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Overcoming delayed fracture under atmospheric corrosion environment is a critical challenge for the
practical application of ultra-high-strength bolts. This study investigated the delayed fracture behavior of
1 700 MPa-class quenched and tempered bolts fabricated from a 0.4%C-2%Si-1%Cr-1%Mo steel (mass%)
by means of outdoor exposure tests, accelerated tests, and thermal desorption spectrometry. In a 10-year
outdoor exposure test, the delayed fracture behavior of the ultra-high-strength bolts was categorized into
two types: rupture at the thread runout and the first thread root in the nut, and fracture at the thread root
in the nut and the under-head fillet. Outdoor exposure tests using notched bolts could reproduce the
delayed fracture at the thread runout. By measuring the strain change for the shank of notched bolt during
the outdoor exposure test, we successfully observed the delayed fracture process: the initiation of inter-
granular fracture along the boundaries of prior-austenite grains, followed by unstable fracture, and culmi-
nating in the formation of a shear lip. The delayed fracture of the bolts was attributed to hydrogen
embrittlement. Slow-strain-rate testing for hydrogen-pre-charged notched specimens showed a linear
relationship between the fraction of intergranular fracture (IGF) area and the peak value of the maximum
principal stress o™ at the notch root. The delayed fracture mechanism of the ultra-high-strength bolts
was discussed based on the o,.* and the IGF area fraction at the fracture locations.

KEY WORDS: low-alloy steel; ultra-high-strength bolt; outdoor exposure test; delayed fracture; hydrogen

embrittlement.

1. Introduction

Increasing the strength of bolts reduces the number
and size of bolts required, leading to more compact and
lightweight joints. This provides advantages such as labor-
saving construction and enhanced performance of structures.
For example, in the automotive field, a 1 600 MPa-class
quenched and tempered bolt for plastic region tightening
was put into practical use in 2018, contributing to the real-
ization of a variable compression ratio engine that achieves
both fuel efficiency and power output.”

The primary bottleneck restricting the strengthening
of bolts is delayed fracture. In 1964, when an industrial
standard was established for high-strength hexagon bolts
for friction grip joints (JIS B 1186), high-strength bolts
were classified up to a strength level of FI3T (tensile
strength o > 1300 MPa).>> However, because of the

delayed fracture, F13T was excluded from the industrial
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standard in 1967, and the production of F11T bolts (op =
1 100-1 300 MPa) ceased in 1981. Until the practical appli-
cation of a 1400 MPa-class super-high-strength bolt" in
1996, the strength level of high-strength bolts was limited to
FI10T (op = 1 000—1 200 MPa). In the inspection and repair
of bridges using F11T bolts, delayed fracture of the bolts has
become a significant issue. It is believed that delayed frac-
ture of the bolts in an atmospheric environment is caused
by hydrogen embrittlement. Hydrogen generated by a cor-
rosion reaction penetrates the interior of the bolt, diffuses,
and accumulates at stress concentration regions such as the
thread root, making the bolt brittle.

To accelerate the development of high-strength bolts, it
is necessary to establish a standard evaluation method to
ensure delayed fracture resistance under actual usage con-
ditions. Various evaluation methods for delayed fracture
properties such as the JIS draft (the method of delayed
fracture testing of high-strength steels)” have been pro-
posed.*® In 2010, the Japan Society of Steel Construction
(JSSC) proposed the Hc*/Hg* method. As parameters, this
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method uses local critical hydrogen concentration for hydro-
gen embrittlement Hc* and local hydrogen concentration
from the service environment H:* at the peak value of the
maximum principal stress in a stress concentration region.”
In 2014, JSSC presented a guideline for evaluating delayed
fractures, which stochastically estimates the values of Hc*
and Hg*'9 and it was determined that a delayed fracture
can occur under the condition of Hc* < Hg*'V The Hco*/
Hi* method is currently considered the most rational and
optimal approach for evaluating the delayed fracture of
high-strength bolts. However, this evaluation method must
be scrutinized through verification tests using various bolts
to enhance its reliability.

Kimura et al'*' investigated the delayed fracture
behavior of prototype ultra-high-strength bolts through
exposure tests as part of research and development aimed
at realizing 2 000 MPa-class ultra-high-strength bolts. The
exposure tests were conducted at the Miyakojima test site of
the Japan Weathering Test Center (JWTC). In 1 700 MPa-
class quenched and tempered bolts (nominal designation of
thread: M12) fabricated from a 0.4%C-2%Si-1%Cr-1%Mo
steel (mass%), a delayed fracture was observed during an
exposure test at an applied stress o, of 1 050 MPa where
Hc*< Hg* ' Furthermore, a 1 700 MPa-class quenched
and tempered bolt with an improved shape (nominal desig-
nation of thread: M22) was fabricated from a 0.5%C-2%Si-
1%Cr-1%Mo steel.' Its thread shape was confirmed to be
effective for improving delayed fracture resistance using the
Hc*/Hg™ method.

As described above, progress has been made in under-
standing the delayed fracture of high-strength bolts in
atmospheric corrosion environments and in developing
evaluation methods. However, many aspects of the delayed
fracture, including its occurrence mechanism, remain
unclear. One reason for this is that the delayed fracture of
bolts occurs suddenly after a period ranging from several
months to several years.>**!?71® This makes it difficult to
directly observe the process from crack initiation to final
rupture. For the 0.4%C-2%Si-1%Cr-1%Mo steel,'>!3!"
this study first investigated the delayed fracture behavior of
1 700 MPa-class quenched and tempered bolts during the
exposure test conducted over a 10-year period at the JWTC
Miyakojima test site.'>'® Next, to reproduce the delayed
fracture of the ultra-high-strength bolts, exposure tests were
performed at the National Institute for Materials Science
(NIMS) in Tsukuba, using bolts with a notch machined into
the shank (notched bolts). The amount of hydrogen intrusion
and the fracture morphology were studied in the retrieved
bolts, and the strain changes in the shanks of the notched
bolts were measured to clarify the delayed fracture process.
Considering the results of the accelerated tests for hydrogen
embrittlement, the delayed fracture mechanism was compre-
hensively discussed for the 1 700 MPa-class quenched and
tempered bolts.

2. Experimental

2.1. Materials and Bolts

Table 1 lists the chemical compositions of 0.4%C-2%Si-
1%Cr-1%Mo steels. As previously reported,'” M12 hexa-
gon bolts with a nominal length of 60 mm were fabricated
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Table 1. Chemical compositions of 0.4%C-2%8Si-1%Cr-1%Mo
steels (mass%).

Lot. C Si Cr Mn Mo P S Al T-N (0]

1 039 1.98 1.00 0.20 0.99 <0.001 <0.001 0.020 0.0012 0.0009
2 043 2.04 1.05 0.21 1.02 0.002 0.001 0.019 0.001 0.0008
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Fig. 1. Shape and dimensions (mm) of M12 notched bolt.

Table 2. Tensile properties of M12 bolts (F1, 2) and QT sample
(M2), that were quenched and tempered at 500°C: 0.2%
proof stress oy, tensile strength op, total elongation
(EL), and reduction in area (RA).

