
Investigation of mechanism for hydrogen-assisted crack propagation in 
austenitic stainless steels using acoustic emission method

Ryutaro Matsumoto a,b , Kaita Ito c , Luthfan Adhy Lesmana b, Takashi Iijima d ,  
Hirotoshi Enoki d , Tetsuya Uchimoto b,e,*

a Department of Mechanical Engineering, Tohoku University, 6-6, Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi, 980-8579, Japan
b Institute of Fluid Science, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi, 980-8577, Japan
c Center for Basic Research on Materials, National Institute for Materials Science (NIMS), 1-1, Namiki, Tsukuba, Ibaraki, 305-0044, Japan
d National Institute of Advanced Industrial Science and Technology (AIST), 16-1, Onogawa, Tsukuba, Ibaraki, 305-8569, Japan
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A B S T R A C T

Hydrogen embrittlement is a critical issue for structural materials used in high-pressure hydrogen systems, where 
cyclic loading can accelerate fatigue crack propagation. This study investigates the effect of hydrogen on fatigue 
crack propagation in AISI 304 austenitic stainless steel using acoustic emission (AE) method. Specimens were 
prepared under uncharged and hydrogen-charged (exposed to high-pressure hydrogen gas) conditions. Fatigue 
crack propagation tests were conducted under constant stress intensity factor ranges (ΔK), during which AE 
signals were continuously recorded, and the DBSCAN algorithm was applied to classify and extract distinct AE 
event groups. Comparative analysis of the stress phase at AE initiation suggested that hydrogen charging can be 
associated with a lower initiation phase and a reduced dependency on ΔK. This behavior may be associated with 
changes in crack-opening-related AE activity and less apparent variation across the three tested ΔK conditions. 
Furthermore, the frequency characteristics of the AE clusters showed smaller apparent variations among the 
three ΔK conditions after hydrogen charging. These differences may reflect changes in crack-tip deformation and 
crack-propagation behavior, although the underlying AE source mechanisms could not be uniquely identified. 
Meanwhile, verification of the AE RMS voltage indicated that the strain-induced martensitic transformation itself 
was difficult to detect directly via the AE method under the present experimental conditions.

1. Introduction

Hydrogen has attracted considerable attention as a next-generation 
energy carrier across various industrial sectors, creating an urgent 
need to expand the deployment of hydrogen stations to establish a 
reliable supply infrastructure [1]. However, hydrogen embrittlement 
(HE) remains a critical challenge in the utilization and storage of 
hydrogen. HE is a degradation phenomenon wherein hydrogen pene
trates and dissolves into the material from the surrounding environment, 
leading to a significant reduction in the strength and ductility [2]. In 
high-pressure hydrogen environments, such as those encountered in 
hydrogen stations, austenitic stainless steels are primary structural 
materials owing to their relatively high resistance to HE [3]. The 
structural materials of hydrogen stations are subjected to cyclic stress 

due to system operations such as hydrogen refueling of the vehicles. 
Under these conditions, the combined effects of cyclic stress and 
hydrogen exposure can accelerate fatigue crack initiation and propa
gation, leading to hydrogen-assisted fatigue failure.

Previous experimental findings have been reported regarding the 
effects of hydrogen on the fatigue properties in austenitic stainless steels. 
First, the presence of hydrogen influences the fracture surface 
morphology during fatigue crack growth. While the uncharged speci
mens exhibit a ductile fracture surface characterized by dimples, the 
hydrogen-charged specimens display quasi-cleavage fracture surface 
[4–7]. Second, hydrogen affects the plastic deformation behavior 
around the crack tip. The plastic zone in the hydrogen-charged speci
mens is confined to a smaller region near the crack tip compared to that 
in the uncharged specimens [8–10]. Third, the effect of hydrogen on 
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austenite stability has also been widely discussed; it has been reported 
that strain-induced martensitic transformation at the crack tip is mark
edly suppressed in the hydrogen-charged material compared to the 
uncharged material [2,11,12].

