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The difference in the hydrogen charging methods, immersion in a NH4SCN aqueous solution,
and cathodic electrolysis in a NaOH aqueous solution, did not affect the hydrogen state present
in the steel, but it did affect the surface state of the specimens through corrosion, causing
fracture strength to fluctuate in tensile testes. As for stress application method, the fracture
strength at lower crosshead speeds in tensile tests was consistent with that found for hydrogen
precharging prior to stress application in CLTs as long as hydrogen charging was conducted by
cathodic electrolysis. However, the fracture strength obtained with concurrent hydrogen
charging without precharging prior to stress application in CLTs was higher than that with
hydrogen precharging prior to stress application in CLTs regardless of the same hydrogen
content. In other words, delayed fracture susceptibility was affected by the order of hydrogen
charging and stress application for quasi-cleavage fracture associated with local plastic
deformation, i.e., dislocation motion. Therefore, by taking into account the cathodic electrolysis
in the NaOH solution, the low crosshead speed and the order of hydrogen charging and stress
application, the fracture strength in CLTs, and tensile tests coincided with respect to

quasi-cleavage fracture even though the stress application methods were different.
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I. INTRODUCTION

A method for evaluating delayed fracture suscepti-
bility has to be established for applying high-strength
steels more widely in order to assess the safety of such
steels in actual environments and develop steels with
lower delayed fracture susceptibility. A number of
evaluation methods have been proposed so far.l' ! They
can be categorized as providing either a relative or an
absolute evaluation. The former type of evaluation can
determine only the comparative merits of different kinds
of steels, whereas the latter type can estimate the lifetime
of steels in actual environments and assess whether they
can be used or not. Both relative and absolute evalu-
ation methods require hydrogen charging in a labora-
tory and the application of stress for accelerating
delayed fracture, which can occur in a few months to
a couple of decades in an actual environment.[®!

Widely used methods of hydrogen charging include
immersion in HCl or NH4SCN aqueous solution,
cathodic electrolysis, and exposure in a high-pressure
hydrogen gas atmosphere. Regardless of the type of
hydrogen charging method used, the states of hydrogen
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present in steels are identical under the same charging
temperature and hydrogen content.”®! However,
immersion methods change the surface states of steels!®
and cause the blunting of notches!® due to corrosion and
dissolution, which affect fracture strength in delayed
fracture tests. Hydrogen charging and stress application
procedures differ among researchers. Some researchers
start hydrogen charging followed by the simultaneous
application of constant stress,” ie., hydrogen is
absorbed after almost all mobile dislocations have
slipped and piled up; other researchers precharge
hydrogen prior to starting stress application,””! i.e.,
almost all mobile dislocations slip in the presence of
hydrogen. Although this difference may affect fracture
strength, its effect has not been well understood.

As for stress application, both static stress and
dynamic stress have been widely applied. Examples of
static stress application include a constant load test
(CLT)P*1% and a U-bending test.’) Examples of
dynamic stress applied in tensile testsi*'"'? at constant
strain rates include a slow strain rate tensile test
(SSRT)™™ and a conventional strain rate tensile
test,l'"'?l which have been proposed as methods for
evaluating delayed fracture susceptibility. Ensuring the
consistency of fracture strength between static and
dynamic methods is a critical issue. Terasaki and
Tsuzaki have reported that CLT results coincide with
those of SSRTs,!'*! while another study has reported
inconsistencies.'¥ Since the experimental conditions
such as materials, hydrogen charging methods, stress
application methods, and experimental procedures used
in previous studies differed among research
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organizations, the essential reasons for the differences
among the reports remain unclear. Clarifying the
conditions consistent between SSRTs and CLTs would
be valuable in discussing the results reported by various
research organizations in the future.

In addition to hydrogen charging and stress applica-
tion methods, the fracture modes of evaluated steels can
also affect the results of delayed fracture tests. In
general, steels with high strength and high delayed
fracture susceptibility tend to exhibit intergranular
fracture due to hydrogen; steels with relatively low
strength and low delayed fracture susceptibility show
quasi-cleavage fracture, which Isaro71]3agates transgranu-
larly through lath boundaries.">'” Three-point bend-
ing tests have shown that quasi-cleavage cracks initiate
at notch tips where local strain is maximum, whereas
intergranular fracture initiates slightly inside notch tips
where local stress is maximum.!'®'”! These results
suggest that strain-controlled fracture leads to the
quasi-cleavage mode and that stress-controlled fracture
leads to the intergranular mode. In other words,
quasi-cleavage and intergranular fractures seem to be
caused by different fracture mechanisms. Assuming that
the mechanisms are different, we have to discuss the
evaluation methods separately between the two fracture
modes since the effects of the test conditions on the
delayed fracture results probably differ between the
modes.

In the present study, tempered martensitic steel
containing a high silicon content of 1.67 mass pct,
which exhibits mainly quasi-cleavage fracture due to
hydrogen, was employed as test specimens. The effects
of hydrogen charging and stress application methods on
delayed fracture susceptibility were investigated. With
regard to hydrogen charging, immersion in a NH4SCN
aqueous solution and cathodic electrolysis were com-
pared. For the stress application methods, fracture
strengths in CLTs as one type of static test and in tensile
tests as one type of dynamic test were compared. The
effect of precharging, i.e., the effect of the order of
hydrogen charging and stress application on fracture
strength, was investigated.