Lot. 02 (MPa) o (MPa) EL (%) RA (%)
Fl 1550 1679 - -
P2 1 526 1699 - -
M2 1506 1764 9.4 30

through the following process. Warm tempformed (TF)
bars were formed into bolts through warm forging, then
austenitized at 950°C for 0.5 h, oil quenched, and tempered
at 500°C for 1.5 h. Of the 45 bolts, 15 were coated with
geomet, which offers superior corrosion resistance, and 15
bolts were electrogalvanized, to make clear the relationship
between the corrosion and the delayed fracture of the bolts.
Nuts (height: 14 mm, hardness: 480 HV) were fabricated
from a 0.5%C-2%Si-1%Cr-1%Mo steel and coated with
geomet. Figure 1 shows the shape and dimensions of an
M12 notched bolt with a stress concentration factor of 4.9.
The notched bolts were fabricated by warm forging the TF
bars of Lot 2 steel to form a hexagon head, followed by
quenching and tempering. Tempering time of the notched
bolts was 1 h, and the shank and the threaded portion were
machined. In addition, the quenched and tempered (QT)
samples were prepared by normalizing the TF bars at 990°C
for 10 min, followed by quenching and tempering under
the same conditions as those applied to the notched bolts.
Table 2 shows the tensile properties of the bolts and QT
samples. The tensile properties of the bolts'? were evalu-
ated by wedge tensile testing (wedge angle: 4°). The 0.2%
proof stress oy, and op were calculated by dividing the
respective loads by the tensile stress area at the threaded
portion (84.3 mm?).

2.2. Accelerated Tests for Hydrogen Embrittlement
and Hydrogen Analysis
Hydrogen embrittlement susceptibility was evaluated
by the conventional-strain-rate test (CSRT)” with a cross-
head speed of 1 mm min~' and the slow-strain-rate test
(SSRT)'*'™® with a crosshead speed of 0.005 mm min .
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Cathodic hydrogen charging was carried out in 0.1 N NaOH
aqueous solution or 3%NaCl + 0.3%NH4SCN aqueous
solution at current densities of 0.1-16 A m ™2 for 72—168 h.
For SSRT, the specimens were plated with Cd to prevent
hydrogen release during the tests.'>'® Following the tests,
the specimens were stored in liquid nitrogen until the hydro-
gen analysis was performed.

The amount of hydrogen was measured by thermal
desorption spectrometry combined with a quadrupole mass
spectrometer. The content of hydrogen desorbed from room
temperature to 300°C during sample heating at a rate of
100°C h™! was defined as diffusible hydrogen content Hp.

Figure 2(a) shows the relationship between the notch
tensile strength onz and the critical diffusible hydrogen
content He when the SSRT was performed for the notched
specimen with a stress concentration factor of 4.9. The oyg
value was calculated by dividing the maximum load by
the initial cross-sectional area at the notch root. Hc* was
estimated by substituting the value of Hc into the following
equation.” %1820

HC*:HC exp(_AahAVH/(RT)) ............... (1)

where Agj is the difference between the maximum hydro-
static stress near the notch root o,,* and the uniform hydro-
static stress in the region sufficiently distant from the notch
Op, AV is the partial molar volume of hydrogen in bcc-Fe

o 1 2 3 4 5 &
Hc (mass ppm)
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Fig. 2. (a) Notch tensile strength oyg vs critical diffusible hydro-
gen content for hydrogen embrittlement H¢in slow-strain-
rate test (SSRT) with a crosshead speed of 0.005 mm
min~! for hydrogen-pre-charged notched specimens. (b)
Peak value of maximum principal stress o;,,,* as a func-
tion of peak value of locally accumulated diffusible hydro-
gen concentration for hydrogen embrittlement Hc* The
maximum content of diffusible hydrogen intruded from
atmospheric corrosion environment /z was measured to
be 0.36 mass ppm by immersion test at pH 2 and 30°C.!?
Peak value of locally accumulated diffusible hydrogen
concentration from atmospheric corrosion environment
Hg* was calculated using the Hg value. The respective
Onax” values at the applied stress o, for the bolts (F1) and
the notched bolts (F2) are also shown in (b).

(= 2x10"°m*® mol "), R is the gas constant (= 8.31 J K !
mol '), and T is the testing temperature (= 300 K). The
peak value of the maximum principal stress near the notch
root Ou.™* and ©,* were calculated by substituting the

values of op for smooth tensile specimens and oyg into the
following Egs. (2) and (3).>121%29

Omar *1OB) o\ =
( Deotwn = )

06044‘2085(01\/3 /GB)—0.713(O'NB /O'B)2

(Gm*/O-B) =

r=0.1 mm

On the other hand, Hg* was estimated by substituting the
value of the maximum content of hydrogen intruded from
the environment H into the following equation.”'%!%2%

Hp* = Hg exp(oy * AVy /(RT)) woccocceee 4)

Figure 2(b) shows the relationship between ©;..,* and
Hc*, which were calculated from the data points in Fig. 2(a).
The relationship between ,...* and Hy* at the Hy value of
0.36 mass ppm is also shown by the dashed line. The Hg
value was determined by an immersion test'®'? using a
0.5 mol L™! NaCl + 0.01 mol L' HCI aqueous solution at
30°C and pH 2.

2.3. Outdoor Exposure Tests

The exposure test at the JWTC Miyakojima test site
(24°44'N, 125°19'E)'*!? was conducted for bolt F1 over a
period of 3 682 days from May 21, 2013 to June 20, 2023.
The bolts were tightened into electrogalvanized 40-mm-
thick S50C steel plates using a torque control method.
The hole diameter was 13 mm. The target tightening force
was 89 kN (o, = 1 050 MPa at the threaded portion, Hc*/
Hg* = 0.7). The bolted plates were mounted on stands with
an inclination angle of 20° facing south, and the bolt heads
were positioned on the upper surface. Visual inspection of
the bolts was conducted twice daily at around 9:00 a.m.
and 4:30 p.m., and from mid-July 2021 onward, once daily
at around 9:00 a.m. After the 3 682-day exposure test, the
bolted plates were packed to prevent the bolts from break-
ing and scattering and then transported to NIMS. The bolt
heads and the tips of the threaded portions were sandblasted
to remove the rust and then sprayed using a penetrating rust-
preventive lubricant, after which the bolts were removed
from the plates. The time from retrieving the bolted plates
to removing the bolts was three days, and the non-surface-
treated bolts were immediately stored in liquid nitrogen.

