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Abstract. The effects of Si addition and surface softening on delayed fracture susceptibility were
evaluated in tempered martensitic steels with tensile strength of 1450 MPa. The delayed fracture
susceptibility was reduced when Si content was increased from 0.2 mass% to 1.88 mass%. The delayed
fracture susceptibility of steel containing 1.88 mass% Si was reduced further when the tensile strength
of its surface was lowered to around 1150MPa. Based on above results, the durability of these steel
bars was evaluated by exposure test of prestressed concrete poles (CP). The bending load of the PC
pole was 1.3 times of the design load. As a result of dismantling investigation after 10 years exposure
test, there were no breakage of the steel bars in the PC poles and the soundness was maintained. In
this paper, we will also introduce some comparison results of exposure tests and acceleration tests with
aiming to establish the evaluation methods for the long-term durability.
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1. Introduction
In recent years, due to the arising problems of cli-
mate change and resources depletion, sustainable so-
cial and economic activities are being pursued. One
of the basis of such social and economic activities is
construction works, which requires huge amount of
natural resources as well as energy, and this usage is
estimated to increase in coming years. In this study,
we aimed at the following two purposes.

1. Manufacture of high-strength, high-durability "pre-
stressed concrete" (hereinafter referred to as PC)
steel bar by "high-frequency induction heating
quenching and tempering" (hereinafter referred to
as IQT) with low CO2 emissions.

2. Reducing lifetime costs by using this PC steel bar
to improve the durability and safety of buildings.
The IQT-type PC steel bar was developed in 1956
and has since been in use until today [1], but there
is concern about delayed fracture, and overcoming
it is an issue for improving durability.

It is known that the following two points are the
basic ideas for improving durability against delayed
fracture [2].

1. Suppression of the "hydrogen concentration from
the environment" (hereinafter referred to as "He")
that intrudes into PC steel bar.

2. Increasing the "critical hydrogen concentration
which causes fracture" (hereinafter referred to as
"Hc") in PC steel bar.

Based on this viewpoint and aiming for the im-
provement in the delayed fracture durability, opti-
mized of chemical composition for high temperature
tempering as well as developed surface softening tem-
pering treatment. The developed IQT type 1420MPa
class PC steel bar has the same mechanical proper-
ties as the conventional material and has remarkably
excellent durability against delayed fracture [3].

The PC steel used in this study was evaluated by
various delayed fracture evaluation methods [4], and
the mechanism for improving its delayed fracture was
discussed. Furthermore, it was subjected to an expo-
sure test using a "concrete pole" (hereinafter referred
to as "CP") as specimens using the developed PC steel
bar. The CPs which had been exposed for more than
10 years were investigated and their durability was
examined in terms of the effects of damage and the
possibility of delayed fracture.

2. Experimental procedure
2.1. Chemical composition of materials
The materials used in this study are IQT type PC
steel bars which are manufactured according to JIS
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C Si Mn P S Cu Ti B
JIS G3137 - - - ≤ 0.030 ≤ 0.035 ≤ 0.03 - -
IQT-Conventional 0.30 0.21 0.72 0.019 0.002 0.01 0.03 0.0016
IQT-Improved 0.32 1.80 0.74 0.018 0.005 0.01 0.04 0.0023IQT-Surface softening

Table 1. Chemical composition of test materials(mass%).

Figure 1. Schematic diagram of heat-treating cycle of IQT-C, IQT-I and IQT-S.

Specimen 0.2% Proof
Strength
[N/mm2]

Tensile
strength
[N/mm2]

Elongation
[%]

Uniform
Elongation
[%]

Reduction of
Area [%]

JIS G3137 ≥1275 ≥1420 ≥5 - -
IQT-C 1316 1426 8.5 1.8 67
IQT-I 1430 1458 12.9 4.6 68
IQT-S 1396 1448 12.3 3.8 65

Table 2. Mechanical Properties.