Based on these experimental findings, several theories, such as 
hydrogen-enhanced decohesion (HEDE) [13,14] and 
hydrogen-enhanced localized plasticity (HELP) [10,15], have been 
proposed to explain the mechanisms of HE. However, the influence of 
hydrogen on the mechanical behavior of materials is highly complex, 
and no unified consensus has been established [16].

Various methodologies have been utilized to evaluate HE. From a 
microscopic perspective, characterizations of fracture morphologies and 
microstructural evolution have been conducted; Murakami et al. [17]
reported the acceleration mechanism of localized plastic deformation at 
the crack tip, while Koyama et al. [18] characterized the initiation and 
propagation pathways of hydrogen-induced cracking using electron 
microscopy techniques. Regarding the state of hydrogen and lattice 
defects, Choo et al. [19] quantitatively evaluated the hydrogen trapping 
characteristics via thermal analysis. Non-destructive testing (NDT) 
techniques have also been introduced; Takeda et al. [20] successfully 
quantified the crack-tip martensitic transformation and crack closure 
behavior by complementarily applying eddy current testing and ultra
sonic testing. However, most of these approaches are limited to post-test 
evaluations, and studies focusing on the real-time, continuous moni
toring of hydrogen effects during crack propagation remain limited.

In this study, acoustic emission (AE) method was adopted as a 
method for in-situ evaluation of the effect of hydrogen on fatigue crack 
propagation. The AE method is a type of NDT which typically uses 
piezoelectric sensors attached to the surface of an object to detect the 
elastic (AE) waves generated when solid materials are deformed or 
fractured. AE method is a highly sensitive monitoring technique for 
detecting phenomena associated with fatigue, such as the initiation and 
propagation of microcracks and friction. To date, several studies have 
monitored hydrogen embrittlement using the AE method. Dunegan et al. 
[21] applied the AE technique to hydrogen-assisted crack propagation in 
high-strength steels, demonstrating that the time-to-failure could be 
predicted based on the relationship between the stress intensity factor K 
and the AE count rate. Additionally, Shiraiwa et al. [22] identified the 
moment of hydrogen-induced cracking in martensitic steel welds in real 
time during slow strain rate tensile (SSRT) tests. Furthermore, Jiang 
et al. [23] achieved the automatic identification of hydrogen-induced 
cracks under noisy environments during SSRT tests of high-pressure 
hydrogen-charged AISI 304 austenitic stainless steel by combining ma
chine learning with AE waveform. However, previous investigations 
have primarily focused on the "monitoring of phenomena or the estab
lishment of predictive methodologies using AE method," such as 
detecting hydrogen-induced cracking under static loads or predicting 
fatigue life. Consequently, the application of multi-parameter analysis of 
AE signals to evaluate and elucidate how hydrogen alters the fatigue 
characteristics themselves remain insufficient.

Based on this background, this study conducts real-time AE mea
surements during fatigue crack propagation tests on AISI 304 austenitic 
stainless steel hydrogen-charged via high-pressure hydrogen gas expo
sure. The objective is to evaluate the effects of hydrogen on the fatigue 
crack propagation process by multi-parameter analysis of AE. To effec
tively process the intricate elastic wave signals, a density-based spatial 
clustering of applications with noise (DBSCAN) algorithm is imple
mented using key AE parameters to classify the detected AE events.

2. Methods

2.1. Specimen and fatigue testing

AISI 304 austenitic stainless steel was used in this study. Table 1
shows the chemical composition of the test metal used to prepare the 
specimens. The test metals were solution-treated at 1120 ◦C for 10 min. 

Therefore, no special consideration was given to the rolling direction for 
any of the test specimens.

The dimensions of the specimens were determined in accordance 
with ASTM E647 [24]. Fig. 1 illustrates the geometry of the compact 
tension (CT) specimen used in this study.