The exposure tests for the notched bolts at the NIMS out-
door corrosion test site (36°04'N, 140°07'E) were conducted
over a period of 271 days from March 23 to December 19,
2022 (1st period) and over a period of 157 days from March
27 to August 31, 2023 (2nd period). The notched bolts
were installed with the heads facing downward. The target
tightening force was 37 kN (o, = 1 300 MPa at the notch,
Hc*/He* = 0.4). A set of a notched bolt, a commercial nut
(SCM435H, height: 12 mm, hardness: 310 HV), and two
commercial washers (S45C, thickness: 3 mm, hardness:
400 HV) was tightened into a hollow cylinder with an outer
diameter of 26 mm, an inner diameter of 14 mm and a

© 2026 ISIJ
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thickness of 44 mm (SCM440, hardness: 300 HV) using the
turn-of-the-nut method. A dry lubricant was sprayed onto
the threaded portions, and the bolts were pre-tightened to a
torque of 20 Nm before marking them. The marking portion
was set to 0°, and the bolts were finally tightened by rotating
the nuts to the target rotation angle of 40°. Equations (5)
and (6) represent the relationship between the axial force F
and the strain € (Fig. S1(a) (Supporting Information)) and
the relationship between € and the nut rotation angle 0 (Fig.
S1(b)), respectively.

F(KN)=3.12+0.0144 £ (U& ) wovvvvciccr Q)

e(pe)=500+46.56(°) cccovrviirrrrnnnne. (6)

Strain gauges (2-gauge 3-wire wiring method) were
inserted through holes with a diameter of 1.1 mm that were
drilled into the head and attached to the shank. The strain
gauges were located 15 mm from the under-head. After
attaching the strain gauges, the holes in the head were
filled with a filler. In the 1st period, twenty sets of bolts
were tightened, and the average value of o, was 1 290 MPa
(standard deviation: 70 MPa). In the 2nd period, the average
value of 0, was 1 320 MPa (standard deviation: 40 MPa) for
twelve sets of bolts. Note that for six of the notched bolts in
the 2nd period, the notched shanks were spray-painted with
an organic zinc-rich coating and wrapped with waterproof
tape to prevent corrosion. Additionally, an exposure test
was carried out for four sets of notched bolts attached with
strain gauges (average value of o,: 1440 MPa, standard
deviation: 60 MPa).

3. [Experimental Results

3.1. Delayed Fracture Behavior
Figure 3 shows the appearance of untreated bolts that

Viser
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302days Q1
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Thread runout: T
1896 days Q8 :
NUt 1St.t'h‘read root: N
\ 3682days Q

10 mm

(b)

Thread root in nut: nv
3682days Q10
k o et

Under-head fillet: U

Fig.3. Appearance of non-surface-treated M12 bolts (F1_Q)
failed at (a) thread runout, (b) nut Ist thread root, (c) thread
root in nut, and (d) under-head fillet during outdoor expo-
sure test in Miyakojima, Okinawa. Arrows in (c, d) indi-
cate cracks. (Online version in color.)
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failed during the exposure test (see Fig. S2 for the other
bolts). The fracture locations of these bolts can be broadly
classified into the following: thread runout, nut 1st thread
root, thread root in the nut, and under-head fillet. Although
partial rust is visible on the shank and the free-threaded
portion, which were exposed in a semi-closed environment,
the degree of corrosion remains minimal even after 3 682
days, compared to the head and the tip of the threaded por-
tion. There are multiple cracks in the bolts that failed at the
thread root in nut (Fig. 3(c)). Figures 4 and 5 summarize the
occurrence of delayed fracture of the bolts. In Fig. 5, “NA”
indicates the bolts that failed within the 28-day period from
the bolt tightening to the start of the exposure test; twelve
electrogalvanized bolts (E) and three untreated bolts (Q)
failed at the under-head fillet (Fig. S2(c)). It was inferred
that this premature failure of bolts was caused by hydrogen
embrittlement resulting from hydrogen intrusion during the
bolt manufacturing process.'? Ninety-seven days after the
start of the exposure test, the first rupture was observed at
the under-head fillet of an untreated bolt; however, since its
shank was also completely corroded (Fig. S2(a)), it is highly
likely that this bolt failed prematurely. Among the untreated
bolts, three ruptured after 302 to 377 days at the thread run-
out, and one ruptured after 1 896 days at the nut Ist thread
root. Seven bolts with geomet coating (G) ruptured at the
nut 1st thread root after 555 to 3 053 days. When the bolts
were removed after 3 685 days, it was found that three of the
untreated bolts had failed at the thread root in nut, and one
had failed at the under-head fillet (Fig. S2(a)). For the bolts
with geomet coating, three had failed at the nut Ist thread
root, and five had failed at the thread root in nut (Fig. S2(b)).
Furthermore, three electrogalvanized bolts had failed at the
nut 1st thread root (Fig. S2(c)). Therefore, in the 10-year
exposure test, the rupture frequency of the bolts was high
at the nut 1st thread root and the thread runout. This result
is largely consistent with the results of previous exposure
tests conducted on 1300-1 500 MPa-class high-strength
bolts**? and the 1 700 MPa-class ultra-high-strength bolts
fabricated from a 0.5%C-2%Si-1%Cr-1%Mo steel.'?
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Exposure time (d)

Cumulative fracture ratio (%)

Fig. 4. Cumulative fracture ratio as a function of exposure time
for the bolts (F1) with geomet coating (G), electrogalvaniz-
ing (E), and non-surface-treatment (Q). U, T, and N denote
the fracture locations in Fig. 3. The bolts with unknown
fracture dates are indicated by left-pointing arrows.
(Online version in color.)
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Fig.5. Summary of delayed fracture of the bolts (F1) with the
exposure test in Miyakojima, Okinawa. The bolts with
geomet coating (G1-15), electrogalvanizing (E1-15), and
non-surface-treatment (QI-15) were fastened in two steel
plates, and exposed from May 21, 2013, to Jun. 20, 2023
(3 682 days). The bolts that failed before the exposure test
are denoted by NA. The bolts with unknown fracture dates
are indicated by left-pointing arrows. (Online version in
color.)

Figure 6 shows the appearance of the notched bolts after
exposure testing. Although it can be seen that the shank
of the notched bolts is partially corroded, the corrosion is
minor. Compared to the bolts shown in Fig. 3, the degree
of corrosion on the head and the tip of the threaded portion
is less severe in the notched bolts because of the shorter
exposure time and milder corrosion environment. Regarding
this, it is well recognized that the primary environmental
factors governing the corrosion rate are the temperature,
relative humidity, and airborne salt deposition. The respec-
tive average values for these factors from 2002 to 20122
were 24.0°C, 78%, and 48.7 mg NaCl m 2 d! at the
JWTC Miyakojima test site, and 15.0°C, 73%, and 2.4 mg
NaCl m 2 d' at the NIMS outdoor corrosion test site.
Furthermore, as shown in Fig. 6(b), there were unfractured
bolts with water droplets adhering to their shank immedi-
ately after removal; four such bolts were identified during
the 1st period, and five during the 2nd period. Note that
the bolt shown in Fig. 6(b) was retrieved six days after a
rainfall. It has also been reported, in the case of F11T and
FI13T bolts used in railway bridges, that the shanks were
often found to be wet when the bolts were extracted from

Water drops -
eriod_B30_157 days

()

Fig. 6. Appearance of the notched bolts (F2) with outdoor expo-
sure test in Tsukuba, Ibaraki: (a, b) 1st period from Mar.
23, 2022, to Dec. 19 (271 days), and (c) 2nd period from
Mar. 27, 2023, to Aug. 31 (157 days). In 2nd period, six
bolts were coated with organic zinc-rich paint to suppress
hydrogen intrusion from the surfaces of the shank with a
notch. (Online version in color.)