G3137 (small diameter steel bar for prestressed con-
crete). Table 1 shows the chemical composition of
conventional material (IQT-C), improved material
(IQT-I) and improved material with surface-softening
temper treated (IQT-S). With the aim of increasing
the tempering temperature, the composition of Si is
increased in improved materials, contributing to in-
crease in resistance towards softened due to temper-
ing.

2.2. Manufacturing methods
Rolled wire rods with chemical composition shown in
Table 1 were shaped by deformed wire drawing pro-
cess and subjected to continuous high frequency in-
duction quenching and tempering. By increasing the
amount of Si compared to IQT-C, the maximum tem-
pering temperature for IQT-I was able to be raised
until 880 K. The surface-softening tempering process
was conducted for IQT-S using the same equipment
as to IQT-I, in which the material was first subjected
to high temperature and short time tempering and
then the cooling time was adjusted so that the rate of
tempering progression throughout the materials sur-

face was maximized. It was possible for the maximum
tempering temperature of this material to reach until
1028 K. The schematic diagram for the heat treat-
ment cycles are shown in Figure 1.

2.3. Mechanical properties
The mechanical properties for the materials are
shown in Table 2. The tensile properties were mea-
sured in accordance with JIS G3137. The tensile
strengths for IQT-C, IQT-I and IQT-S are almost
the same and their mechanical properties satisfy JIS
G3137. Figure 2 shows the measurement result of
Vickers hardness from the surface to the core in radial
direction as well as tensile strength calculated from
the Vickers hardness. There are relatively no changes
in the hardness from the surface to the core of IQT-C
and IQT-I. The Vickers hardness for IQT-S gradually
increases from 350 HV at the outermost surface to-
wards the same hardness as common IQT material
at around 1 mm from the outermost surface. Then,
the hardness remains relatively unchanged at 1.5 mm
from the surface until the core.
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Figure 3. Schematic diagram of FIP test method.

2.4. Microstructure and fracture
surface

During preparation for the microstructure observa-
tion, the specimens were first cut using wet whetstone
cutter then the cut sections were mirror polished and
subsequently etched using 3% nital etching solution
to clarify the microstructure. The microstructures of
materials were observed using optical microscope or
scanning electron microscope (SEM). The materials
were machined into thin film specimens and used for
observation of carbides precipitation using transmis-
sion electron microscope (TEM). The fracture sur-
faces were cleaned using adhesion tape or ammonium
citrate depending on necessity before being observed
on SEM.

2.5. Delayed fracture durability
evaluation test

2.5.1. FIP (Fédération Internatioale de la
Précontrainte) Test-1980

To increase the reproducibility of FIP test which was
endorsed by FIP in 1980, tests were conducted ac-
cording to "Method of hydrogen embrittlement test
for steel for pre-stressed concrete in a 20% ammonium
thiocyanate solution" (JSCE S 1201) established in
2012 by Japan Society of Corrosion Engineering [5].
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Figure 4. Pitting corrosion depth distribution of
tendon in CP after completion of service.

Figure 5. V-notch shape of specimen.

Figure 3 shows the schematic diagram of FIP test.
To maintain the temperature inside the reaction cell
at 323 ± 1 K, test containers equipped with hot wa-
ter circulation were used in the test. The reaction
cell was filled with 20% NH4SCN aqueous solution
at 323 K and smooth bar specimen is set up so that
it passed through the cell. Hydrogen entry into the
specimen occurs due to chemical reaction between the
specimen’s surface and the test solution. The test
was conducted in a way where the reaction cell was
firstly filled up with test solution and then immedi-
ately tension stress of 0.7 times of standard strength
(1420 × 0.7 = 994 N/mm2) was applied to the speci-
men. The time until fracture was measured and test
was stopped at 200 h even when no fracture occurs.

2.5.2. Critical diffusible hydrogen
measurement

Figure 4 shows the corrosion pits depth distribution
of tendon in CP after completion of service. The
maximum depth of corrosion pit measured is about
350µm. V-notches of depth 0.3 mm or 0.4 mm were
applied on the specimens to model the corrosion pits
found in service materials. The radius of the notch
tip where stress concentration occurs was machined
to 0.12 mm for evaluation of materials with harsher
condition than the ones in service environment. The
dimensions of the specimen are shown in Figure 5.