Two types of specimens were prepared: hydrogen-charged and un
charged specimens. The hydrogen charging was performed by exposing 
the specimens to high-pressure hydrogen gas at 270 ◦C and 100 MPa for 
323 h. Two specimens were tested for each combination of hydrogen- 
charging condition and fatigue-test condition, resulting in a total of 12 
specimens. After hydrogen charging, the specimens were transported by 
refrigerated courier service at approximately 0–10 ◦C, with a transfer 
time of approximately 24 h. The specimens were subsequently stored in 
a household freezer until fatigue testing. Because hydrogen diffusion in 
austenitic stainless steel is relatively slow at room temperature [17], 
refrigerated transport and freezer storage were expected to reduce 
hydrogen desorption. Nevertheless, the hydrogen concentration was not 
measured after transport or storage; therefore, the extent of hydrogen 
loss could not be quantified in the present study.

Fatigue tests were conducted using a horizontal fatigue testing ma
chine (Lab-5, SHIMADZU), under a constant stress intensity factor range 
ΔK. Fatigue testing conditions are summarized in Table 2. The primary 
test conditions comprised three combinations of ΔK [MPa

̅̅̅̅̅
m

√
] and the 

stress ratio R: (ΔK, R) = (30, 0.1), (20, 0.1), and (15, 0.1). These tests 
were performed using a sinusoidal waveform at a frequency of 1.0 Hz 
until the crack length a reached 22 mm (a/W = 0.433). Because the 
objective of the present study was to characterize AE behavior during 
stable fatigue crack propagation, sufficient AE data had been obtained 
over the crack-growth interval by this point. The tests were therefore 
terminated at a = 22 mm rather than continued to larger a/W. All tests 
were carried out at room temperature in an atmospheric environment. 
Prior to the main testing, a 3.0-mm pre-crack was introduced at a fre
quency of 10 Hz under the same ΔK and R conditions as the subsequent 
fatigue tests.

2.2. AE measurement

AE was monitored during the fatigue tests. Two wideband AE sensors 
(type WSα, Physical Acoustic Corporation) with a frequency range of 
100–1000 kHz were mounted in holders attached to the side surface of 
the CT specimen. Glycerin paste (BS-400, Nippon Sanso Gas & Welding 
Corporation) was used as the couplant between the sensors and the 

Table 1 
Chemical composition of AISI 304 austenitic stainless steel (wt.%).

C Si Mn P S Ni Cr Co

0.04 0.53 0.90 0.035 0.001 8.05 18.11 0.18

Fig. 1. Dimension of the CT specimen.
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specimen surface. The gain of the preamplifier (type 2/4/6, Physical 
Acoustic Corporation) was set to 40 dB. For AE measurement, the 
Continuous Wave Memory (CWM) system developed by Ito, one of the 
authors of this paper [25–27], was used. The sampling frequency was set 
to 5 MHz, the voltage range to ±5 V. The AE hit detection thresholds 
were set to 65, 60, and 50 dB for ΔK = 30, 20, 15 MPa

̅̅̅̅̅
m

√
, respectively. 

Note that 0 dB corresponds to 0.1 mV. The threshold is expressed as the 
voltage value after passing through the amplifier. To avoid mistaking 
sudden noise for an AE event, a valid AE event was considered only 
when both sensors exceeded the threshold voltage within a trigger time 
difference of 100 μs or less. Furthermore, the load signal from the fatigue 
testing machine was synchronously measured with the AE signals and 
recorded as data at a sampling frequency of 1 kHz. Fig. 2 shows a 
schematic diagram of the experimental setup, highlighting the AE 
measurement system integrated with the fatigue testing machine. The 
AE hit-detection thresholds were selected according to the residual noise 
level after noise filtering for each test condition. Because the detection 
thresholds differed among the ΔK conditions, absolute AE event counts 
and amplitude distributions were not used for direct quantitative com
parison among the three ΔK levels. The subsequent analysis instead 
focused primarily on the temporal and phase distributions of persistent 
AE-event groups.