II. EXPERIMENTAL
A. Materials

Tempered martensitic steel was prepared for use as
test specimens. Table I shows the chemical composition
of the tested steel. Round bar specimens with a diameter
of 5.0 mm were induction quenched and tempered, as
shown in Figure 1. The tensile strength and a 0.2 pct
proof stress were 1446 and 1421 MPa, respectively. The
precipitated carbide particles were very fine because of

Table I. Chemical Compositions of Tested Steel (Mass
Percent)

C Si Mn P S Cu Ti
0.32 1.67 0.75 0.014 0.005 0.01 0.02
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the high silicon content of 1.67 mass pct. Hence, the
fracture mode under hydrogen charginfg was not inter-
granular, but mainly quasi-cleavage.'"¥ For delayed
fracture susceptibility tests, the specimens were notched
circumferentially after induction heating, as shown in
Figure 2. The depth of the notch was determined as 0.4
mm on the basis of the depth data of pits formed by
atmospheric corrosion.

B. Hydrogen Charging and Hydrogen Analysis

The specimens were charged with hydrogen by
immersion and cathodic electrolysis methods. Prior to
hydrogen charging, the specimen surface was polished
with #800 emery paper to remove the oxidized scale
formed during heat treatment. For the immersion
method, the specimens were immersed in a 7 mass pct
NH4SCN aqueous solution kept at a temperature of
303 K (30 °C) for 72 hours. For the cathodic electrolysis
method, the specimens were charged with hydrogen at a
current density of 8 A m 2 in a 0.1 N NaOH aqueous
solution kept at 303 K (30 °C) and containing a
NH,SCN additive of 3 g L™'. The charging time was
determined as 72 hours so as to reach an equilibrium
hydrogen concentration at both the surface and center
of the specimens. These charging conditions provided an
equilibrium hydrogen concentration of approximately
1 mass ppm in the steel specimens.

The hydrogen content and state were analyzed by
thermal desorption analysis (TDA) using a gas chro-
matograph at a heating rate of 100 K h™! in the
temperature range from room temperature to 573 K
(300 °C). A standard gas mixture of Ar + 50 vol. ppm of
H, was used for calibration of the hydrogen concentra-
tion. Before TDA, the specimens were polished with
#800 emery paper to remove corrosion products so that
the surface was uniform.

C. Delayed Fracture Susceptibility

Tensile tests and CLTs were employed as the evalu-
ation methods for delayed fracture susceptibility. Prior
to the tensile tests, the specimens were precharged with
hydrogen by the immersion and cathodic electrolysis
methods for 72 hours under the conditions described in
Section II-B. Hydrogen charging was conducted con-
currently during the tensile tests in order to prevent
hydrogen evolution, and the tensile tests continued until
fracture occurred. The crosshead speeds used in the
tensile tests varied from 0.05 to 20 mm min~'. Nominal
stress (o) was defined as ¢ = F/A,;,, where F is the
tensile load and A,,;, is the initial net cross-sectional
area of the notch in the specimen. In the CLTs, the
specimens were precharged with hydrogen for 72 hours
under the same charging conditions as in the tensile
tests, followed by the application of constant tensile
stress. Hydrogen charging was continued during the
application of stress in order to prevent hydrogen
evolution. In contrast, CLTs without precharging, i.e.,
stress application and hydrogen charging began at the
same time, were also conducted to ascertain the effect of
hydrogen precharging on fracture strength. More
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Fig. 2—Geometry and dimensions of a notched specimen for tensile
testing.

precisely, hydrogen charging was begun a few seconds
after starting to apply stress. Constant nominal stresses
from 295 to 1595 MPa were applied in the CLTs, and
the time to fracture was recorded. The delayed fracture
strength, assumed to correspond to delayed fracture
susceptibility, was defined as the maximum stress
without fracture within 100 hours. To determine the
maximum stress without fracture, CLTs were conducted
at least three times under applied stress and it was
affirmed that all the specimens did not fracture.

III. RESULTS

A. States of Hydrogen Present in Specimens and Surface
States of Specimens

Hydrogen desorption profiles and hydrogen contents
of the specimens charged with hydrogen by the immer-
sion and cathodic electrolysis methods are shown in
Figure 3. The peak temperatures at 383 K (110 °C) and
desorption temperature ranges of hydrogen were the
same for both methods. This result indicates that the
states of hydrogen present in the specimens were
identical even though different hydrogen charging meth-
ods were em7ployed, which is consistent with the previ-
ous papers.l”®) The hydrogen contents charged by the
immersion and cathodic electrolysis methods under the
conditions used were measured to be 1.3 and 0.9 mass
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Fig. 3—Thermal desorption profiles and hydrogen contents of speci-
mens after hydrogen charging by immersion or cathodic electrolysis.
Immersion took place in a 7 mass pct NH4SCN solution at 303 K
(30 °C) for 72 h. Cathodic electrolysis was performed at a current
density of 8 A m~2 in a 0.1 N NaOH solution kept at a temperature
of 303 K (30 °C) and containing a NH,SCN additive of 3 g L™

Fig. 4—Photographs of specimen surface: (a) before hydrogen charg-
ing, (b) after immersion in a 7 mass pct NH4SCN solution at 303 K
(30 °C) for 72 h, and (c) after cathodic electrolysis at a current den-
sity of 8 Am~2in a 0.1 N NaOH solution kept at a temperature of
303 K (30 °C) and containing a NH,SCN additive of 3 g L™,

ppm, respectively. The scattering of the hydrogen
concentration under the same charging condition was
£0.15 mass ppm.

Figure 4 shows the photographs of specimen surfaces:
(a) before hydrogen charging, (b) after immersion, and
(c) after cathodic electrolysis. A metallic luster was
observed on the specimen surfaces both (a) before
hydrogen charging and (c) after cathodic electrolysis. In
contrast, the specimen surface (b) after immersion lost
its luster and was covered with a black corrosion
product that was found by analysis to consist of Fe,
0, and S.® Scanning electron micrographs of specimen
surfaces at the notches (a) before hydrogen charging, (b)
after immersion, and (c) after cathodic electrolysis are
shown in Figure 5.