the bolted joints where delayed fracture had occurred.”
Figure 7 summarizes the occurrence of delayed fracture of
the notched bolts. For reference, daily precipitation data*”
measured at the Meteorological Research Institute, located
approximately 2 km from NIMS, is also shown. Of the
eleven bolts retrieved within 4-24 h of rupture during the
Ist and 2nd period exposure tests, ten had been exposed
to rain within three days prior to the rupture, and the daily
precipitation ranged from 2 to 46 mm. These suggest the
influence of rainwater on the occurrence of delayed frac-
ture of the bolts. In the Ist period, delayed fracture began
on the 15th day, and the cumulative fracture number of the
bolts increased abruptly to nine over the following 71 days
(Fig. 7(a)). When the bolts were removed after the 271-day
exposure test, two bolts had failed at the notched portion and
one had failed at the under-head fillet. The total number of
unfractured bolts was six: four of these were retrieved on
days 25, 27, 140, and 203, and two were retrieved after the
271-day exposure test was completed. Therefore, the cumu-
lative fracture ratio of the bolts in the 271-day exposure test
is 70-90%. The period when the delayed fracture of the
notched bolts frequently occurred was approximately 300
days earlier than that at the thread runout of untreated bolts
shown in Fig. 4. The cumulative fracture ratio in that period
was also higher for the notched bolts. The reasons for this
are considered to be: 1) the Hc*/Hg* ratio for the notched
bolts was set lower, and 2) the axial force for the notched
bolts was approximately 40% of that for the bolts shown
in Fig. 4 and consequently, water was likely to penetrate
more easily through the gaps in the bolted specimens using
the notched bolts, although the corrosion environment was
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Fig. 7. Cumulative fracture number of the notched bolts (F2) as a
function of exposure time. Daily precipitation in Tsukuba®?
is shown for reference. U and n denote the fracture loca-
tions in Fig. 3. The bolts with unknown fracture dates are
indicated by left-pointing arrows. (Online version in color.)

milder for the notched bolts. The stress concentration factor
of 4.9 simulates the stress state in the thread runout. Hence,
in the exposure test using the notched bolts, it was possible
to reproduce the delayed fracture that occurred at the thread
runout of the untreated bolts in a way that accelerated its
occurrence (Fig. 7(b)). This result could be reproduced in
the 2nd period exposure test. Furthermore, the rust preven-
tion treatment using organic zinc-rich paint could suppress
the occurrence of a delayed fracture at the notched portion.
Note that one of the six bolts with the rust prevention treat-
ment (notched bolt B20) failed at the thread root in nut.

3.2. Hydrogen Intrusion Behavior

Figure 8 shows the representative hydrogen desorption
curves. Note that unfractured bolts were ruptured by the
CSRT to confirm the damage and then were cut at the
positions shown in Fig. 9. The fracture location of the
bolts subjected to the CSRT was at the nut Ist thread root.
The rust on the bolts was removed by sandblasting before
performing the thermal desorption spectrometry. Hydrogen
desorption peaks appear at around 140-200°C and 400°C
in the bolts subjected to exposure testing. Similar hydrogen
desorption curves were observed in the F11T bolts (nominal
designation of thread: M22) that had been tightened in plas-
tic regions and exposed for nine years.”® Since the hydrogen
desorption peak at around 400°C was also detected at the
tip of the threaded portion (position 7) of the notched bolts
prior to exposure testing, it is believed to correspond to
the release of non-diffusible hydrogen. On the other hand,
hydrogen release at around 140-200°C was also observed
in the samples with cathodic hydrogen charging or immer-
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Fig. 8. Variation in hydrogen desorption rate during thermal
desorption spectrometry analysis with a heating rate of
100°C h ! for the notched bolts (F2) exposed in 1st period:
(a) position 7 and (b) position 3 in Fig. 9. Data for the non-
surface-treated bolt (F1_Q4) in Fig. 5 are also shown.
(Online version in color.)

@ 06— ——

‘S 05¢

& 0.4f
0'35 Exposure time: 3682 days
£ 0.2
T 01F
0:

0] 112 |3 i4i567
40

T

mass

(b)

o
w

o
[N

HD (mass ppm)
o

0 1 2 3 4 5 6 7
Position number

Fig. 9. Relation between diffusible hydrogen content Hp and sam-
pling position: (a) the non-surface-treated bolts (F1_Q) in
Fig. 5, and (b) the notched bolts (F2) in 1st period. (Online
version in color.)

sion testing, and it corresponds to the release of diffusible
hydrogen, which can cause hydrogen embrittlement. It has
been reported that for the F11T bolts tightened in a plastic
region, Hp was highest in the free-threaded portion (corre-
sponding to position 4 in Fig. 9(a)), which had been plasti-
cally deformed across its entire cross section.”? As shown
in Fig. 9(a), even in the present bolts tightened in an elastic
region, Hp tended to be slightly higher in position 3 includ-
ing the thread runout and position 4 for the free-threaded
portion (Hp = 0.03 mass ppm), compared to positions 1 and
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2 in the shank (Hp =~ 0.02 mass ppm). However, the highest
Hp value for these unfractured bolts (Q3, 4, 7) is observed
at the tip of the threaded portion (position 7) that had been
exposed to an outdoor environment and is much higher
than that (=0.03 mass ppm) at the head (position 0) that had
also been exposed to an outdoor environment. Of the seven
untreated bolts retrieved after the 3 682-day exposure test,
the average Hp value at the tips of the threaded portions for
the six bolts was 0.49 mass ppm (minimum: 0.31 mass ppm,
maximum: 0.56 mass ppm). In addition, for the remaining
bolt Q2 (Fig. 3(c)), Hp was measured to be 0.40 mass ppm
at the tip of the threaded portion. This portion was cut off
from the bolt, sandblasted to remove the rust, and then was
held for 72 h at room temperature. In contrast, when a plate
15 mm long, 5 mm wide, and 1 mm thick was cathodically
charged with hydrogen at a current density of 10 A m?
for 48 h in 0.1 N NaOH aqueous solution, Hp increased
to 1.0 mass ppm. When the plate was subsequently held
at room temperature, Hp decreased to 0.27 mass ppm after
24 h, and then to 0 mass ppm after 72 h.'” Thus, these
results indicate that the hydrogen absorbed into the bolts
through the lengthy exposure test is in a state where it is
difficult to release at room temperature. On Miyakojima
Island, the airborne salt deposition is higher than that on
the main island of Okinawa, and the corrosion environment
is more severe.? Hence, it is reasonable that Hp at the tip
of the threaded portion of the untreated bolts tended to be
higher than Hg (= 0.36 mass ppm) measured by the immer-
sion test simulating the corrosion environment on the main
island of Okinawa.'? We believe that during the exposure
test, hydrogen repeatedly intruded from the bolt surface with
the highest hydrogen concentration, diffused into the inte-
rior of the bolt, and then was absorbed. In addition, during
the 3-day period between the retrieval and removal of the
bolts, the hydrogen concentration on the surface may have
decreased, resulting in the release of part of the hydrogen.
Therefore, H in the bolts for the exposure test is estimated
to be 0.31-0.56 mass ppm or higher. A similar distribution
of the absorbed hydrogen was observed in the unfractured
notched bolts that were retrieved on days 203 and 271
(Fig. 9(b)). Regarding the notched bolts that failed during
the exposure test, although high Hp values were observed
at the notched portion of some of the bolts (such as those
retrieved on days 15 and 76), the maximum values were still
observed at the tip of the threaded portion. Figure 10 shows
the variations in H)p at the notched portion (position 3) and
the tip of the threaded portion (position 7) as a function of
the exposure time. Regardless of whether or not a delayed
fracture occurred, Hp at the tip of the threaded portion
increased rapidly up to 100 days, and then levelled off at
0.1-0.4 mass ppm. Considering that the saturation time of
Hp was 15 days in the immersion test using round rod speci-
mens with a diameter of 7 mm and a length of 20 mm,'? the
H) distribution within the tip of the threaded portion can be
considered nearly uniform in the exposure test for 100 days
or longer. On the other hand, at the notched portion of the
bolts retrieved within 4 to 24 h after the delayed fracture, Hp
ranged from 0.02 to 0.09 mass ppm; although this was lower
than Hc in Fig. 10, it was higher than H) for the unfractured
bolts (0.02 mass ppm). Li et al.”® exposed the notched
specimens machined from 1 700 MPa-class quenched and
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notched bolt (F2): (a) position 7, and (b) position 3 in Fig.
9. The Hg value in Fig. 2(b) is presented in (a). The H¢
values in (b) were calculated from the power law relation-
ship between oyp and He in Fig. 2(a). (Online version in
color.)

