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1. Introduction
Suspension or staying designs by means of main cables are ap-

plied to long-span bridges with span lengths exceeding 400 m. The 
main cable is composed of parallel wire strands (termed as PWS), 
with each strand consisting of bundled element wires laid in paral-
lel. The main cable is a vitally important member that determines 
the specification of a bridge and the higher strength is required of 
the element wire to meet the growth in span length and to allow for 
greater freedom in design. 

In Japan, several long-span bridges such as the Honshu-Shikoku 
Bridge were constructed after the 1970s as national projects. For al-
most half a century since the 1940s, wires of 1 570 MPa grade were 
mainly used. In the Akashi-Kaikyo Bridge completed in 1998, a 
suspension bridge with the world's longest span length of 1 991 m, 
the 5 mm/1 770 MPa grade wire was applied for the first time (Fig. 
1). Four main cables could be reduced to two in the designing stage 
and shortening of the construction period and reduction in the con-
struction cost could be realized. The 7 mm/1 770 MPa grade wire 
was applied to the staying type Tappu Oohashi in Hokkaido in 2004. 
In the newly-emerging countries, traffic network infrastructures are 
being expanded rapidly, and a number of long-span bridge projects 
that call for higher strength wires such as 1 870 MPa grade and 1 960 
MPa grade are being planned. 

Wires used for long-span bridges are generally the hot-dip gal-
vanized steel wires of high carbon steel with pearlite microstructure. 
To develop the pearlite microstructure, the wire rod needs to be 
heated up to the austenite region and held in the temperature range 
of 500–600°C for the isothermal transformation treatment (patent-
ing). This article reports the technology developed for the high ten-
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Fig. 1   Transition of the wire strength of long bridge



NIPPON STEEL & SUMITOMO METAL TECHNICAL REPORT No. 116 SEPTEMBER 2017

- 72 -

sile strength wire rod for bridge cable use, realized by processing 
through the DLP (Direct in-Line Patenting) equipment at the Kimi-
tsu Works. 

2. Process of Enhancing Strength of Wire Rods for 
PWS Wire and Subject in Production

2.1 Method of enhancing strength of high carbon steel wire
For high strength steel wires such as those for bridge cables, PC 

(prestressed concrete) steel wire, ropes of various types, steel cords 
(hereinafter termed as STC), saw wire and so forth, high carbon 
steel is used because the pearlite microstructure of high carbon steel 
obtained by patenting exhibits excellent work-hardening character-
istics by wire drawing processing (drawing) when compared with 
other metallic microstructures. Pearlite microstructure is a lamellar 
microstructure composed of ferrite and cementite, and in the patent-
ing stage, the strength is governed by the cementite fraction (carbon 
content), lamellar spacing and ferrite strength. 

With the rotation of the crystalline orientation developed by the 
wire drawing processing, the lamellar microstructure is aligned in 
the direction of drawing and an aggregate structure is formed 
wherein the lamellar ferrite crystalline orientation is assembled on 
the <110> face with respect to the direction of drawing. Further-
more, strength is enhanced by the refinement of the lamellar spacing 
(Fig. 2). Kanie and Tomota et al.1, 2) verified the excellent work-
hardening characteristics of the pearlite microstructure with the neu-
tron diffraction stress measuring method and concluded that a stress 
distribution is generated between the lamellar ferrite and the ce-
mentite wherein the cementite bears the greater stress. Furthermore, 
they report that in the pearlite microstructure that underwent a heavy 
processing of wire drawing, the ferrite phase is also strengthened. 

To enhance the pearlite strength and the wire strength after 
drawing, the addition of carbon that increases the fraction of ce-
mentite and Cr that refines the lamellar spacing as alloying elements 
is effective. In particular, as Cr enhances strength greatly in the high 
strain wire drawing processing, for STC that is processed to the true 
strain of three or higher, a hyper eutectoid steel of the composition 
system added with Cr is used. 

For wires with a large diameter such as those for bridge cable 
use and PC wire use, since the effect of enhancing strength by 
means of wire drawing as in the case of STC cannot be calculated, 
the effort of enhancing strength focuses on the means of enhancing 
strength by patenting and, as an example of enhancing the strength 
of the ferrite phase, Si and V are added to enhance strength in the 
forms of Si solid solution and VC precipitation hardening. Further-
more, when hot-dip galvanizing is applied after drawing, Si and Cr 
are added to suppress the deterioration of strength due to the frag-
mentation of the lamellar cementite (spheroidizing). Table 1 shows 
the chemical compositions applied to the wire rod for STC and 
bridge cables. 
2.2 Production process of PWS and its subject

Figure 3 shows the production process of PWS. Patenting-ap-
plied wire rods with a diameter of 10 mm or above are used as mate-
rial and they are drawn after descaling and lubricant coating treat-
ment. The wire so produced is processed to the final product wire by 
applying hot-dip galvanizing that renders the coating weight of zinc 
of 300 g/m2 or more after the pretreatment of degreasing, pickling 
and flux coating for rust prevention. In recent years, for hot-dip gal-
vanizing, Zn-Al alloy is also used. 