Macroscopically, the curvatures of the notches seem
to be the same among the three specimens. Microscop-
ically, however, circumferential tool marks were
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Fig. 5—Scanning electron micrographs in the vicinity of the notches of specimens: (a) before hydrogen charging, (b) after immersion in a 7 mass
pct NH4SCN solution at 303 K (30 °C) for 72 h, and (c) after cathodic electrolysis at a current density of 8 A m 2 in a 0.1 N NaOH solution
kept at a temperature of 303 K (30 °C) and containing a NH,SCN additive of 3 g L™,

observed as the vertical lines in Figure 5 on the notch
surfaces (a) before hydrogen charging and (c) after
cathodic electrolysis. This indicates that cathodic elec-
trolysis in a NaOH aqueous solution does not change
the surface state. In contrast, the tool marks disap-
peared on the notch surface (b) after immersion, and
small bumps formed on the surface owing to the
dissolution of iron.

In summary, the curvatures of notches did not change
macroscopically during hydrogen charging by the two
methods of immersion and cathodic electrolysis. How-
ever, the immersion method caused microscopic changes
in the specimen surface state owing to the dissolution of
iron. Hence, delayed fracture tests using the immersion
method can evaluate not only the effect of hydrogen but
also the effect of the change in the surface state, whereas
the cathodic electrolysis method in a NaOH aqueous
solution enables only an evaluation of the simple effect
of hydrogen since this method does not affect the
specimen surface.

B. Tensile Test with Precharging

Stress—displacement curves obtained in tensile tests of
specimens notched circumferentially with/without hydro-
gen charging at various crosshead speeds are shown in
Figure 6. Hydrogen precharging was carried out for
72 hours followed by a tensile test concurrently with
hydrogen charging using the cathodic electrolysis method
ata current density of 8 A mina 0.1 N NaOH solution
kept at a temperature of 303 K (30 °C) and containing a
NH,SCN additive of 3 g L™'. The maximum stress was
defined as the fracture strength. The effect of hydrogen on
the fracture strength and elongation was the smallest at a
high crosshead speed of 20 mm min~' and the fracture
strength of specimens charged with hydrogen decreased
with decreasing crosshead speed.

Figure 7 shows the relationship between the fracture
strength with/without hydrogen charging and the cross-
head speed in tensile tests of the notched specimens. The
crosshead speeds were varied from 0.005 to 20 mm min .
The fracture strengths of uncharged notched specimens
remained constant over various crosshead speeds, whereas
the fracture strength of specimens charged by cathodic
electrolysis decreased with decreasing crosshead speed in
the range from 20 t0 0.02 mm min~'. Ata crosshead speed
of 0.005 mm min ', there are two plots (n = 2). When a
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Fig. 6—Stress—displacement curves in tensile testing of notched spec-
imens at various crosshead speeds. Hydrogen precharging was con-
ducted by cathodic electrolysis at a current density of 8 A m~2 in a
0.1 N NaOH solution kept at a temperature of 303 K (30 °C) and
containing a NH,SCN additive of 3 g L™,
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Fig. 7—Relationship between fracture strength and crosshead speed
in tensile testing of notched specimens. Hydrogen charging was con-
ducted by immersion in a 7 mass pct NH4SCN or by cathodic elec-
trolysis at a current density of 8 A m 2 in a 0.1 N NaOH solution
kept at a temperature of 303 K (30 °C) and containing a NH4;SCN
additive of 3 g L™

line is connected between the average of those two fracture
strengths and the fracture strength at a crosshead speed of
0.01 mm min ", the line is horizontal. Hence, the fracture
strength remained constant below a crosshead speed of
0.02 mm min~'. When the immersion method was
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employed, a similar tendency was observed. However, the
fracture strength fluctuated and the relationship between
the fracture strength and the crosshead speed showed less
correlation. Hence, fracture strength was not necessarily
the same between the two hydrogen charging methods
even though the specimens, hydrogen content, and hydro-
gen state were almost the same.

Scanning electron micrographs of the specimen sur-
faces fractured in tensile tests during hydrogen charging
by (a) immersion and (b) cathodic electrolysis are shown
in Figure 8. The specimens in both (a) and (b) showed
mainly quasi-cleavage fracture, which included a small
part of intergranular fracture. There was no difference
between the two fracture surfaces regardless of the
difference in hydrogen charging methods.

C. Constant Load Test with Precharging

The fracture strength and fractography obtained in
CLTs were compared with those obtained in tensile
tests. In this section, only cathodic electrolysis was
employed since it did not affect the surface state of the
specimens and allowed a comparison of the net effect of
the stress application methods. The hydrogen charging
conditions in the CLTs were the same as in the tensile
tests. Figure 9 shows the relationship between the
applied constant stress and the time to fracture in CLTs
with hydrogen precharging for 72 hours. Some speci-
mens did not fracture, even though constant stress of
1595 MPa was applied, while others soon fractured at
applied stress of 1377 MPa. The delayed fracture
strength at which fracture did not occur within
100 hours was found to be 1160 MPa. This stress level
was nearly equal to the fracture strength of 1184 MPa
that was obtained in tensile tests conducted at lower
crosshead speeds below 0.02 mm min~', as shown in
Figure 7.

