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ABSTRACT. The effects of large amounts of hydrogen on the fatigue crack growth properties of torsional
prestrained ferritic—pearlitic low-carbon steel were investigated. Hydrogen-precharged specimens were
produced by conducting cathodic charge to the virgin material and to torsional prestrained JIS-S10C and JIS-
S25C steels (hereafter S10C and S25C steels). Rotating bending fatigue tests were conducted in air at room
temperature. Hydrogen content, Cy, increased with torsional prestrain for both S10C and S25C steels; the Cy of
the torsional prestrained S25C steel precharged with hydrogen was lower than that of S10C at the same
torsional prestrain. No clear difference between the maximum Cy values of the torsional fractured S10C and
S25C hydrogen-precharged steel specimens. With respect to crack initiation, there was no obvious difference
between the uncharged and precharged specimens in spite of the large amount of Cy induced by torsional
prestrain. The acceleration of fatigue crack growth by hydrogen was the main cause of the decreased fatigue life.
For the virgin material, hydrogen had no obvious effect on the fatigue crack growth rate. In contrast, for the
torsional prestrained materials, the acceleration ratios, {(da/dN)u/(da/dN)u}, increased with the torsional
prestrain and Cu. However, {(da/dN)u/(da/dN)u} did not exceed the value of about 30, even when a large
amount of hydrogen was charged (10.0 = Cu =< 30.3 mass ppm). A hydrogen content threshold was found;
hydrogen content above this limit enhances the growth of the non-propagated crack, even for metals with lower

hardness (HV < 200).

KEYWORDS. Fatigue crack growth property; Non-propagating crack; Torsional prestrain; Large amounts of
hydrogen; Carbon steel.

INTRODUCTION

energy problems related to the depletion of fossil fuel, global warming, and the nuclear reactor accident caused by

R ecently, hydrogen energy systems have been proposed as an alternative energy source to solve environmental and
the castern Japan great carthquake of 2011. However, it has been reported that the strength properties of
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materials that are directly exposed to high-pressure hydrogen gas are degraded. This problem is known as hydrogen
embrittlement. The effects of hydrogen on fatigue crack growth properties within the low and middle stress intensity
factor ranges have been investigated. [1, 2] The findings of these studies have provided important insights that can be
used to inform the design of hydrogen-related devices for a future hydrogen economy. Hydrogen pre-charging was
reported to increase the fatigue crack growth acceleration rate of 0.08 mass%C ferritic—pearlitic carbon steel JIS-SGP,
compared with the uncharged specimen [1]. The effect of hydrogen on fatigue crack growth rate was related to the test
frequency; however, the enhancement in rate acceleration due to hydrogen reached an approximately 10 times rate, which
should be an upper bound on the acceleration of fatigue crack growth by hydrogen. Another study indicated that the
upper bound of fatigue crack growth acceleration in JIS-SM490B under a high-pressure hydrogen gas atmosphere is 30
times for hydrogen gas pressures less than 45 MPa [2]. These upper bounds have been used to predict fatigue life for the
design of hydrogen-related devices. In addition, hydrogen was reported to have little effect on the fatigue limits of lower-
hardness materials (HV < 200), such as carbon steel, whereas for materials with higher hardness (HV = 200), hydrogen
decreased the fatigue limit by 25 % [3]. Previous review articles on the effects of internal hydrogen on fatigue properties
mainly discussed low hydrogen contents. However, the fatigue data for high hydrogen contents are important for the
design of hydrogen-related devices. The effects of larger amounts of hydrogen on the crack growth rate and fatigue limit
have not been studied because the hydrogen contents of BCC materials precharged with hydrogen are small. According to
recent studies, hydrogen diffuses to and concentrates at fatigue crack tips. Therefore, it is important to clarify the effects
of larger amounts of hydrogen during the design stage of a hydrogen-related device. According to a previous study by the
authors using prestrained carbon steels, hydrogen content increases with the prestrain [4]. Furthermore, for torsional
prestrained JIS-S25C steel (hereafter S25C steel) specimens, it is possible to introduce a larger amount of hydrogen into
carbon steel (up to 35 mass ppm) than that into the tensile prestrained material. Therefore, in this study, the effects of
large amounts of hydrogen on fatigue crack growth and fatigue limit were investigated using two carbon steels (JIS-S10C
and JIS-S25C steels, hereafter S10C and S25C steels).