Afterwards, wires are bundled into a strand using the AS (air 
spinning) method, a method widely employed in Europe wherein 
each wire is stranded at the bridge construction site and the wire 

Fig. 2   Microstructure of wire rod and drawn wire

Table 1   Chemical compositions example
(mass%)

Steel C Si Mn Cr Application
S82A 0.82 0.20 0.40 -

STC
S92ACr 0.92 0.20 0.30 0.25
SWRS82B 0.82 0.20 0.75 -

PWSS82BM 0.82 0.90 0.75 -
S87AM 0.87 1.05 0.35 0.25

Fig. 3   Manufacturing process of main cable
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strands so built or the prefabricated parallel wire strands (PPWS) 
are converged to complete a cable after squeezing, banding and 
wrapping 3). PPWS is a strand prefabricated in a shop by converging 
wires and bundling. The PPWS method is employed in Japan and is 
effective for shortening the construction period. 

The patenting process is vital in the production process of the 
wire for bridge cable use. The conventional process of patenting of 
wire rods has been the lead patenting treatment (LP) in wire manu-
facturers wherein wire rods are reheated and dipped in a lead bath. 
However, the heat treatment process has the following problems: (1) 
Use of lead, a material hazardous to the environment, (2) Higher en-
ergy cost and increased emission of CO2 induced by reheating the 
wire rods and heating lead in the production process, and (3) Limit-
ed patenting capacity of wire manufacturers. 

Due to (3) in particular, in a suspension bridge project that re-
quires main cable steel material exceeding 10 000 tons, the heat 
treatment capacity becomes a bottleneck in the production and, in 
some cases, the production of the wire has to be shared by several 
wire manufacturers. In this case, the uneven quality developed in 
the heat treatment process of different wire manufacturers becomes 
a concern. Furthermore, the production of wire overseas may possi-
bly be affected by the restriction imposed on the environmentally 
hazardous lead. 
2.3 Application of DLP equipment to patenting treatment and 

its issues
The schematic drawing of DLP equipment at the Kimitsu Works 

is shown in Fig. 4. The DLP equipment is an in-line heat treatment 
equipment capable of applying patenting by dipping wire rods in a 
molten salt bath directly right after hot-rolling 4). However, it has not 
been applied to bridge use Si-added wire of 1 860 MPa grade or 
above. The inapplicability of DLP is attributed to the growth of 
hardenability in Si-added high carbon steel and further, to the insta-
ble wire rod quality that is caused by the microstructure of the metal 
developed by DLP treatment which differs from those of the steel 
with the ordinary Si content, caused by the rise of the nose tempera-
ture in the time-temperature-transformation (TTT). Since the heat 
treatment is rendered in the spiral-form-like posture, the variation of 
the mechanical characteristics in the longitudinal direction was large 
and the achievement of the torsional performance essentially re-
quired for bridge cable use wire was difficult. The torsional perfor-
mance is evaluated by the number of torsions applied before reach-
ing fracture and the mode of the fracture surface. The longitudinal 
crack (hereinafter referred to as delamination) is particularly prob-
lematic in that it takes place in the early stage. To apply DLP treat-
ment to Si-added steel wire rods for bridge cable use, the subsurface 
bainite microstructure of the wire rod had to be reduced. 

3. Development of Technology Suppressing Subsur-
face Bainite

3.1 Study on process of formation of subsurface bainite
The addition of Si to steel raises the nose temperature in the 

transformation to pearlite microstructure. In the conventional heat 

treatment through DLP, the transformation temperature is low in re-
lation to the nose temperature and particularly, in the utmost upper 
subsurface layer of the wire rod that directly contacts the coolant, 
bainite is formed (Fig. 5). Furthermore, as indicated by Fig. 6 
wherein examples of upper bainite of steels with 0.2% Si and 1.0% 
Si are shown, the Si-added steel is characterized by the fewer 
amounts of cementite in the bainite microstructure and the precipita-
tion of coarse cementite. It is considered that the added Si delays the 
formation of cementite after the formation of bainite. 