Figure 10 shows the macroscopic fracture surfaces of
the hydrogen-charged specimens after CLTs or tensile
tests, as observed by SEM. The hatched area was a
brittle-like fracture surface, i.e., quasi-cleavage (QC) or
intergranular (IG). The other area was a ductile fracture
surface, i.e., dimple pattern. The brittle area was very
small on the fracture surface after tensile tests conducted
at a high crosshead speed of 20 mm min~'. This is

consistent with the observation that fracture strength
did not decrease at a high crosshead speed of
20 mm min~' even though specimens had the same
hydrogen content. As the crosshead speed decreased, the
brittle area increased. The distribution of the brittle area
in the fracture surface after CLTs under 1377 MPa was
similar to that after tensile tests at a low crosshead speed
of 0.02 mm min~'. The fracture strengths were almost
the same for the specimen at 0.02 mm min~"' and that of
CLT as shown in Figures 7 and 9. These similarities
indicate that the fracture process was the same between
SSRTs and CLTs, although the stress application modes
were different.

Microscopic fracture surfaces after CLTs and tensile
tests at a low crosshead speed of 0.02 mm min~' are
shown in Figure 11, as observed by SEM. Both fracture
surfaces showed mainly quasi-cleavage fracture, which
partially included intergranular fracture.

Thus, stress application methods with precharging did
not affect the fracture strength and fracture surface
when the material and hydrogen content were the same,
and cathodic electrolysis, which does not affect the
surface state, was employed for hydrogen charging.

D. Constant Load Test Without Precharging

Figure 12 shows the relationship between the applied
constant stress and the time to fracture in CLTs when
hydrogen precharging was not conducted, i.e., hydrogen
charging and constant stress application commenced at
the same time. More precisely, hydrogen charging was
begun a few seconds after starting to apply stress. Even
when tensile stress of 1595 MPa was applied, the
specimens charged with hydrogen did not fracture even
after more than 100 hours for both hydrogen charging
methods. Since no fracture occurred, the delayed frac-
ture strength could not be determined. However, it was
not less than 1595 MPa, which was at least 435 MPa
higher than that (1160 MPa) in CLTs with hydrogen
precharging (Figure 9). The minimum fracture strength
in tensile tests, Opren.ssrr, (Figure 7), the delayed
fracture strength of precharged specimens in CLTs,
opret-cLT, (Figure 9) and the delayed fracture strength
in CLTs without precharging, ocrr, (Figure 12) are
summarized in Figure 13.

Fig. 8—Microscopic fracture surfaces in the vicinity of the notch root after tensile testing at a crosshead speed of 0.02 mm min~'. Hydrogen

charging was conducted by (@) immersion and (b) cathodic electrolysis.
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In conclusion, the fracture strength in CLTs and the
fracture strength in tensile tests at lower crosshead
speeds were almost the same under the following
conditions: hydrogen precharging and also charging
during stress application were conducted by cathodic
electrolysis. It will be noted that hydrogen precharging
had a substantial effect on delayed fracture strength in
CLTs. CLTs without hydrogen precharging resulted in
much larger delayed fracture strength than in CLTs and
tensile tests with hydrogen precharging.

IV. DISCUSSION

A. Effect of Hydrogen Charging Methods on Delayed
Fracture Evaluation

The effects of the hydrogen charging methods on the
results obtained in the delayed fracture tests are dis-
cussed here. The fracture strengths obtained with the
immersion method were more unstable than those
obtained with the cathodic electrolysis method, as
shown in Figure 7. Consequently, fracture strengths
are not necessarily identical between the two hydrogen
charging methods. The fracture strengths obtained with
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Fig. 9—Relationship between applied stress and time to fracture in
CLTs with hydrogen precharging for 72 h. Hydrogen charging was
conducted by cathodic electrolysis at a current density of 8 A m 2 in
a 0.1 N NaOH solution kept at a temperature of 303 K (30 °C) and
containing a NH,SCN additive of 3 g L™,

the immersion method tended to be the same or slightly
higher than those obtained with the cathodic electrolysis
method. The difference in fracture strengths between the
two methods is not ascribed to the hydrogen states and
contents since the hydrogen state was identical and the
hydrogen contents obtained with the immersion method
were the same or higher than those obtained with the
cathodic electrolysis method, as described in Sec-
tion III-A. The NH4SCN aqueous solution used in this
work dissolves iron and forms a corrosion product on
the specimen surface. Though the amount of dissolution
was not large enough to change the shape of the notches,
it was large enough to eliminate the tool marks and
surface roughness, as shown in Figure 5. Though the
corrosion rate was not measured in this study, the
weight loss of steels in a 0.1 mass pct NH4SCN aqueous
solution at a temperature of 298 K (25 °C)!"! and in a
20 mass pct NH4SCN aqueous solution at a tempera-
ture of 323 K (50 °C)1*”! was reported. The weight loss of
steels in a 20 mass pct NH4SCN aqueous solution at a
temperature of 323 K (50 °C) was almost 0.001 g cm >
after 20 hours,”” which was smaller than that in an
aqueous solution of HCI of 3.0 in pH at a temperature
of 298 K (25 °C)"! by nearly one order of magnitude. In
this study, the corrosion rate must be smaller than that
study!”! since a 7 mass pct NH4SCN aqueous solution at
a temperature of 303 K (30 °C) was employed. The
reduction of surface roughness probably led to increased
fracture strength. The surface states probably continued
to change during immersion since corrosion products
cyclically form and peel off due to brittleness.!® Thus,
the unstable fracture strengths obtained with the
immersion method are attributed to unstable surface
states during the tensile tests, whereas the fracture
strengths obtained with the cathodic electrolysis method
were affected by only the hydrogen content as the
surface state did not change. Accordingly, these findings
reveal that the difference in hydrogen charging methods
affected the results of the delayed fracture evaluation;
the fracture strengths obtained with the immersion
method were affected by the hydrogen content and
surface state, while the fracture strengths obtained with
the cathodic electrolysis method were affected only by
the hydrogen content.