MATERIALS AND EXPERIMENTAL METHODS

compositions and Vickers hardness values (indentation force, 9.8 kN; holding time, 30 s; number of measured
points, 20) of the steels. Heat treatment was conducted for 1 h at 920 °C (S10C steel) or 900 °C (S25C steel). The
Vickers hardness was HV = 97.8 for S10C steel and HV = 129 for S25C steel. Fig. 1 shows the shapes and dimensions of
the rotating bending fatigue test and hydrogen measurement test specimens. Fig. 2 shows the results of torsional prestrain
testing. After polishing with #2000 emery paper, all specimen surfaces were finished by buffing. The specimens were then

T he materials used in this study were ferritic—pearlitic carbon steels S10C and S25C. Tab. 1 shows the chemical

subjected to torsional prestrain testing to yield torsional prestrained specimens. The specific angles of twist (Gh) ranged
from 0 to 45.0 deg/mm for S10C steel and from 0 to 20.0 deg/mm for S25C steel. After testing, the prestrained
specimens were finished by rebuffing, and small holes with diameters of 500 um and depths of 500 um were introduced
into the rotating bending fatigue test specimens.

C Si Mn P S HV
0.10 0.17 0.36 0.09 0.17 97.8

(a) S10C steel

C Si Mn P S HV
0.22 0.20 0.39 0.010 0.018 125

(b) S25C steel

Table 1: Chemical compositions (mass %) and Vickers hardness values of the experimental steels.

Rotating bending fatigue tests were conducted at room temperature in air. Cracks were obsetved using the replica method,
and the crack lengths (22) were measured. Hydrogen was charged into the virgin and torsional prestrained specimens of
S10C and S25C steels using the cathodic charge method with a platinum electrode at a cutrent density of 100 A/m? in an
aqueous solution of H>SO4 (pH 2.0) at 313 K for 24 h. Hydrogen content was previously confirmed to be saturated in
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each specimen. Hydrogen content was measured using gas chromatography thermal desorption analysis (TDA). The rate
of temperature increase was 0.028 °C/s. During hydrogen charging, the areas of fatigue cracking and small artificial holes
were locally protected to prevent corrosion. After removing the protection, rotating bending fatigue tests were conducted
for both specimens (S10C and S25C steels) at test frequencies of /= 1.6-3.2 Hz, corresponding to stress amplitudes of o,
= 250 MPa. The fatigue tests at fatigue limit were conducted at /= 30 Hz and o, = 150 MPa for S10C torsional

prestrained (Gyre = 45.0 deg/mm) steel and at /= 30 Hz and o, = 135 MPa for S25C torsional prestrained (G = 20.0
deg/mm) steel. The stress intensity factor was calculated according to the handbook [5].
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Figure 1: The shapes and dimensions of specimens (mm).
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Figure 2: Relationship between torque and specific angle of twist.

RESULTS AND DISCUSSION

Effect of torsional prestrain on hydrogen entry properties
ig. 3 shows the TDA hydrogen release profiles during continuous heating of hydrogen-precharged S10C and S25C
F specimens. As shown in Fig. 3(a), the hydrogen desorption peaks were located at around 100-150 °C for virgin
and prestrained specimens for both S10C and S25C steels. The height of the peak increases with the prestrain due
to the increasing density of dislocations, which act as hydrogen trap sites. Hydrogen released from around 20-200 °C is
classified as diffusible hydrogen and causes hydrogen embrittlement because hydrogen can diffuse to crack tips or regions