The residual noise level was higher at larger ΔK; therefore, thresh
olds of 65, 60, and 50 dB were adopted for ΔK = 30, 20, and 15 MPa√m, 
respectively. Applying a common threshold of 65 dB to all conditions 
would substantially reduce the number of detectable AE events at 

ΔK = 15 MPa√m. Therefore, condition-specific thresholds were used to 
maintain sufficient AE sensitivity while suppressing residual noise. The 
residual noise level increased at higher ΔK; therefore, thresholds of 65, 
60, and 50 dB were used for ΔK = 30, 20, and 15 MPa√m, respectively. 
A common threshold of 65 dB would substantially reduce the number of 
detectable AE events at ΔK = 15 MPa√m. Accordingly, condition- 
specific thresholds were used to maintain sufficient sensitivity while 
suppressing residual noise. Peak frequency was defined as the frequency 
corresponding to the maximum intensity in the FFT spectrum.

Crack length was determined from the compliance measured using a 
clip gauge. The applied load was adjusted according to the measured 
crack length to maintain the prescribed ΔK. The crack-growth rate, da/ 
dN, was calculated using a local polynomial fit to three consecutive 
crack-length data points, evaluated at the central point.

2.3. Fractographic observation

Following the fatigue tests, the crack surfaces of the specimens were 
characterized using a scanning electron microscope (SEM; JSM-7100F, 
JEOL). As illustrated in Fig. 3, sections containing the fatigue crack 
growth regions were cut from the specimens using an electrical 
discharge machine (EDM). The fracture surfaces were then observed at 
acceleration voltage of 15.0 kV.

2.4. AE event categorization

To extract and classify AE events from the measured signals, a 
clustering technique, Density-Based Spatial Clustering of Applications 
with Noise (DBSCAN) [28], was employed. DBSCAN is an algorithm that 
forms clusters based on the local density of data points; it does not 
require the prior specification of the number of clusters and can identify 
clusters of arbitrary shapes while effectively distinguishing noise (out
liers) from the core data. The detailed conditions for the DBSCAN 
applied in this study are described later in this paper.

3. Results and discussion

3.1. Fatigue test results

Fig. 4 shows the crack growth rates for each set of fatigue test con
ditions. The horizontal and vertical axes represent ΔK and the crack 
growth rate on a logarithmic scale, respectively. The crack growth rates 
are higher at higher ΔK. Also, when comparing specimens at the same 
ΔK, the crack growth rate of hydrogen-charged specimens is higher than 
that of uncharged specimens. The parameters of Paris’ law were deter
mined by the least-squares method for the hydrogen-charged and un
charged specimens. The resulting relationships are expressed as follows: 

Hydrogen charged specimens
da
dN

= 1.41 × 10− 6(ΔK)1.95 (1) 

Uncharged specimens
da
dN

=6.15 × 10− 9(ΔK)3.04 (2) 

Table 2 
Fatigue testing conditions.

ΔK (MPa
̅̅̅̅̅
m

√
) R

30 0.1
20 0.1
15 0.1

Fig. 2. Schematic image of fatigue tests and acoustic emission 
recording system. Fig. 3. Schematic illustration of observation area for SEM.
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3.2. Fractographic observation

Fig. 5 shows the SEM images of the uncharged and hydrogen-charged 
specimens with ΔK of 30 and 15 MPa

̅̅̅̅̅
m

√
. Observation was conducted 

from the direction tilted approximately 45◦ counterclockwise to facili
tate dimple observation. Regardless of ΔK, the fracture surfaces of the 
uncharged specimens were predominantly characterized by dimples. In 
contrast, the hydrogen-charged specimens exhibited quasi-cleavage 
fracture surfaces featuring a mixture of dimples and flat regions. Mar
tin et al. [7] reported that hydrogen charging causes a morphological 
transition of the fracture surface from ductile dimple fracture to 
quasi-cleavage fracture, which is consistent with our observations. No 
clear striations were observed in any of the specimens.