CLT

Tensile tests

1377 MPa 0.02 mm*min!

0.1 mm* min! 20 mm*min!

Fig. 10—Macroscopic fracture surfaces after tensile testing or CLTs with hydrogen precharging for 72 h. Hydrogen charging was conducted by

cathodic electrolysis. The area of QC or IG is hatched.
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B. Effect of Stress Application Methods on Delayed
Fracture Evaluation

The effects of the stress application methods on the
results of the delayed fracture tests are discussed here.
For the specimens with hydrogen precharging, the
fracture strength obtained in CLTs was almost identical
to that in tensile tests at lower crosshead speeds below
0.02 mm min ', as shown in Figure 13. Terasaki and
Tsuzakil'¥ reported that the fracture strengths obtained
in SSRTs at lower crosshead speeds below
0.005 mm min~' were consistent with those of CLTs.
They conducted hydrogen precharging and employed a
Cd coating on the specimen surfaces in order to prevent
hydrogen desorption during SSRTs.

With increasing crosshead speed, however, the frac-
ture strengths in tensile tests increased as shown in
Figure 7, i.e., the difference in fracture strengths
between tensile tests and CLTs in Figure 9 increased,
even though the same hydrogen content was charged. At
the highest crosshead speed of 20 mm min ™', in partic-
ular, the fracture strength of the hydrogen-charged
specimens and that of the uncharged specimens were
almost the same. In addition, the area of the brittle
fracture surface decreased with increasing crosshead
speed, as shown in Figure 10. Therefore, the presence of
hydrogen in the specimens did not affect fracture
strength under higher crosshead speeds. These results
indicate that not only the presence of hydrogen but also
the microscopic changes in the steel caused by the lower
crosshead speeds probably played an important role in
delayed fracture. The factors considered regarding the
crosshead speed dependence of fracture strength are as
follows:

(A) Increment in total equilibrium hydrogen concen-
tration caused by the longer testing time of the
tensile tests.

(B) Increment in local equilibrium hydrogen concen-
tration at a notch tip by stress-driven diffusion.

(C) Hydrogen transportation from external environ-
ment to fracture process zone.

(D) Segregation of hydrogen transported by disloca-
tions.

(E) Formation of lattice defects enhanced by hydro-
gen and strain.

With regard to the possibility of factor (A), the testing
time to fracture increased at lower crosshead speeds.
Accordingly, the hydrogen content at the moment of
fracture may have increased with decreasing crosshead
speed since the tensile tests were conducted with
concurrent hydrogen charging. In order to validate
factor (A), the hydrogen contents after tensile tests were
measured by TDA. The hydrogen contents before and
after tensile tests at the lowest crosshead speed of
0.005 mm min~' were measured to be 0.9 and 0.8 mass
ppm, respectively. The reason for no increase in the
hydrogen content was probably due to the hydrogen
precharging time of 72 hours, which was long enough
for hydrogen to reach an equilibrium condition from the
surface to the center of the specimen. Thus, the
possibility of factor (A) can be omitted.

As for factor (B), a high stress concentration in the
vicinity of the notch root probably caused hydrogen
accumulation since elastic stress increases the chemical
potential, resulting in an increment in the local equilib-
rium hydrogen concentration in the vicinity of the notch
root. Since lower crosshead speeds provide time for
stress-driven diffusion of hydrogen, fracture strength
will decrease with lower crosshead speeds.! Hence,
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Fig. 12—Relationship between applied stress and time to fracture in
CLTs without hydrogen precharging. Hydrogen was concurrently
charged by immersion in a 7 mass pct NH4SCN or by cathodic elec-
trolysis at a current density of 8 A m~2 in a 0. N NaOH solution
kept at a temperature of 303 K (30 °C) and containing a NH,SCN
additive of 3 g L™

Fig. 11—Microscopic fracture surfaces in the vicinity of the notch root with hydrogen precharging for 72 h by cathodic electrolysis: (@) tensile

testing at a crosshead speed of 0.02 mm min~" and (b) CLT.
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factor (B) should be one of the major reasons in the
present study. However, factor (BP is not exclusive since
a crosshead speed of 1 mm min™" led to lower fracture
strength than that at 20 mm min~' by approximately
130 MPa. The specimen tested at | mm min ' fractured
after only 3.4 minutes, which is too short for stress-
driven diffusion of hydrogen. Wang et al™¥ calculated
the hydrogen concentration distribution during tensile
tests of AISI 4135 steel, which has the same tensile
strength of 1450 MPa as that of the steel used in this
study. In the literature,” lower crosshead speed
increased local hydrogen concentration at a notch tip
by stress-driven diffusion and hydrogen concentration
was constant at sufficiently low crosshead speeds since it
reached equilibrium. This is consistent with the results
shown in Figure 5. However, when the crosshead speed
was 0.5 mm min ', stress-driven hydrogen diffusion
hardly occurs, i.e., hydrogen was not accumulated in
the vicinity of the notch root. Hence, stress-driven
diffusion of hydrogen was not the only reason why
fracture strength at 1.0 mm min~' was lower than that
at 20 mm min .

The possibility of factors (C), (D), and (E), therefore,
needs to be discussed.