The aforementioned delamination is considered to take place in 
the subsurface of the wire and, as the cause thereof, increased mate-
rial heterogeneity due to the resolution of cementite 5) and the forma-
tion of voids at the boundary between cementite and ferrite 6) are 
proposed. Particularly, it is considered that the formation of upper 
bainite microstructure in the Si-added steel wherein coarse cement-
ite precipitates must be avoided from the viewpoint of suppressing 
the delamination. Then, the transformation process during the iso-
thermal transformation of Si-added high carbon steel (0.7%C-1.0% 
Si-1.0%Mn) was studied with a fully automatic transformation 
meas uring and recording device (Formastor test machine). 

The study on the process of isothermal transformation was con-
ducted at 525°C in the temperature range where pearlite and upper 
bainite exist in a mixed manner and is the temperature at which the 
upper bainite is most frequently formed at the prior γ grain bound-
ary. Figure 7 shows the microstructure formed through the isother-
mal transformation at 525°C. The lightly contrasted areas denote the 
upper bainite microstructure and the deeply contrasted areas denote 
the pearlite microstructure. 

Furthermore, in Fig. 8, an example of the transformation at the 

Fig. 4   Outline of DLP process

Fig. 6   Bainite morphology change according with Si content

Fig. 5   Microstructure of wire rod surface
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prior γ grain boundary right after the start of transformation is 
shown. In certain regions, the formation of ferrite from the γ grains 
at the γ grain boundary and further, the formation of upper bainite 
along the ferrite boundary were observed. The result of the analysis 
by electron backscatter diffraction (EBSD) indicates that the ferrite 
and the upper bainite possess the same orientation relation, and the 
ferrite is considered to be the precedent phase of upper bainite. 
3.2 Suppression of formation of subsurface bainite by addition 

of B 7)

The addition of B was studied to suppress the upper bainite in 
Si-added high carbon steel. To date, the addition of B to high carbon 
steel is not considered to be effective in improving hardenability 8). 
Accordingly, cases of employing B to effectively control the micro-
structure of high carbon steel are scarce 9). For this reason, B was 
added to suppress the formation of ferrite, the precedent phase of 
upper bainite. 

B was added to the aforementioned base steel of (0.7%C-1.0% 
Si-1.0%Mn), the steel was heated to 950°C and the isothermal heat 
treatment was applied at various temperatures. As Fig. 9 shows, it 
was confirmed that the bainite areal fraction decreases greatly in the 
B-added steel. An example of the microstructure developed through 
the isothermal transformation at 525°C is shown in Fig. 10. 
3.3 State of added B effective in suppressing the formation of 

subsurface bainite
To utilize the abovementioned bainite-suppressing effect of B 

stably in actual production, it is necessary to clarify the state in 
which B works effectively. As the existing states of B, B in the fol-
lowing forms is considered: general solid solution on matrix, pre-
cipitations as BN and/or M23(C, B)6 and segregation at the grain 
boundary. In low carbon steel, B segregated at the grain boundary 
suppresses the formation of ferrite and improves hardenability. 
Meanwhile, the possibility of Fe23(C, B)6 segregated at the grain 
boundary is suggested to suppress the formation of the nucleus by 

lowering the grain boundary energy by maintaining the K-S (Kurd-
jumov-Sachs) relation with the opposite austenite phase 8). 

Then, to clarify the existing state of B that effectively suppresses 
upper bainite, the effect of the precipitation treatment of B was stud-
ied. As for BN precipitation, a precipitation nose of 850°C in low 
carbon steel is reported by Tanino et al.10). Therefore, three types of 
steel of B-free 0.87%C-0.9%Si, the steel added with B and the steel 
added with B and Ti were heated up to 1 100°C, retained at 850°C 
for a short time and isothermally transformed at 525°C. Then, the 
upper bainite fraction was investigated and the effect of the compo-
sitions on BN precipitation was studied. 

The precipitation nose of 650–800°C is reported by Yamamoto 
et al.11) for the precipitation of Fe23(C, B)6. Then, the B-free steel of 
the above and B and Ti added steel were heated up to 950°C, re-
tained at 675°C and isothermally transformed at the same 525°C, 
and the upper bainite fraction was investigated. Then, the effect of 
the compositions on Fe23(C, B)6 precipitation was studied. 