of stress concentration [6]. Small peaks corresponding to the so-called non-diffusible hydrogen were observed at
temperatutes close to 300 °C.
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Fig. 4 shows the relation between hydrogen content (Cn) and equivalent prestrain at the specimen surface (&) along with
the specific angle of twist (Ghe). Previous results [4] for S25C steel are also included in Fig. 4. Hydrogen content increased
with the prestrain. Compared with that of S25C steel, Ci of S10C steel is smaller at the same torsional prestrain due to the
difference in the fraction of peatlite. As shown in Fig. 4, S10C steel has a higher ductility than S25C steel; thus, higher
prestrain can be introduced into S10C steel. However, no clear difference in the maximum hydrogen contents in torsional
fracture specimens between S10C and S25C steels exists. In S25C steel, for G = 25.0 deg/mm, some cracks are initiated
during the introduction of torsional prestrain. In contrast, for the prestrained S10C steel specimen, few cracks are initiated,
even when Gy = 45.0 deg/mm. Therefore, a fatigue test with a hydrogen-precharged specimen containing a large
hydrogen content (Cu = 36.7 mass ppm) could be conducted using torsional prestrained (Gyre = 45.0 deg/mm) S10C steel.
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Figure 3: TDA hydrogen release profiles during continuous heating of hydrogen-precharged S10C and S25C specimens. Gh.: Specific
angle of twist.
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Figure 4: Relationship between hydrogen content and &.qy.

Effects of a large amonnt of hydrogen on the fatigue property of carbon steel

Fig. 5 shows the relations between the number of cycles to failure (INg) and equivalent strain at the specimen surface (&qy).
The uncharged virgin specimen fractured after 3.67 X 104 cycles, whereas the fatigue lives of both S10C and S25C steels
increased with the torsional prestrain due to work hardening. However, in specimens precharged with hydrogen, fatigue
life decreased with increasing prestrain. Fig. 6 shows the relations between crack length (242) and number of cycles (IN) for
S10C and S25C steels. With respect to crack initiation, there is no obvious difference between the uncharged and
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hydrogen-precharged specimens in spite of the large amount of hydrogen introduced by torsional prestrain. For the virgin
specimen, hydrogen does not affect crack growth or initiation. However, for all torsional prestrained specimens, the
presence of hydrogen accelerated crack growth; thus, the N values of torsional prestrained specimens precharged with

hydrogen were clearly decreased.
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Figure 5: Relations between number of cycles to failure and &q.
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Figure 6: Relations between crack length and number of cycles. Ghe: Specific angle of twist.

Effects of a large amount of hydrogen on the fatigne crack growth acceleration rate of carbon steel
Fig. 7 shows the relation between fatigue crack growth rate (da/dN) and stress intensity factor range (4K) for S10C steel.
For the virgin material, no obvious effect of hydrogen on the fatigue crack growth rate was observed. For torsional

prestrained materials, the acceleration ratios {(da/dN)u/(da/dN)u} wete estimated, where (da/dN)nu tepresents the value
of da/dN for the hydrogen-prechatged specimen, and (da/dN)u is the da/dIN for the uncharged specimen. For instance,
when Gy = 15.0 deg/mm, {(de/dN)u/(da/dN)u} = 4 at AK = 15 MPaVm, indicating that the fatigue crack growth rate
of the hydrogen-precharged specimen is 4 times higher than that of the unchatrged specimen. For 6. = 30.0 deg/mm,
{(da/dN)u/(da/dN)u} = 13 at AK = 15 MPaVm. These results show that the fatigue crack growth rate of hydrogen-
precharged materials increases with the hydrogen content (Cp). For Ge = 45.0 deg/mm the results wetre drown by dot
lines at positions apart far from other prestrained specimens. {(da/dN)i/(da/dN)u} for Gy = 45.0 deg/mm was about
16 at AK = 15 MPaVm, which is almost the same as that obtained for Gore = 30.0 deg/mm. Fig. 8 shows the relation
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between fatigue crack growth rate (da/dN) and stress intensity factor range (AK) for S25C steel. S25C steel exhibits similar

tendencies in the acceleration and saturation of fatigue crack growth rate in the Gy tange of 0-20.0 deg/mm.

Based on these results, Fig. 9 shows the relation between {(da/dN)u/(de/dN)u} and Cu. The fatigue crack growth
acceleration rates of S10C and S25C steels do not increase, even when Cp exceeds 10 mass ppm. This indicates that
{(da/dN)u/(da/dN)u} has an upper bound estimated to be in the range of about 30 for both S10C and S25C steels.