Delayed fracture tests with continuous hydrogen
charging of the V-notched specimens in different con-
centrations of NH4SCN solution at 323 K were con-
ducted using 2 conditions stated below. Assuming a
condition in which corrosion pits occur under normal
tension load in "slightly harsh environment" condi-
tion, load stress of 0.7 times the magnitude of tensile
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Figure 6. Exposure test of "CP500" utility poles
at the Choshi test site in Japan (started in August
2010).

strength was applied towards specimens with notch
depth of 0.3mm. Meanwhile, in "harsh environment"
condition, load stress of 0.85 times the magnitude of
tensile strength was applied towards specimens with
notch depth of 0.4 mm to assumptive a condition in
which corrosion pits with maximum depth as well
as load higher than the limit CP in service. The
maximum concentration of NH4SCN solution during
which no fracture occurs in 100 h test time is deter-
mined. Different specimens than the ones in delayed
fracture tests are immersed for 100 h in NH4SCN so-
lutions of concentration determined earlier and then
the diffusible hydrogen concentration measured using
thermal desorption method from room temperature
to 573 K is classified as Hc.

2.5.3. CP exposure test
Following JIS A5364 and JIS A5373, CP (CP500)
with length 14 m and design load 4.9kN as well as CP
(CP350) with length 13 m and design load 3.4kN were
manufactured using IQT-C and IQT-S. The specifi-
cations of the arrangement of PC steel bar are same
as to the ones used in real utility poles.

CP500 were set up at Choshi, Chiba in Japan
(About 4km from southern coast) and exposure tests
were started from August of 2010. The tests were
set up such that design load (4.9kN) which is the
instantaneous abnormal high load such as from ty-
phoon, as well as 1.2 times the design load (5.9kN)
were always applied towards the horizontal direction
of the CP’s upper part. Figure 6 shows the condition
of the exposure tests. CP350 were set up at Muroran,
Hokkaido in Japan (About 20 m from sea) and expo-
sure tests were started from July of 2013 by always
application of design load (3.4kN) or 1.3 times the
design load(4.4kN) in the horizontal direction of the
upper part of the CP. The tests condition is shown in
Figure 7.

Figure 7. Exposure test of "CP350" utility poles
at the Muroran test site in Japan (started in July
2013).

3. Results
3.1. Delayed fracture durability

evaluation results
3.1.1. FIP test result
Figure 8 shows the result of FIP test. Each data was
sorted using Mean Rank Method and then cumula-
tive failure probability was calculated and presented
as lognormal probability plot. At 50% cumulative
failure probability, fracture is recorded at 18.8 h for
IQT-C, while no fracture is recorded at stop time
of 200 h for IQT-I which has higher Si composition.
Moreover, surface-softening tempered IQT-S also ex-
periences no fracture at 200 h, showing substantial
improvement in delayed fracture durability that is not
possible to be evaluated by FIP test alone.

3.1.2. Critical diffusible hydrogen (Hc)
measurement result

The concentration of hydrogen that enters from en-
vironment (He) is found to be around 0.15 ppm from
previous research [6] and it is suggested that the
higher Hc is from 0.15 ppm, the better the dura-
bility of the material against delayed fracture. Fig-
ure 9 shows the measurement result of Hc. In "slightly
harsh environment" condition (0.3 mm Notch-0.7σB),
Hc was higher than He regardless of the types of ma-
terial. However, in "harsh environment" condition
(0.4 mm Notch-0.85σB) Hc decreased until below 60
percent than that of in "slightly harsh environments"
and Hc from IQT-C became smaller than He. Re-
gardless of the environment model, the pattern for
Hc was IQT-C<IQT-I<IQT-S. The effectiveness of
the methods for improving durability against delayed
fracture was confirmed from this result.