tempered 0.6%C-2%Si-1%Cr-1%Mo steel to an outdoor
environment and then performed a SSRT, demonstrating
that oyp decreased as Hp increased. As mentioned earlier,
given that the corrosion in the notched portion was minor
and pitting corrosion was not observed, it is reasonable to
conclude that the delayed fracture occurred through hydro-
gen intrusion. In the 2nd period, the results of the exposure
test for the notched bolts with rust-proofed shanks dem-
onstrated that hydrogen, which contributed to the delayed
fracture, penetrated from the surface of the notched portion
rather than the tips of the threaded portion. Furthermore, the
delayed fracture under conditions where Hr was lower than
H¢ has also been confirmed in previous exposure tests of
M22 high-strength bolts.” In this regard, Omura®® pointed
out that for M22 bolts exposed to an outdoor environment,
the hydrogen concentration on the surface is higher than
the average hydrogen concentration. Therefore, the delayed
fracture must be discussed using the local hydrogen concen-
tration in the stress concentration region.

3.3. Fracture Morphology

Figure 11 shows macroscopic fracture surfaces for the
bolts that failed during the exposure tests and the notched
specimens that ruptured during the SSRT (see Fig. S3
for the macroscopic fracture surfaces of the other bolts
and notched specimens). The distinct steps observed in
Figs. 11(e), 11(g) indicate that the cracks propagated from
multiple origins. When the crack area containing the ori-
gin is defined as the “fracture origin zone”, intergranular
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Fig. 11. Macroscopic fracture surfaces for the non-surface-treated bolts (F1_Q) failed at (a) thread runout, (b) nut 1st
thread root, (c) thread root in nut and (d) under-head fillet, and for the notched bolts (F2) failed at (e, f) notch
root and (g) thread root in nut. (h) shows a macroscopic fracture surface of the notched specimen with SSRT.
Red arrows and triangles indicate shear lips and intergranular fracture (IGF) areas, respectively. The fraction
of IGF area in Q11 bolt (c) is almost 100%, and yellow arrows indicate cracks. (Online version in color.)

cracks along the boundaries of prior-austenite grains were
observed in the fracture origin zones, as shown in Fig. 12.
Intergranular cracking is commonly observed in hydrogen
embrittlement of high-strength steels®®!%!7:19202731 apq
the delayed fracture of bolts.*'**? In the SSRTs conducted
under the condition where the Hc* is nearly identical to Hc*
of the bolts in Fig. 2(b), the fracture origin zones tended to
uniformly develop at multiple locations around the notch
root (Figs. 11(h), S3(c)). In contrast, for the untreated bolts
(Figs. 11(a), 11(b)) and the notched bolts (Figs. 11(e),
11(f)), the formation of the fracture origin zone was local-
ized to one, two, or three locations around the thread root
and the notch root. A similar macroscopic fracture surface
has been reported in the delayed fracture of high-strength
bolts.® This indicates that the hydrogen intrusion was local-
ized. Furthermore, dimple patterns can be seen on the final
fracture surface of the untreated bolt (Fig. 12(b)), and a
shear lip is formed along its outer periphery. Such delayed
fracture behavior was also observed in the 1 700 MPa-class
ultra-high-strength bolts fabricated from the 0.5%C-2%Si-
1%Cr-1%Mo steel.'”” In the final fracture surfaces of
the notched specimens ruptured during the SSRT, quasi-
cleavage fracture surfaces were occasionally observed (Fig.
12(f)). Quasi-cleavage patterns were also observed in the
notched specimen subjected to the SSRT without hydrogen
charging. Hence, the fracture morphology of the notched
bolts was macroscopically identical to that of the untreated
bolts. However, the fracture mode on the final fracture sur-
face of the notched bolts (Fig. 12(d)) was similar to that of
the notched specimens with SSRT (Fig. 12(f)). From these
findings, it is inferred that unstable fracture occurred in the
bolts once the area of the fracture origin zone reached a
certain size. On the other hand, the bolts in which cracks
were found after the exposure test (Figs. 11(c), 11(d), 11(g))
were ruptured by the CSRT. In bolt Q10 (Fig. 11(d)) that
failed at the under-head fillet, the fracture origin zone was
wider than the final fracture zone. In bolt Q11 (Fig. 11(c))
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Fig. 12. Fracture surfaces of (a, b) Q8 bolt in Figs. 11(b), (c, d) the
notched bolt in Fig. 11(f), and (e, f) the notched specimen
with SSRT in Fig. 11(h). (a, c, ) show intergranular frac-
ture cracks located approximately 0.2 mm from the
thread root or notch roots. (b, d, f) were taken from the
central sections. QC in (f) denotes quasi-cleavage frac-
ture.