As for factor (C), hydrogen was presumably trans-
ported from the external environment to the crack-tip
process zone during the tests, since the distance from the
crack-tip surface to the fracture process zone was small.
It has been reported that external hydrogen is more
harmful than internal (precharged) hydrogen®! in
austenitic stainless steel. In this study, the specimens
were not the same as those used in the previous study,
but the lower crosshead speed probably provided time
for the increment in hydrogen concentration at the
fracture process zone due to external hydrogen absorp-
tion. That resulted in lower fracture strength at lower
crosshead speeds. This factor can lower the stress level
not only for crack initiation but also for crack propa-
gation since the fracture process zone can move more
slowly during crack propagation at a lower crosshead
speed. This factor can lower the stress level not only for
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1000 b

500 b

Fracture strength, 6,/ MPa

OPreH-SSRT OpreH-CLT ocLr
(C.H.S.=0.02 mm*min™)

Fig. 13—Fracture strength of notched specimens in tensile testing at
crosshead speeds of below 0.02 mm min~! (0pren-ssrt), in CLTs
with hydrogen precharging (opep.cLt) and in CLTs without hydro-
gen precharging (o). Hydrogen charging was conducted by catho-
dic electrolysis at a current density of 8 Am~2 in a 0. N NaOH
solution kept at a temperature of 303 K (30 °C) and containing a
NH,SCN additive of 3 g L™".
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crack initiation but also for crack propagation since the
fracture process zone can move more slowly during
crack propagation at a lower crosshead speed.

Some reports in the literature support the possibility
of factors (D) and (E) with respect to the interaction
between hydrogen and dislocations. It has been reported
that plastic deformation under lower crosshead speeds
promotes hydrogen desorption from specimens, i.e.,
dislocations at lower Velocmes transport more hydrogen
to the surface of pure iron**** and Ni-based alloys.**
This transportation can be related to the crosshead
speed dependence of delayed fracture susceptibility in
two aspects. One is that dislocations with hydrogen pile
up at grain boundaries or other obstacles, resulting in
local hydrogen segregation near those obstacles such as
inclusions and precipitates. The other is that the lower
crosshead speed enhances the formation of lattice
defects such as mono vacancies or vacancy clus-
ters.''2*2% Vacancies that form during plastic defor-
mation without the presence of hydrogen result from
dislocation dynamics, such as the interaction and cutting
of screw dislocations or combinations of edge disloca-
tions with opposite characteristics located on slip planes
an atomic plane distance apart, and are normally so
unstable as to disappear 1mmed1ately at room temper-
ature.””) In contrast, vacancies that form during plastic
deformation in the presence of hydrogen are stabilized
immediately by hydrogen since moving dislocations
maintain a hydrogen atmosphere under lower strain
rates. In fact, it has been shown that the formation of
lattice defects by plastic deformation is enhanced by the
presence of hydrogen, usm lifetime measurement of
positron anmhllatlon[25 262821 and analysis of hydrogen
as a tracer.?**"

In order to validate the possibility of factors (C), (D),
and (E), i.e., to omit the effect of factor (B), smooth bar
specimens without any stress concentration were pre-
pared. The gage diameter and gage length of the
specimens were 3 and 20 mm, respectively. The
stress—displacement curves of these smooth specimens
with/without hydrogen are shown in Figure 14.

2000 . . .
0.005 mm* min!
mm-min'1
<
&
2
©
£ 10001
b 0. 01 mm-min!
E 0.1 mm*min!
£
Z. 1 mm* mm1
Uncharged
0 n L L
0 2 4

Displacement, L / mm

Fig. 14—Stress—displacement curves of smooth specimens in tensile
testing at various crosshead speeds. Hydrogen charging was con-
ducted by cathodic electrolysis at a current density of 20 A m ™2 in a
0.1 N NaOH solution kept at a temperature of 303 K (30 °C) and
containing a NH,SCN additive of 3 g L™
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Hydrogen precharging was conducted by cathodic
electrolysis for 72 hours. The hydrogen charging tem-
perature and solution were the same as the conditions
for the notched specimens in Section II-B, while the
current density was 20 A m ™2 Crosshead speeds of the
tensile tests were in the range from 0.005 to
20 mm min~'. The curve of an uncharged specimen at
a crosshead speed of 20 mm min~' is shown in the
figure as a typical stress—displacement curve. Though the
total elongation decreased with decreasing crosshead
speed in the range from 20 to 0.01 mm min ', the total
elongation remained constant at crosshead speeds below
0.01 mm min~'. These results strongly suggest that the
crosshead speed dependence of ductility loss was not
caused solely by stress-driven diffusion in the vicinity of
the notch root since the crosshead speed dependence of
ductility loss also occurred for smooth bar specimens
without any stress concentration. However, hydrogen
redistribution at the microscopic level probably occurs
at such high hydrostatic stress fields as grain boundaries
or carbides or other precipitates. The crosshead speed
dependence of ductility loss of the smooth bar specimens
may have been caused by redistribution of the hydrogen
concentration at the microscopic level.

The fracture surfaces of the smooth specimens after
the tensile tests are shown in Figure 15, as observed by
SEM. The upper row shows the macroscopic fracture
surface and the square areas denote the fracture origin;
the lower row shows the microscopic fracture surface of
the fracture origin in the square areas of the upper row.
The fracture mode at the fracture origin was typical
quasi-cleavage regardless of the crosshead speed. In the
magnified image for 20 mm min~', a relatively large
particle-like stuff can be seen on the right in the image.
Though no analysis such as EDS was conducted, it is
probably an inclusion or a precipitation based on
information in the literature.*”!

Thus, the crosshead speed dependence of fracture
strength was due to not only factor (B) of stress-driven
diffusion, but also factor (C) for external hydrogen
transportation into the fracture process zone, (D) for the
dislocation transportation of hydrogen and/or factor (E)
for enhanced lattice defect formation when tempered
martensitic steel fractures by a quasi-cleavage mode
under hydrogen charging.

