise had 

been difficult to form and can increase the degree of 

freedom in improving collision performance.
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Integrated Application Method for KOBEHONETSUTM 
Steel Sheet
Dr. Yasuo HIRANO＊1, Tetsuya IGARASHI＊1, Haruyuki MATSUDA＊2, Makoto NISHIMURA＊2
＊1 Sheet Products Development Department, Research & Development Laboratory, Iron & Steel Business
＊2 Mechanical Engineering Research Laboratory, Technical Development Group

KOBEHONETSU is the trade name for a steel sheet 
having heat-radiation ability. A method was developed 
for applying this steel sheet to dissipate heat in high-
performance electronic equipment. By applying 
KOBEHONETSU to both the heat sink and housing 
simultaneously, the amount of heat transferred out of an 
electronic device was significantly increased to a level 
comparable with that achieved by a cooling fan. This 
cooling effect is enhanced by increasing the heat sink 
area, which makes KOBEHONETSU more applicable 
to heat sources such as CPUs. For example, this steel 
sheet can be machined into heat sinks, while 
maintaining its area and heat dissipation capability, 
for cases where heat sinks may interfere with other 
parts.

Introduction

 An increasing number of home electronic and 

office automation products have become digitally 

operated. In the digital circuits of these products, 

most semiconductor devices work as on/off 

switches. The on/off action of these semiconductor 

devices consumes electrical energy, but the greater 

part of the energy supplied escapes as heat. Higher-

speed semiconductor devices consume more power, 

increasing the amount of heat generated and raising 

the temperature. In other words, improving the 

performance of a digital instrument is inevitably 

associated with an increased amount of heat being 

generated and a rise in temperature.

 A rise in the internal temperature of an instrument 

can cause its semiconductor devices to malfunction, 

cause the characteristics of its elements, such as 

resistors, to change, and shorten the overall life of 

electronic components containing organic insulation. 

To resolve these issues, heat dissipation technologies 

have been developed for efficiently inducing the heat 

generated inside an instrument to move away from 

the heat source and exit the instrument. The heat 

dissipation employs various techniques such as heat 

sinks and fans.

 As a manufacturer of steel sheets for the covers 

and chassis of home electronic appliances and 

office automation equipment, Kobe Steel supplies 

KOBEHONETSU, a steel sheet having heat 

radiation ability1). KOBEHONETSU is widely used 

as steel sheet with increased thermal emission from 

its surface. When used for the cover of a home 

electronic appliance or of an office automation 

apparatus, for example, it efficiently dissipates the 

internal heat to the outside by radiation heat transfer 

and lowers the internal temperature of the 

instrument.

 The efficiency of radiation heat transfer is 

proportional to the fourth power of the absolute 

temperature. Therefore, the higher the internal 

temperature of an instrument, the higher the heat 

radiation efficiency. On the other hand, heat 

radiation works less efficiently when the ambient 

temperature is low and the difference between the 

ambient and internal temperatures is small.

 This paper introduces a method of achieving a 

heat radiation effect comparable to that of a cooling 

fan, even when the ambient temperature is low and 

the difference between the ambient and internal 

temperatures is small.

1. Principle of heat radiation structure

 The amount of heat transferred by thermal 

radiation is considered using a semi-cylinder model 

consisting of a gray body having a heating element, 

an enclosure and an outer space, which are located 

in that order from inside out (Fig. 1) 1). In the figure, 

the symbols ①, ②, ③ and ④ represent the heat 

radiation surface of the heating element, the inner 

surface of the enclosure, the outer surface of the 

enclosure and the surface facing the outer space, 

respectively. Their surface areas are represented by 

A1, A2, A3 and A4, while their emissivities are 

represented by ε1, ε2, ε3 and ε4, respectively. The 

surface temperature of the heating element is 

denoted by T1, the inner surface temperature of the 

enclosure by T2, the outer surface temperature of the 

Fig. 1  Calculation model for thermal radiation transfer

Q34

Q12

①�
Heat source Cabinet

Environment

②�③�④�



91 KOBELCO TECHNOLOGY REVIEW NO. 30 DEC. 2011

enclosure by T3, and the temperature at the wall 

surface facing the outer space by T4. Ignoring the heat 

transfer by thermal conduction and convection, the 

radiation amount Q12 (W) from the heating element 

to the enclosure is given by equation (1).

　　　　　　　　　　　　  …………………………(1)

　　 
On the other hand, the amount of radiation Q34 (W) 

from the enclosure to the outer space is given by 

　　　　　　　　　　　　  …………………………(2)

　　 
where σ is the Stefan-Boltzmann constant having a 

value of 5.667×10-8(W/m2K4). Assuming that T2 is 

equal to T3 in equation (1) and equation (2), T1 is given 

as follows:

　　　　　　　　　　　　　　　　
  ………………(3)　　 

equation (3) was used to study the effect on heating 

element temperature caused by the surface area of 

the heating element and the emissivity of the 

enclosure (Table 1). Here the following assumptions 

were made, i.e., the amount of heat generated is 0.3W 

and the wall surface facing the outer space has an 

area of 100m2, an emissivity of 0.99 and a temperature 

of 25℃. Case 1 assumes that the enclosure is made of 

an electrogalvanized steel sheet. The heating element 

temperature for this case is calculated to be 79℃. 