that failed at the thread root in nut, cracks were found at sev-
eral thread roots in addition to the main crack as shown for
bolt Q2 in Fig. 3(c), and the intergranular fracture surface
was observed across nearly the entire macroscopic fracture
surface. It is possible to clearly distinguish between the
intergranular fracture area where corrosion had progressed
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and the ductile fracture area in notched bolt B20 (Fig. 11(g))
that failed at the thread root in nut. Its fracture strength at
the threaded portion as measured by the CSRT was also
high at 601 MPa, and thus the crack propagation was deter-
mined to be arrested. Figure 13 shows the relationship
between the fraction of the intergranular fracture area and
the exposure time. The fraction of the intergranular fracture
area was measured from the macroscopic fracture surface
of the bolt. Here, the intergranular fracture area was defined
as an area containing intergranular cracks. In Fig. 13(b), the
notched bolts (@) in which the intergranular fracture area
was located within the minimum cross section at the notch
root are distinguished from the notched bolts () in which
the intergranular fracture area extended beyond the mini-
mum cross section (Fig. S3(b)). The intergranular fracture
area corresponds to the fracture origin zone in the bolts that
ruptured at the nut Ist thread root or thread runout, and
the fraction of the intergranular fracture area was 20—40%
regardless of the surface treatment or the exposure time. On
the other hand, for the untreated bolts in which the fracture
was confirmed after the 3 682-day exposure test, the fraction
of the intergranular fracture area was approximately 70%
at the under-head fillet (U) and 100% at the thread roots
in nut (n). Even among the bolts coated with geomet, there
was one (G11) in which the fraction of the intergranular
fracture area at the thread root in nut (n) was nearly 100%
(Fig. S3(a)). The fraction of the intergranular fracture area
in all the notched bolts ranged from 20% to 80%, and it
was 20% to 40% for the notched bolts (@) in which the
intergranular fracture area was located within the minimum
cross section at the notch root as shown in Figs. 11(e), 11(f).
Hence, the fraction of the intergranular fracture area was not
influenced by the exposure time. Furthermore, the fraction
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Fig. 13. Fraction of intergranular fracture (IGF) area as a func-
tion of exposure time: (a) the bolts (F1) with geomet coat-
ing (G), non-surface-treatment (Q), and (b) the notched
bolts (F2). U, T, N, and n denote the fracture locations.
The notched bolts in which the IGF area is beyond the
minimum cross-section at the notch are denoted by < in
(b). The bolts with unknown fracture dates are indicated

by left-pointing arrows. (Online version in color.)
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of the non-propagating crack area was approximately 60%
for notched bolt B20 that failed at the thread root in nut (n)
shown in Fig. 11(g), and the fraction of the intergranular
fracture area for the notched bolts that failed at the under-
head fillet (U) was nearly 100%. Therefore, the fracture
morphology of the bolts varies depending on the location
where the delayed fracture occurs, rather than the surface
treatment or the exposure time.

4. Discussion

4.1. Damage of Bolts Caused by Long-term Outdoor
Exposure

The bolts subjected to the 10-year exposure test may
have accumulated damage that cannot be detected by visual
inspection. Homma et al.*® performed a detailed fractogra-
phy analysis on the fracture surface of a 1 300 MPa-class
high-strength bolt (SCM435) that ruptured 16 years after
the start of an outdoor exposure test. They pointed out that
a deteriorated zone, where microcracks propagated along the
boundaries of prior-austenite grains (Frail zone), formed just
below the thread root through the accumulation of localized
plastic deformation damage from repeated hydrogen intru-
sion during long-term outdoor exposure. Here, we discuss
the influence of the damage accumulation with the long-
term outdoor exposure on the occurrence of delayed fracture
in the thread runout and the nut Ist thread root” where
the maximum equivalent strain at the stress concentration
region is high, as is Gy ™.

Figure 14 shows the CSRT results for the untreated bolts
and the notched bolts that were subjected to the exposure
tests. The distance between the bearing surfaces of the bolt
and nut was set to 40 mm. This figure also shows the CSRT
results for the cathodically hydrogen-pre-charged bolts and
notched specimens (shape and dimensions are presented
in Fig. 2(a)). The fracture location of the bolts was at the
nut Ist thread root. When Hp was | mass ppm or higher,
the hydrogen-pre-charged bolts ruptured at a tensile stress
below 0y as shown in Table 2, and there was no difference
between op of the bolts and oz of the notched specimens.
This indicates that the O;...* values for the nut Ist thread
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the bolts and the notched specimens charged with hydro-
gen before CSRT. (Online version in color.)
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root and the thread runout are considered identical within
the o, range of this exposure test. From the FEM analysis
of the M22 bolts, O™ in the thread runout portion was
estimated to be slightly more than 90% of G,..* at the nut
1st thread root.”

In the 10-year exposure test, Hp increased to 0.03 mass
ppm (Fig. 9(a)) in the free-thread portion including the nut
1st thread root for the untreated bolts. This increase in Hp
suggests that hydrogen was repeatedly intruded and released
from the bolt surface. The reason for this is that hydrogen
intrusion proceeds through fluctuations in the surface hydro-
gen concentration caused by the repeated cycles of drying
and wetting.”® Regardless of the exposure time, the o val-
ues for the untreated bolts were identical in the CSRT, and
the rupture stress was 1-3% lower than the op. Although Hp
could not be measured in a geomet-treated bolt (G6), its o3
was 1 710 MPa and its rupture stress was 1 700 MPa, which
are identical to those of the untreated bolts. Furthermore,
damaged areas such as the intergranular fracture area were
not observed on the fracture surfaces of these bolts (Fig.
S3(a)). Similarly, there were no differences in oyz and the
fracture surface morphology among the notched bolts with
Hp of 0.02 mass ppm or less (Fig. S3(b)). As described
earlier, no significant difference was observed in the frac-
ture morphology between the bolts that failed at the thread
runout and the nut 1st thread root during the exposure test
(Figs. 11, 13). Based on these findings, we conclude that
although hydrogen repeatedly intruded during the 10-year
outdoor exposure test, the resulting damage did not accu-
mulate to a critical level that would affect the mechanical
properties of these bolts.

In CSRT using a specimen with uniform hydrogen distri-
bution, Hp corresponds to Hc*.”' Hc* for the notched bolts
can be estimated to be 1.8 mass ppm at o, of 1300 MPa
from the relationship between oz and H¢ shown in Fig.
14. For the SSRT results shown in Fig. 2(b), Hc* for the
notched bolts is 0.7 mass ppm. For the notched bolts shown
in Fig. 10(a), assuming that the hydrogen distribution within
the tip of the threaded portion is uniform and Hp (0.1-0.4
mass ppm) corresponds to Hg, Eq. (4) thus yields Hg* of
0.5-2.2 mass ppm. These estimates indicate the possibility
of Hc* < Hg* in either CSRT or SSRT. Similarly, in the
bolt exposure test performed at the JWTC Miyakojima test
site, Hc* is estimated to be 1.2 mass ppm for the SSRT and
2.8 mass ppm for the CSRT, whereas Hg™ is estimated to
be 1.3-2.3 mass ppm for Hy of 0.31-0.56 mass ppm. This
also indicates that the H-* < Hr* condition can be obtained
through a corrosion reaction. Therefore, in this exposure
test, we believe that the delayed fracture of the bolts at the
thread runout or the nut Ist thread root occurred because
Hc™* < Hg* arose through a localized corrosion reaction on
the bolt surface.