C. Effect on CLT Evaluation With/Without Hydrogen
Precharging

The difference with/without hydrogen precharging
affected the fracture strength in CLTs, i.e., the result of
delayed fracture susceptibility, as described in Sec-
tion I1I-D. As for the effect of hydrogen precharging,
the procedure for applying constant elastic stress fol-
lowed by hydrogen charging implies that application of
the stress has already moved and rearranged the
dislocations, thereby trapping hydrogen at those sites.
In contrast, the procedure for hydrogen precharging to
an equilibrium concentration prior to stress application
implies that the dislocations trapping hydrogen move
and rearrange in the steel. The difference in effect on
delayed fracture strength between with/without
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hydrogen precharging is discussed below from a micro-
scopic viewpoint.

In CLTs with hydrogen precharging for 72 hours, the
time to fracture was 0.1 hour under applied stress of
1595 MPa and 1.8 hours under 1375 MPa, as shown in
Figure 9. In CLTs without hydrogen precharging, on
the other hand, no specimens fractured although the
applied stress was as large as 1595 MPa, as shown in
Figure 12. The concurrent hydrogen charging time of
100 hours during stress application was long enough to
reach an equilibrium hydrogen concentration. In addi-
tion, the time of 100 hours under stress application was
also long enough to reach a high local hydrogen
concentration in the vicinity of the notch root, owing
to the stress-driven diffusion of hydrogen. Although
some small cracks may initiate during CLTs, the testing
time of 100 hours should have been long enough that
hydrogen also accumulated at the small crack tips
without hydrogen precharging. The difference between
hydrogen precharged specimens and concurrently
hydrogen-charged specimens is that the former fractured
after only 0.1 hour, whereas the latter did not fracture
even after more than 100 hours, although both were
subjected to the same stress of 1595 MPa and had the
same hydrogen content. These results suggest that factor
(B) of the mean or local hydrogen concentration was not
the main reason for the difference in delayed fracture
strength with/without hydrogen precharging. In addi-
tion, the effect of hydrogen precharging before CLTs
cannot be explained by factor (C) since this factor means
that precharged hydrogen is less harmful than external
hydrogen during tests, which is contrary to the results of
the CLTs in this study.

As for factor (D), when hydrogen precharging was
conducted, the application of stress resulted in dislocation
motion, hydrogen transported by dislocations and pile-
ups at obstacles such as grain boundaries, which can cause
a locally high hydrogen concentration there. When
hydrogen precharging was not conducted, the application
of stress also resulted in dislocation motion and pileups at
grain boundaries. These pileups of dislocations can trap
hydrogen and cause the segregation of hydrogen at grain
boundaries. Although segregation of hydrogen should
have been caused by pileups of dislocations in both
specimens with/without hydrogen precharging, the
delayed fracture strengths in the CLTs differed. For that
reason, factor (D) can be omitted.

Only factor (E) remains to be discussed. Since mobile
dislocations move microscopically even under elastic
stress, the dislocations should move and lattice defects
should form most actively immediately after starting the
application of stress in CLTs. The reason for the lower
delayed fracture strength with hydrogen precharging
was probably associated with factor (E) concerning the
formation of lattice defects enhanced by hydrogen and
stress. In fact, it has been shown that lattice defects such
as vacancy clusters are formed by h?/drogen char ed into
the specimen under elastic constant'** or cyclic® stress
using positron probe microanalyzer and tracer hydrogen
as a probe of defects. In contrast, since few lattice
defects would form in the absence of hydrogen imme-
diately after starting the stress application, the delayed
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20 mm*min-!

Uncharged

Fig. 15—Macroscopic and microscopic fracture surfaces of hydrogen-charged smooth specimens after tensile testing. Hydrogen charging was
conducted by cathodic electrolysis at a current density of 20 A m~> in a 0.1 N NaOH solution kept at a temperature of 303 K (30 °C) and con-
taining a NH,SCN additive of 3 g L™!. The lower row shows magnified images of the crack initiation area indicated in the rectangles in the up-

per row.

fracture strength without hydrogen precharging was
probably high.

In addition to factor (A) to (E), hydrogen-enhanced
localized plasticity (HELP)®? 34 mechanism should be
discussed. It has been observed by in-situ transmission
electron microscopy that when a specimen under con-
stant stress was charged with hydrogen, hydrogen
enhanced the movement of dislocations by the HELP
mechanism.*>! If HELP occurs, dislocation motion
should occur for both specimens with/without precharg-
ing. However, because there was a difference in the CLT
results between the precharged and non-precharged
specimens, the possibility of HELP was disregarded.

These findings clearly reveal that the effect of the
fracture strength obtained with/without precharging,
i.e., the effect of the order of hydrogen charging and
stress application on fracture strength, was important
for the delayed fracture evaluation. The delayed fracture
strength in CLTs with hydrogen precharging was lower
than that with concurrent hydrogen charging without
precharging due to the interaction between hydrogen
and dislocations. This suggests that the effect of hydro-
gen precharging on fracture strength in CLTs is
attributed to lattice defect formation enhanced by
hydrogen.