Case 2 assumes that the enclosure is made of 

KOBEHONETSU. The heating element temperature 

for this case is calculated to be 74℃. Case 3 assumes 

that the heating element has an emissivity equal to 

that of KOBEHONETSU and has twice as much 

surface area. This case also assumes that the 

enclosure is made of KOBEHONETSU. In Case 3, the 

temperature of the heating element is lowered to 

53℃. Case 4 assumes that the heating element has a 

surface area three times larger. The heating element 

temperature for this case is lowered to 44℃.

 These results indicate that the temperature can be 

lowered significantly by increasing the emissivity, as 

well as the surface area, of the heating element and 
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by increasing the emissivity of the enclosure. The 

following introduces the demonstration of these 

analysis results. 

2. Experimental verification of heat radiation   
 structure

 An apparatus, shown in Fig. 2, was made for 

experimentally verifying the calculation results 

obtained in the previous section. The enclosure, 

having an opening at the front, was made of an 

electrogalvanized steel sheet and had a dimension 

of 300mm(W)×88mm(D)×250mm(H). Vent holes, 

each sized 100mm×30mm, were provided at the top 

and bottom to allow cooling by natural convection, 

the cooling method commonly employed by actual 

instruments. A ceramic heater (1.8W), sized 25×25×
2mm, mounted on an electronic board, was provided 

on the surface at the far end of the enclosure. This 

apparatus was used to compare the temperatures 

of the ceramic heater in the following four cases:

  1) The opening at the front was closed with an 

electrogalvanized steel sheet (Fig. 3 (a)) 

  2) The opening at the front was closed with a 

KOBEHONETSU sheet (Fig. 3 (b))

  3) The opening at the front was closed with an 

electrogalvanized steel sheet with a fan provided 

at the center of the sheet so as to cool the ceramic 

heater directly (Fig. 3 (c)) and

T1

(℃)
Q12＝Q34

(W)ε2＝ε3ε1
A2＝A3

(cm2)
A1

(cm2)Case

79

0.3

0.10.8

1,200

101

740.860.8102

530.860.86203

440.860.86304

Table 1 Influences of surface area and emissivity of heating 
element and emissivity of housing on temperature of 
heating element

Fig. 2  Experimental apparatus for heat radiation structure
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Fig. 3  Cooling method of heat source
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  4) The opening at the front was closed with a 

KOBEHONETSU sheet, while the ceramic heater 

was covered by a heat sink (40×40mm) made of 

KOBEHONETSU (Fig. 3 (d))

As shown in Fig. 4, the results indicate that the 

ceramic heater covered with a KOBEHONETSU 

sheet exhibited a heat dissipation comparable to 

that of the cooling fan.

3. Method for effectively utilizing heat radiation  
 structure

 As reported in the previous section, a ceramic 

heater, sized 25×25mm, covered by a piece of 

KOBEHONETSU, 40×40mm, realizes a temperature 

reduction of 17℃. The results shown in Table 1 

also suggest that increasing the size of the 

KOBEHONETSU sheet placed on the heater should 

lower the temperature even further. To verify this 

and to establish a guideline for the size of a 

KOBEHONETSU heat sink that will achieve the 

desired temperature, an analysis was conducted 

according to the simulation model shown in Fig. 5. 

The results are shown in Fig. 6. The heat source 

temperature decreases with the increasing area of a 

KOBEHONETSU heat sink. This suggests that the 

heat sink area can be set up according to the target 

temperature.

 There may be cases where the heat sink area 

cannot be set up in a desired size, due to other 

components located near the heat source (Fig. 7). In 

such cases, the heat sink can be adapted to avoid 

interference with neighboring components. Several 

examples are shown in Fig. 8, and the results of the 

corresponding temperature calculations are shown 

in Table 2. The heat source temperature can be 

decreased by increasing the heat sink area, while 

avoiding interference with neighboring components, 

as shown by Case (c) and Case (d). Even in a case 

where a vertical surface exists in the heat source, as 

in Case (d), a KOBEHONETSU heat sink is effective 

in lowering the temperature.
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Conclusions

 The interior temperatures of electronic instruments 

have come close to the heat resistance limit of 

arithmetic elements such as CPUs. The life of the 

precision components is in question. KOBEHONETSU 

offers a method for lowering the internal temperature 

of electronic instruments without decreasing the air-

tightness of the apparatus. KOBEHONETSU can be 

used not only for covers, but also for heat sinks, the 

combination of which decreases the temperature of 

the heating elements even further, allowing the use 

of cooling fans with smaller capacities, or even 

their elimination, which leads to cost reduction. 

KOBEHONETSU is expected to further contribute 

to the improvement of instrumental performance, in 

terms of performance upgrading, downsizing, 

energy saving and noise reduction.
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Temperature of heat source
(℃)

Area of heat sink
(cm2)Case

103None(a)

799(b)

6816(c)

6220(d)

Table 2 Temperature reduction by setting up heat sink in 
case of parts close to heat source