At this point, the effects of hydrogen precharging on fatigue crack growth rate have been reported in the previous studies.
In case of 0.08 mass%C ferritic—pearlitic carbon steel (Cy = 1.0 mass ppm), for /< 0.01 Hz, the fatigue crack growth
acceleration rate {(da/dN)u/(de/dN)u} = 10 [1]. Tanaka et al. [7] reported a {(da/dN)u/(da/dN)u} upper bound of 30
for Ct—Mo steel, JIS-SCM435, (HV = 330; Cu = 0.24-0.59 mass ppm). Previous studies indicate that the maximum upper
bound of {(de/dN)u/(da/dN)u} is about 30 for small hydrogen contents. In this study, even for large hydrogen contents,
the maximum upper bound remained at around 30.

The upper bound value found in this study can be used as one parameter in the design of hydrogen-related devices.
Futther investigation is important to consider {(da/dN)u/(da/dN)u} at lower frequencies.
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Figure 7: Relations between fatigue crack growth rate and stress intensity factor range in S10C steel. G, Specific angle of twist.
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Elffects of a large amount of hydrogen on the fatigne limit of carbon steel

Fig. 10 shows the relation between da/dIN and N, while Fig. 11 shows the relation between the residual hydrogen content
(diffusible hydrogen content) in the specimen and time, following the first hydrogen charging of the torsional prestrained
(Gpre = 45.0 deg/mm) S10C steel and (Gpe = 20.0 deg/mm) S25C steel. The results shown in Fig. 11 were obtained by
measuring the hydrogen content of the hydrogen measurement specimen (Fig. 1(b)) used for TDA at 30 °C and heated to
520 °C after 48 h. The hydrogen content values during the fatigue test shown in Fig. 10 were calculated using the results
given in Fig. 11. The fatigue test of the torsional prestrained (Gyre = 20.0 deg/mm) uncharged S25C specimen was first
conducted at 0; = 135 MPa. Under this condition, a non-propagating crack was observed at the edge of the artificial small
hole, and the fatigue crack growth rates were da/dIN = 2.0 X 10711 m/cycle at N = 8-9 X 106 cycles and da/dN = 4.1 X
10~ m/cycle at N = 9-10 X 106 cycles. Hence, da/dN = 2.0 X 107! to 4.1 X 10! m/cycle was defined as the threshold
da/dN value between non-propagation and propagation in this papet. After hydrogen charging, the obsetved da/dN was
greater than 10710 m/cycle, indicating crack propagation. Following this propagation, da/dN then decreased to 3.8 X 10711
m/cycle, while the estimated hydrogen content decteased to 7.1—4.2 mass ppm. Then, the same specimen was hydrogen
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charged for a second time with almost the same amount of hydrogen as in the first charging, as was previously confirmed.
At the beginning of the repeat fatigue test, da/dIN was 5.2 X 1071 m/cycle, which is slightly higher than the 4.1 X 10-11
m/cycle threshold value, indicating crack propagation. However da/dN then decteased to 1.0 X 107! m/cycle and crack
propagation was not clearly observed; this was accompanied by a decrease in hydrogen content to less than 4.8 mass ppm.
Hence, it was presumed that hydrogen enhances the growth of a non-propagating crack.

However, in the case involving hydrogen content of less than 4.8 mass ppm, the non-propagating crack was not caused to
propagate by the hydrogen. The explanation for this behavior is that, as the hydrogen was released into the atmosphere
during the test, there was insufficient contained hydrogen for enhancement of the fatigue crack growth. At the end of the
S25C steel fatigue test, crack propagation occurred at a lower hydrogen content. It is possible that small cracks initiated by
the introduction of the torsional prestrain grew in locations other than the main crack site, and all of these cracks then
coalesced. For a hydrogen content range of 4.8 to 1.4, the main crack did not propagate at the surface, however it was
presumed that the small cracks propagated and coalesced with the main crack at a subsurface. Then, the main crack finally
exhibited propagation at a lower hydrogen content, due to coalescence between the small cracks and the main crack. Thus,
in the case involving hydrogen content of less than 4.8 mass ppm, the hydrogen itself did not enhance the main crack
growth.