D. Method of Evaluating Susceptibility to Delayed
Fracture by Quasi-Cleavage Mode

In the present work, the factors affecting the results
of delayed fracture tests were studied when the fracture
mode was quasi-cleavage. Quasi-cleavage seems to be a
brittle fracture macroscopically. For example, the
fracture occurs without necking. However, a
quasi-cleavage crack propagates along the lath

METALLURGICAL AND MATERIALS TRANSACTIONS A

boundary, which is the {110} plane!'>'" je., the slip
plane, while the cleavage fracture surface, which is
known to be a low temperature brittle fracture, is
along {100}. The electron diffraction pattern just
beneath the fracture surface also shows the involve-
ment of plastic deformation in hydrogen-induced
quasi-cleavage.'™ Furthermore, high-density slip bands
are observed just beneath the fracture surface cut with
a focused ion beam, using transmission electron
microscopy.?®3”"  These  studies indicate that
quasi-cleavage is not a brittle but a ductile fracture
locally. That is, movement of dislocations plays an
important role in quasi-cleavage fracture. In other
words, quasi-cleavage represents a large number of
micro-cleavage fracture facets connected to each other
by ductile fracture surfaces resembling a dimple pat-
tern, while cleavage fracture at low temperature con-
sists of a single fracture surface. The results in this
paper, for example, the effects of the crosshead speed
and hydrogen precharging on fracture strength, clearly
show involvement of plastic deformation in delayed
fracture. This is consistent with the literature which
indicates the involvement of plastic deformation in
quasi-cleavage fracture under hydrogen charging.

For the prediction of quasi-cleavage fracture, i.e.,
fracture associated with local plastic deformation, the
important conditions for consistency between CLTs and
tensile tests are summarized as follows:

(1) Procedure for hydrogen precharging and stress
application in CLTs and tensile tests and
(2) Low crosshead speed in tensile tests.

Even though the stress application methods in
delayed fracture evaluations may differ, by taking into
account the two conditions above, fracture strengths in
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CLTs and tensile tests can be made to coincide. The
reason is that the conditions causing the interaction
between hydrogen and dislocations are considered on
the basis of the hydrogen embrittlement mechanism for
quasi-cleavage fracture.

In the case of actual parts such as high strength
fasteners, hydrogen embrittlement evaluation with
precharging may result in an overestimation of hydro-
gen embrittlement susceptibility. However, factor (E) is
very important because, in actual environments, struc-
tural and automotive materials are often subjected to
cyclic (fatigue) stress after hydrogen entry. More studies
regarding the evaluation methods need to be done based
on the mechanisms involved and actual environments.

In summary, the conditions for consistency between
CLTs and tensile tests were found and discussed on the
basis of the mechanism for delayed fracture, especially
quasi-cleavage. Our next paper will describe a method
for evaluating delayed fracture on the basis of an
intergranular mode.

V. CONCLUSIONS

The effects of hydrogen charging methods, stress
application methods, and hydrogen precharging and
stress application procedures on the results of delayed
fracture susceptibility were examined for tempered
martensitic steel that shows quasi-cleavage fracture due
to hydrogen. The results can be summarized as follows:

(1) Hydrogen desorption profiles were almost the
same for hydrogen charging by cathodic electrol-
ysis in a NaOH aqueous solution and by immer-
sion in a 7 mass pct NH4SCN aqueous solution at
303 K (30 °C). Hence, the hydrogen state present
in the steel specimens was almost the same
regardless of the different hydrogen charging
methods used. However, the specimen surfaces
following hydrogen charging were not the same
between the different hydrogen charging methods.
Immersion in a NHySCN aqueous solution
changed the surface state of the specimens due
to dissolution of iron and scale formation of
corrosion products, whereas cathodic electrolysis
in a NaOH aqueous solution did not change the
specimen surface.

(2) When hydrogen charging was conducted by
immersion in a NH4SCN solution, the fracture
strength of notched specimen obtained in tensile
tests fluctuated and was relatively higher than
that after hydrogen charging by cathodic electrol-
ysis in a NaOH aqueous solution. Such fluctua-
tion presumably resulted from a change in the
surface state such as the dissolution of iron and
the scale formation in NH4SCN. The fracture
strength in tensile tests was affected by not only
hydrogen but also the change in the specimen
surface of the notch root in the case of immersion
in a NH4SCN solution for hydrogen charging.
For hydrogen charging by cathodic electrolysis in
a NaOH aqueous solution, the fracture strength
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in tensile tests was affected by only hydrogen.

(3) With higher crosshead speeds, the fracture
strength in tensile tests was higher and was not
consistent with that in CLTs regardless of the
same hydrogen content. In contrast, with lower
crosshead speeds, the fracture strength in tensile
tests was consistent with that in CLTs, when
hydrogen precharging was conducted to reach an
equilibrium concentration prior to stress applica-
tion.

(4) Regarding the effects of the hydrogen charging
and stress application procedures in CLTs, the
fracture strength with hydrogen precharging
prior to stress application was lower than that
with concurrent hydrogen charging without
precharging prior to stress application. The
former procedure implies that the dislocations
trapping hydrogen move and rearrange in the
steel. The latter procedure implies that the
dislocations have already moved and rearranged
prior to hydrogen charging and subsequently
hydrogen was trapped at their sites. In other
words, dislocation movement with hydrogen
enhanced delayed fracture susceptibility, while
the stabilized and rearranged dislocations had
little effect on delayed fracture susceptibility,
although they were trapping hydrogen. Hydrogen
precharging and subsequent stress application are
probably related to the formation of lattice
defects. The effect of the order of hydrogen
charging and stress application was important for
the delayed fracture evaluation on the basis of the
delayed fracture mechanism inducing quasi-cleav-
age fracture.

(5) Even though the stress application methods used
in delayed fracture evaluations differ, by taking
into account cathodic electrolysis in a NaOH
solution, low crosshead speed, and the order of
hydrogen charging and stress application, the
fracture strengths in CLTs and tensile tests can be
made to coincide for quasi-cleavage fracture.
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