Firstly, after the abovementioned precipitation treatment, the 
steels were quenched to room temperature, and the precipitations of 
BN and Fe23(C, B)6 were confirmed with the extraction replica meth-
od. However, in the steel retained at 675°C, transformation to pearl-
ite had not commenced. An example is shown in Fig. 11. BN is pre-
cipitated independently or in the form of polycrystals around the nu-
cleus of MnS and AlN, and Fe23(C, B)6 is precipitated at the prior 
austenite boundary in the form of monocrystals, which were both 
observable with an optical microscope. In Fig. 12, the effect of BN 
precipitation treatment time on the upper bainite fraction is shown, 
and in Fig. 13, the effect of the Fe23(C, B)6 precipitation treatment on 
the upper bainite fraction is shown. With the B precipitating treat-
ment, upper bainite tends to increase. However, when N is pinned 
with the addition of Ti, the upper bainite microstructure is sup-

Fig. 7   Microstructure transformed at 525°C

Fig. 8 IPF (Inverse pole figure) map of initial microstructure trans-
formed at 525°C

Fig. 9 Area fraction of upper bainite in a variety of isothermal trans-
formation temperature

Fig. 10   Microstructure transformed at 525°C



NIPPON STEEL & SUMITOMO METAL TECHNICAL REPORT No. 116 SEPTEMBER 2017

- 75 -

pressed regardless of whether it is retained in the BN precipitation 
temperature region. Therefore, the upper bainite suppression effect 
was considered to be due to the segregation of B at the grain bound-
ary. 

4. Characteristics of Trial Wire of Developed Steel 
and State of Application
Based upon the above finding, the Si-steel bearing B and Ti as 

alloying elements was developed. The base compositions of the de-
veloped steel are shown in Table 2. They were rolled to wire rods 
and DLP-treated, and were drawn to 5 mm and 7 mm of 1 960 MPa 
grade for trial purposes in Jiangsu Tokyo Rope Co., Ltd. (JTR), a 
joint corporation of Tokyo Rope Mfg. Co., Ltd. in China. 

The results of the trial manufacturing of the wires are shown in 
Table 3. In addition to strength, the wires need to conform to the 
specification of the number of torsions (14 or more for a 5 mm wire 
and 12 or more for a 7 mm wire) stipulated in the Material Standard 
for Cables of Structural Use (JSS II). Although the characteristics of 
wires greatly depend on the secondary processing technology, the 
trial wires exhibited high numbers of torsion and satisfied the de-
sired characteristic values at the 1 960 MPa grade strength level 
without developing delamination. Furthermore, as the wire rods 
were heat-treated in a spiral ring form, 50 wire samples in continu-
ity were taken and the torsion test was conducted. The torsional 
characteristic variation of the wire in the longitudinal direction was 
then evaluated. As shown in Fig. 14, stable torsional characteristics 
are obtained. 

The developed steel was applied to the Jingshān Chanjiang 
Gōnglù Great Bridge in China completed in 2010 (a cable-stayed 
bridge ranked 8th in the world in terms of center span length) and to 
Izmit Bay Bridge in the Republic of Turkey (a cable-suspended 
bridge ranked 4th in the world in terms of center span length). (Both 
rankings in parentheses are as of December 2016.) 

5. Conclusion
The material of the high tensile strength PWS for bridge cables 

was produced by DLP processing. To suppress the formation of the 
subsurface bainite in the Si-added high carbon steel, a method of 
adding B was developed. As a result of the development of the trial 
wire of 1 960 MPa grade from the developed steel, it was confirmed 
that the characteristics such as strength and ductility were satisfacto-
ry and delamination did not take place in the torsion test. The tor-
sional characteristics in the longitudinal direction of the wire were 
also stable. With this development, in the production of the high 
strength wire rods for the 1 960 MPa grade wire, productivity has 
been improved and the reductions in CO2 emission and the amount 

Fig. 12 Effect of BN precipitation treatment time on upper bainite 
fraction

Fig. 13 Effect of Fe23(C, B)6 precipitation treatment on upper bainite 
fraction

Table 2   Chemical compositions of developed steel

Steel
Chemical compositions (mass%) Apply strength (MPa)
C Si Mn Cr B, Ti 5 mmφ 7 mmφ

S87BM 0.87 0.90 0.75 - Added 1 960 1 770
S92AM 0.92 1.05 0.35 0.30 Added 1 960 1 860
S97AM 0.97 1.20 0.35 0.25 Added - 1 960

Table 3   Trial results

Steel
Tensile test Torsion test

Diameter 
(mm)

Tensile stress 
(MPa)

Yield stress 
(MPa)

Young's modulus 
(GPa)

Elongation 
(%)

Number of torsion 
(turs)

Delamination 
(%)

S87BM 5.42 2 020 1 796 204 6.2 25 0
S87BM 7.03 1 864 1 760 206 6.2 26 0
S92AM 7.02 1 920 1 588 200 5.9 24 0
S97AM 7.01 2 065 1 872 210 5.8 25 0

Fig. 11   Boron precipitation (a) BN, (b) Fe23(C, B)6
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of lead in the wire production process have been realized. 
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