A similar fatigue test of torsional prestrained (G = 45.0 deg/mm) S10C steel was conducted at o, = 150 MPa. A non-
propagating crack also occurred at the edge of the artificial small hole in the absence of hydrogen. The fatigue crack
growth rates were da/dN = 4.5 X 1071 m/cycle at N = 8-9 X 106 cycles and da/dN = 2.3 X 101 m/cycle at N = 9-10
X 106 cycles, which is almost identical to the defined da/dN threshold for a non-propagating crack for S25C steel. In the
S10C steel case, secondary hydrogen charging was not conducted, because the hydrogen content was high (5.8 mass ppm),
even after 5 X 106 cycles of the fatigue test.

At the beginning of the fatigue test of the hydrogen-charged S10C specimen, da/dN was greater than 1071 m/cycle,
indicating crack propagation. Fig. 10 shows that da/dN was decreased by increases in both time and N, while Fig. 12
shows photographs of the crack for N = 1.10 X 107 and 1.24 X 107 cycles after hydrogen charging of the S10C steel.
Crack propagation was only clearly observed in this specimen. In the S10C prestrained specimen case, the hydrogen
content was higher than that of the S25C prestrained specimen. However, crack propagation was arrested at a hydrogen
content value of 15.6 to 10.7 mass ppm. Hence, 15.6 mass ppm hydrogen is the threshold value beyond which hydrogen
enhances the propagation of an arrested crack. It has been reported that the fatigue limit of carbon steel with HV =< 200 is
not reduced by hydrogen (S25C steel; HV = 129; Ciy = 0.31 mass ppm) [3]. However, in the presence of higher hydrogen
content, it is possible for hydrogen to enhance the propagation of an arrested crack even for these metals, as large
amounts of hydrogen decrease the fatigue limit.

It seems that the difference in the hydrogen content threshold values for S10C (15.6 mass ppm) and S25C (4.8 mass ppm)
steels is due to the densities of the small cracks initiated during the torsional prestraining. Because the peatlite content of
S25C steel is greater than that of S10C, a greater number of pearlite cracks were initiated for S25C steel than for S10C.
This problem requires more investigation, in order to clarify the effects of the small cracks initiated during torsional
prestraining on the non-propagating crack.

Loading axis
direction

(@) N=1.10 X 107 (Cyuz = 15.6 mass ppm) (b) N = 1.24 X 107 (Gug = 10.7 mass ppm)

Figure 12: Non-propagating crack (S10C; G = 45.0 deg/mm; o, = 150 MPa; /= 30 Hz). G..: Specific angle of twist. Cr: Hydrogen
content by the equations in Fig. 11.
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CONCLUSIONS

(JIS-S10C and JIS-S25C steels) were investigated. The following conclusions were obtained.

1. Hydrogen content increased with the torsional prestrain for both S10C and S25C steels. The hydrogen
content of hydrogen-precharged torsional prestrained S10C steel was lower than that of S25C steel at the same
torsional prestrain. No clear difference in the maximum hydrogen contents between the hydrogen-precharged
torsional fractured specimens of S10C and S25C steels existed.

2. With respect to crack initiation, there was no obvious difference between the uncharged and hydrogen-precharged
specimens in spite of the large amount of Cy induced by torsional prestrain. The acceleration of fatigue crack growth
by hydrogen was the main cause of the decreased fatigue life.

3. For the virgin material, no obvious effect of hydrogen on the fatigue crack growth rate was observed. In contrast, for
torsional prestrained materials, the acceleration ratios, {(da/dN)u/(da/dN)u}, increased with the torsional prestrain
and hydrogen content. Howevet, an uppet bound of {(de/dN)u/(da/dN)u} of approximately 30 was obsetrved, even
when large amounts of hydrogen were charged (10.0 < Cy < 30.3 mass ppm).

4. A hydrogen content threshold was found; hydrogen content above this limit enhances the growth of the non-
propagated crack, even for metals with lower hardness (HV < 200).

T he effects of hydrogen on the fatigue crack growth rates of torsional prestrained ferritic—pearlitic low-carbon steels
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