3.2. CP exposure test results
3.2.1. CP500 Choshi exposure test
Figure 10 shows the crack width measurement result
of the cracks found on the surface of CP at the third
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Figure 9. Measurement result of critical diffusible
hydrogen (Hc) without delayed fracture after 100 h.

Figure 10. Crack width measurement result of
CP500 utility poles using IQT-S as tendon.
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Figure 11. Results of external observation of CP500
utility poles exposed to bending for 5.9kN for 10
years.
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Figure 12. Results of external observation of CP350
utility poles exposed to bending for 4.4kN for 5
years.

year of exposure test. The cracks occurred imme-
diately after load application and expanded until as
large as 0.2 mm at around the first year. It was ob-
served that the cracks’ enlargement slowed down fol-
lowing the first year. Figure 11 shows the external
observation of utility poles after 10 years of expo-
sure test. The result of using leakage magnetic flux
method to detect any fracture in the steels shows that
there were no major abnormalities nor any fractures
detected for all IQT-C, IQT-I and IQT-S. Thus, the
exposure test is still ongoing in the present time.

3.2.2. CP350 Muroran exposure test
Figure 12 shows the results of external observation of
IQT-C and IQT-S utility poles after 5 years of expo-
sure test. Several cracks were found on the surface of
CP. The cracks were after enlargement until about 0.2
mm, there were no remarkable changes in the width
of cracks on the CP surface. There was no fracture
detected by using leakage magnetic flux method at
the fifth year of exposure test. The IQT-C and IQT-
S utility poles were dismantled and the condition of
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Figure 13. Observation results of cracks and spacers during dismantling of the utility pole.

Figure 14. Observation of corrosion state of PC steel bar at the joint position of the concrete formwork during
dismantling CP.

Figure 15. Microscopic fracture surfaces near the notch tip after delayed fracture test; (a) a IQT-C specimen shows
intergranular (IG) fracture, (b) a IQT-I specimen shows quasi-cleavage (QC) fracture and (c) a IQT-S specimen also
shows quasi-cleavage (QC) fracture.
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Figure 16. Relationship between immersion
time and diffusible hydrogen content in 323 K-20 %
NH4SCN solution.

fracture, cracks as well as rusts of the steel parts was
examined. After dismantling, it was found that no
fracture occurred in the PC steel bars of both utility
poles. Figure 13 and Figure 14 show some examples
of the crack parts during dismantling of the utility

poles. Local rusts were spotted on the surface of the
steel bar located directly under the cracks. Several
cracks were located in the vicinity of the areas where
the bond strength is weak between the reinforcing
bar and the concrete due to locally no contact exist-
ing between them, such as at the spacers put before
the pouring of concrete into the formwork. Rusts
also observed along the longitudinal direction of the
formwork joints position of CP where is tends to low
density concrete by centrifugal molding method.

4. Discussion
4.1. The mechanisms of improvement of

delayed fracture durability
4.1.1. Effects of adding Si and B
Previous results show that the delayed fracture dura-
bility in IQT-I and IQT-S has improved compared to
IQT-C, and the reasons are as follows.

Figure 15 shows the observation results of the frac-
ture surfaces from the materials. Intergranular frac-
ture was observed in IQT-C which has short time to
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Figure 17. Microstructures of specimens obtained by a scanning electron microscopy and a transmission electron
microscopy. The micrographs of IQT-S specimen are observed in surface-softened area at 0.4 mm apart from the
surface.

Figure 18. Observation results of steel mark in con-
crete test piece after neutralization test.

fracture in FIP tests as well as small Hc. Meanwhile,
intergranular fracture was not observed in IQT-I and
IQT-S in which the composition of Si in the materi-
als was increased. This correlates to the effects of Si
in suppressing the formation of intergranular fracture
as reported by previous study [7]. It is also thought
that the addition of B in the materials suppressed the
formation of intergranular fracture due to the effects
of B in increasing the strength of grain boundaries as
reported before [8].