4.2. Delayed Fracture Mechanism

In the outdoor exposure test, when the hydrogen intrusion
pathways were restricted to the bolt head and nut sections,
the delayed fracture behavior of the bolts could be broadly
classified into two types. One involved a rupture at the
thread runout or the nut Ist thread root, while the other
involved a fracture at the under-head fillet or the thread
root in nut.
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Figure 15 shows the changes in the shank strain (axial
force) during the exposure test for the notched bolts. Here,
the strain was expressed as a relative value obtained by
subtracting the strain value at the finish point of the delayed
fracture (Fy) from the measured strain value. The strain
value at Fy was set to 0. There was also no difference in
the strain change among the bolts until the delayed fracture
occurred. Focusing on this point, the strain change for the
unfractured bolt was superimposed onto the strain change
for the fractured bolt by adjusting the difference in the strain
between these two bolts. Therefore, as shown in the figures,
using the strain for the unfractured bolts as a reference, the
time at which the strain started to decrease was defined as
the delayed fracture starting point (Fs).

Bolt C1 ruptured at the notch root after a slight decrease
in the strain. The time from Fs to Fy was 30 min. The
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decrease in nominal stress at the notch root was approxi-
mately 100 MPa from F’s to the onset of an unstable fracture,
which presumably corresponds to the formation of the frac-
ture origin zone with an area fraction of 33% (Fig. 13(b)).
Yamasaki and Takahashi’” investigated the correlation
between Hp and the crack initiation and propagation in con-
stant load testing using SCM440 steel with o3 of 1 330 MPa
by acoustic emission (AE) source wave analysis. This con-
stant load test was conducted at ¢, of 0.903 (= 1 197 MPa)
for a notched specimen with a stress concentration factor of
3.5 designed to simulate stress distribution in the threaded
portion. They reported that the time from initial crack
initiation to rupture increased with a decrease in Hp and
was approximately several hundred minutes at around H¢
(= 0.41 mass ppm).

For bolts C4 and C5, which failed at the under-head fil-
let, the strain (axial force) continuously decreased, and after
the rate of strain decrease slowed down at around 500 peé,
it began to decrease again. On the day that the delayed
fracture occurred in bolt C5, 33.5 mm?? of rain fell, and
the fracture surface of bolt C5 exhibited the most advanced
corrosion among the bolts. The fraction of the intergranular
fracture area was nearly 100% in bolts C4 and C5 (Fig.
13(b)), and steps were observed on the fracture surfaces
of the bolts. It is thus inferred that the change in the strain
corresponds to such discontinuous crack propagation. The
time from Fs to Fy for bolts C5 and C4 was respectively
590 and 340 min, and the decrease in nominal stress during
this period was approximately 350 MPa in the shank with a
cross-sectional area of 109.4 mm?. Hence, in the under-head
fillet portion, crack propagation occurred slowly under a
low stress, accompanied by intergranular cracking. Shibata
et al’" quantitatively evaluated the crack propagation of
hydrogen-charged as-quenched martensitic steel by fracture
toughness testing and 3D X-ray computed tomography. The
results demonstrated that even at a high hydrogen content
of 4 mass ppm, the steel exhibited a certain degree of crack
growth resistance, and unstable premature fracture did not
occur immediately.

Figure 16 shows the relationship between the fraction
of the intergranular fracture area and 0, * for the notched
specimens (the relationship between 0, * and Hc* is shown
in Fig. 2(b)), as well as the untreated bolts and the notched
bolts that were subjected to the exposure tests. Considering
a reduction in axial force of up to 10% due to relaxation,*”
Omax® for the bolts was calculated using 0.950,, and the
error bars indicate the values of 0, * within the range of
(0.9-1.0)0,. The Oy ™® values in the nut 1st thread root and
the thread runout were calculated using Eq. (2). Further-
more, based on the FEM analysis for JIS M22 bolts, it has
been estimated that at o, of 0.750.2, O™ at the thread root
in nut and the under-head fillet are identical and this value
is approximately 80% of G, ™ in the nut 1st thread root.”)
The 0, * values at the thread root in nut and the under-head
fillet were thus calculated using Eq. (7),”'" which accounts
for the stress concentration in the threaded portion. For the
notched bolts, the 0, * values at the thread root in nut were
calculated using Eq. (7), and the 0,.,* values at the under-
head fillet were set to three times the value of o, at the shank
by assuming that the stress concentration factor was 3.%
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A linear relationship is observed between Gy, ™ and the
fraction of the intergranular fracture area for the notched
specimens with the SSRT; the lower the G, * the higher
the fraction of the intergranular fracture area. A similar
correlation was also confirmed in other medium-carbon low-
alloy quenched and tempered steels'”?” (Fig. S4).

The data points for the bolts that ruptured at the nut
Ist thread root or the thread runout are plotted near the
regression line, similar to those for the notched bolts that
ruptured at the notch root. For the 1 700 MPa-class ultra-
high-strength bolts fabricated from the 0.5%C-2%Si-1%Cr-
1%Mo steel, G4 * could not be estimated due to the special
shape; however, the average area fraction of the fracture
origin zone at axial forces of 391 and 445 kN was 2.0% and
1.3%, respectively, and decreased with larger axial force.'¥
These findings demonstrate that the delayed fracture of
the bolts can be explained by a hydrogen embrittlement
mechanism in which an unstable fracture occurs when
intergranular cracking initiates and the area fraction of the
fracture origin zone reaches a critical value. For the nut Ist
thread root and the thread runout in which the 6., * values
were high, it was interpreted that once a condition of H¢™* <
Hg* arose due to hydrogen intrusion through a localized
corrosion reaction, the fracture origin zone formed rapidly
as shown in Fig. 15(a), and the bolt ruptured.

On the other hand, for the thread root in nut and the
under-head fillet, the ;.. ™ was lower than that in the nut 1st
thread root and the thread runout, and thus the critical area
fraction of the fracture origin zone required for the onset of
an unstable fracture was larger according to the regression
line in the figure. Additionally, as shown in Figs. 15(b),
15(c), the axial force decreased as the crack propagated.
This decrease in axial force reduced the stress in the vicinity
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of the crack tip, thereby inhibiting crack propagation. Under
the condition where crack propagation is inhibited, the crack
tip may become blunted due to plastic accommodation. If
the supply of hydrogen to the vicinity of the crack tip is
interrupted, the crack blunting will likely be further acceler-
ated. The decrease in the axial force reduction rate observed
at low axial forces (around 500 ue) for bolts C5 and C4 in
Figs. 15(b), 15(c) suggests the possibility of crack tip blunt-
ing. In particular, in the thread root in nut, cracks were less
likely to open due to the mechanical restraint created by the
contact between the bolt—nut connection threads. For exam-
ple, Hc* at the thread root (G,.* = 1 586 MPa) for notched
bolt B20 that failed at the thread root in nut can be estimated
to be 9.3 mass ppm based on the relationship between G *
and Hc™* shown in Fig. 2(b). This Hc* value is significantly
higher than the Hz* value (= 2.2 mass ppm) that was esti-
mated at the notch root with a stress concentration factor
of 4.9 in the previous section. Therefore, for notched bolt
B20, the arrest of crack propagation observed at the thread
root in nut (Fig. 11(g)) is believed to be the result of the
combined effects of these factors. Furthermore, the results
obtained by the constant load test and the AE source wave
analysis described earlier have shown that once a crack was
initiated, it could propagate even under H) values equivalent
to a fraction of Hc.?” Kawamori and Yuse®® performed
exposure tests using U-bend specimens for SCM435 steel
plate with a o3 value of 1 549 MPa in atmospheric corrosion
environments, and conducted in sifu observations of hydro-
gen intrusion and hydrogen embrittlement behavior. They
demonstrated that crack initiation, arrest, and propagation
were repeated in conjunction with the entry and release of
hydrogen from the environment. Therefore, it is inferred that
the axial force decreased while hydrogen intrusion from the
crack surface accelerated the crack propagation, and conse-
quently, the fraction of the intergranular area became larger
than the critical area fraction of the fracture origin zone.
Based on the corrosion condition observed on the fracture
surface, we discussed the delayed fracture process where a
newly initiated crack propagated along the grain boundaries
after the arrest of cracks. Examples are the bolts that failed
at the thread root in nut (G, * = 2 230 MPa, Hc* = 2.5
mass ppm) as follows. In bolt Q11 (Fig. 11(c)), the fracture
surfaces for the cracks indicated by arrows exhibited more
advanced corrosion than that for the main crack, suggesting
that these cracks were formed earlier than the main crack.
In bolt G11 (Fig. S3(a)), it is considered that following
the formation of a fracture origin zone covering 20-30%
of the fracture surface area, the cracks were initiated and
then they propagated along the grain boundaries due to
hydrogen intrusion. This resulted in a fracture surface where
the intergranular fracture area covered nearly 100% of the
surface area.