4.2. Effects of surface-softening
tempering

The results in 3.1.2 show that Hc for IQT-S is re-
markably higher than IQT-I even though IQT-S is
just a surface softening tempered IQT-I. The reasons
for the increase of Hc for IQT-S despite having the
same chemical composition and tensile strength are

as follows. Figure 16 shows the relationship between
immersion time and diffusible hydrogen content when
the specimens were immersed in 20% NH4SCN solu-
tion. The rate of hydrogen diffusion is in the order of
IQT-S< IQT-I <IQT-C.

As the rate of hydrogen diffusion in IQT-S is slower
than IQT-I, this indicates that the surface-softening
layer has certain resistance towards hydrogen entry
into the material. In order to investigate this point,
SEM and TEM observations of the microstructures
of each material were conducted, and the results are
shown in Figure 17. The observation results are sum-
marized in order of increasing tempering temperature
(IQT-C, IQT-I, IQT-S) as follows.

1. As the tempering temperature increases, the car-
bide precipitations become smaller and the precip-
itation sites change from the grain boundaries to
the inner grain parts. These are also the charac-
teristics of materials that have undergone high fre-
quency induction tempering (short time heating).

2. As the tempering temperature increases, the shape
of the carbide precipitated on the grain boundaries
changes from plate-shape to film-shape and lastly
to divided sphere-shape.

3. The areas with high dislocation density are shown
as black contrast areas in the TEM observation re-
sults. As the tempering temperature increases, the
white areas which represented areas with low dislo-
cation density increase, confirming the progression
of tempering.
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Hydrogen diffusion is closely related to the disloca-
tion motion in materials. As such, the amount of hy-
drogen transported from the steel surface into the in-
ner matrix increases when dislocations become more
mobile or dislocation densities increase. Therefore,
the amount of diffusible hydrogen decreases because
the fine distribution of carbides into the inner grain
hinders the dislocation mobility as well as the dislo-
cation densities decrease.

Based on the observation results above, it is conjec-
tured that the main focus for the mechanisms of the
delayed fracture durability improvement lies on the
high temperature and short time tempering which
is possible due to Si addition and surface-softening
tempering. The process transforms the coarse plate-
shape carbides on the grain boundaries into fine
sphere-shape carbides, which results in the increase
of grain boundaries strength as well as suppressing
the hydrogen diffusion through dislocation.

4.3. Improvement of the durability of
CP

In this section the factors behind no fractures oc-
curring for IQT-C and IQT-S reinforcement bars at
the CP350 Muroran exposure test are discussed. Af-
ter dismantling of CP350, neutralization test using
phenolphthalein was conducted towards the concrete
parts which included the crack parts. Figure 18 shows
one example of the test results. The observed surface
changed pink colour which indicated that neutraliza-
tion did not occur whether on the crack part nor the
steel mark part. Thus, it can be inferred that even
though rusts form on the steel bars, since either the
rust progression was slow or the corrosion environ-
ment was not sustained, entry of hydrogen exceeding
Hc did not occur even in IQT-C with low Hc value.
Furthermore, it should also be noted that the cold cli-
mate and low humidity at the Muroran test site may
affect the corrosion’s rate of progression and sustain-
ability. However, fractures were also not recorded at
the CP500 (Choshi test site) where it is warmer and
more humid than Muroran. Thus, further plans for
the verification of durability in real environment in-
volve the continuation of tests while also recording
environmental data.

5. Conclusions
High frequency induction quenched and tempered PC
steel bars with improved durability were developed by
increasing the tempering temperature due to Si ad-
dition, as well as conducting surface-softening tem-
pering process. The use of this PC steel bars can be
expected to improve PC durability.

CP were manufactured using these PC steel bars
and subjected to excessive bending load while ex-
posed to real environment. The results showed that
no fracture occurred in both conventional material
and improved material even for test that has been
ongoing for 10 years.

With this, we will continue to strive in the future
to reduce environmental loads and contribute to soci-
ety through the development of high quality products
utilizing technologies with little environmental loads
such as high frequency induction heat treatment.
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