Although G,..* at the thread runout was nearly identi-
cal to that at the nut 1st thread root, the difference in the
fracture time between these locations for the untreated bolts
(Fig. 4) suggests a difference in the hydrogen intrusion
behavior. For the bolts with geomet coating, no delayed
fracture occurred at the thread runout. This is considered to
be due to the anti-rust effect of the geomet coating, which
prevented hydrogen intrusion. However, the occurrence of
delayed fracture was concentrated at the nut fitting portion
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including the nut 1st thread root and the thread root in nut.
One possible reason for this is that the geomet coating may
have been damaged during the bolt tightening or exposure
testing, allowing the hydrogen to enter locally through the
damaged areas. Furthermore, in railway bridges, it has been
reported that high-strength bolts frequently ruptured at the
under-head fillets in the joints where the bolts had been
tightened with their heads facing downward. One reason
cited is that water tended to accumulate at under-head fillet
portions.” From this perspective, in the present exposure
test with the heads facing upward, four untreated bolts,
fourteen bolts with geomet coating, and three bolts with
electrogalvanizing failed at the nut fitting portion (Fig. 5).
In contrast, delayed fracture at the under-head fillet occurred
only in the two untreated bolts. Although there was limited
data on the exposure tests for the notched bolts with the
heads facing downward, the number of bolts that failed was
larger at the under-head fillet than at the nut fitting portion;
three bolts failed at the under-head fillet and one bolt failed
at the nut fitting portion (Figs. 7, 13(b)). Thus, it was sug-
gested that the ingress and accumulation of rainwater are
closely related to the occurrence of delayed fracture of the
bolts. In actual bolted joints, rainwater may penetrate the
gaps between the bolted plates, further complicating the
delayed fracture behavior.

The rupture of the bolts at the nut 1st thread or the
thread runout could be roughly evaluated using the Hc*/
Hg* method with the hydrogen intrusion environment set to
pH 2.'2 On the other hand, from the relationship between
Hc* and Hi* in Fig. 2(b), the Hc™* values at the under-head
fillet and the thread root in nut are estimated to become sig-
nificantly larger than the Hp* values as 0., * decreases. If
there is no damage such as surface scratches, it is necessary
to consider a hydrogen intrusion environment that is more
severe than pH 2. Delayed fractures at these locations can
sometimes be difficult to detect by visual and tactile inspec-
tion, which poses a problem for the practical application of
bolts. Hence, for ultra-high-strength bolts, we determined
that it is a critical challenge to clarify the mechanism of
hydrogen intrusion associated with localized corrosion at
locations where rainwater tends to accumulate and G, * is
low, and to improve the accuracy of Hg* estimates.

5. Conclusions

Delayed fracture behavior of 1 700 MPa-class quenched
and tempered bolts fabricated from a 0.4%C-2%Si-1%Cr-
1%Mo steel was investigated by conducting outdoor expo-
sure tests in which water ingress was restricted to the head
and nut sections. Furthermore, we observed the process
of delayed fracture by measuring the strain change on the
bolt shank and conducted accelerated tests for hydrogen
embrittlement. The delayed fracture mechanism of the ultra-
high-strength bolts was then comprehensively discussed.
The following findings were obtained.

(1) Delayed fracture behavior of the bolts over the
10-year exposure test performed at the JWTC Miyakojima
test site was broadly classified into two types: rupture at the
thread runout and the nut 1st thread root, and fracture at the
under-head fillet and the thread root in the nut. The exposure
tests using the notched bolts at the NIMS outdoor corrosion
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test site could reproduce the delayed fracture occurring at
the thread runout of the non-surface treated bolts in a way
that accelerated the fracture occurrence. Furthermore, it was
confirmed that the delayed fracture at the thread runout and
the notched portion of the bolts during the exposure tests
could be protected by rust prevention treatment.

(2) It was suggested that the delayed fracture of the
bolts was caused by the intrusion of hydrogen generated
through localized corrosion reactions on the surfaces at
the fracture locations, and the ingress and accumulation of
rainwater influenced the occurrence of the delayed fracture.

(3) The fracture morphology of the bolts varied depend-
ing on the location of the delayed fracture rather than on the
surface treatment or exposure time. The macroscopic frac-
ture surfaces of the bolts that ruptured at the thread runout
or the nut Ist thread root consisted of the fracture origin
zone containing intergranular cracks along prior-austenite
grain boundaries, the final fracture zone, and the shear lip. In
contrast, the majority of the macroscopic fracture surfaces
of the bolts that failed at the under-head fillet or the thread
root in nut were covered by intergranular fracture areas,
and some bolts were even observed to have an intergranular
fracture area fraction of nearly 100%.

(4) In the SSRT, the fraction of the intergranular frac-
ture area was proportional to the peak value of the maxi-
mum principal stress near the notch root 0, *. The delayed
fracture occurring at the thread runout or the nut Ist thread
root at which the 0,,,,* is the highest could be explained by
a hydrogen embrittlement mechanism in which an unstable
fracture occurs when intergranular cracking is initiated and
the area fraction of the fracture origin zone reaches a critical
value. It could be interpreted that the fracture origin zone
was formed when the local hydrogen concentration from the
service environment Hz* exceeded the local critical hydro-
gen concentration for hydrogen embrittlement Hc* near the
maximum stress point, leading to the rupture of the bolt.

(5) Regarding the delayed fracture occurring at the
under-head fillet or the thread root in nut at which the Gy, *
was low, we suggested a mechanism in which not only does
the axial force decrease with the initiation and propagation
of cracks, but the propagation of cracks is also accelerated
by the intrusion of hydrogen from the surfaces of the cracks.
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