3.3. AE measurements

During the loading stage of the fatigue cycle (0 ≦ phase < 0.5), AE 
event groups exhibiting continuous phase variation over time were 
observed, regardless of the testing conditions or the presence of 
hydrogen charging. This indicates that AE events occur repeatedly at 
specific phase within the fatigue cycle. Elber [29] reported that due to 
residual stresses within the plastically deformed zone (plastic wake) left 
behind the advancing crack tip, the crack faces remain closed and do not 
contribute to propagation until a certain stress level is reached during 
the loading stage, thereby proposing the effective stress intensity factor 
range, ΔKeff. Furthermore, Nonaka et al. [30] demonstrated, through 
direct SEM observations of AISI 304 austenitic stainless steel, that AE 
signals are generated not at the maximum load point of the fatigue cycle, 
but rather at the stage where the crack opens and subsequent propa
gation initiates. In the present study, the curved AE event groups were 
also concentrated mainly in the phase range of 0.1 to 0.4, rather than at 
the maximum stress point (phase = 0.5). Therefore, these AE events are 
considered to capture the elastic energy released during crack opening 
or propagation.

To further evaluate these characteristic AE event groups, DBSCAN 
was applied. The four AE parameters selected for DBSCAN were the 
trigger time, stress phase, maximum amplitude, and median frequency, 
which exhibit low correlation. The median frequency is defined as the 
frequency at which the cumulative intensity reaches 50% of the total 
intensity in the power spectrum of the AE waveform. Because the scale 
differences among features significantly affect the clustering perfor
mance in DBSCAN, each parameter x was normalized as follows. 

xʹ =
x − xmin

xmax − xmin
(3) 

where xmin and xmax denote the minimum and maximum values of the 
respective feature. Through this normalization, each parameter is scaled 

Fig. 4. da/dN vs. ΔK plot.

Fig. 5. Fracture surface observed by SEM.
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within the range of 0 to 1. The four AE parameters used for DBSCAN 
were trigger time, stress phase, maximum amplitude, and median fre
quency. Here, phase denotes the normalized stress phase, Amp (dB) 
denotes the maximum amplitude of AE events, and Freq (kHz) denotes 
the median frequency. The parameter ε defines the neighborhood radius 
(distance threshold) for cluster formation, and MinPts specifies the 
minimum number of data points required within the ε-neighborhood. By 
configuring these two parameters, DBSCAN can capture variations in 
local data density and achieve robust clustering while effectively elim
inating isolated noise components. The value of ε was selected from the 
elbow point of the k-distance plot, whereas MinPts was selected by 
comparing the silhouette score, number of clusters, and noise rate for 
candidate values ranging from 25 to 125. As an illustrative example, 
Fig. 7 presents the k-distance plots for the hydrogen-charged specimen 
tested at ΔK = 30 MPa√m. The elbow region was located at approxi
mately 0.05; therefore, ε was set to 0.05. Thus, the DBSCAN parameters 
were not selected solely by visual inspection of the resulting clusters. For 
each dataset, ε was determined from the k-distance behavior, while 
candidate MinPts values were systematically evaluated using the 
silhouette score, number of clusters, and noise rate. The same 
parameter-selection procedure was applied to all test conditions. 
Because DBSCAN was applied independently to each test condition, the 
absolute distances in the normalized feature space and the resulting 
cluster labels were not assumed to be quantitatively equivalent between 
datasets. The clustering was used to identify persistent AE-event struc
tures within each condition. The corresponding evaluation of candidate 
MinPts values is summarized in Table 3. The parameters for the 
remaining test conditions were selected using the same procedure and 
are listed in Table 4. For the uncharged specimen tested at 
ΔK = 30 MPa√m, the initial DBSCAN analysis showed lower silhouette 
scores and greater cluster fragmentation than the other conditions. 
Therefore, following the initial DBSCAN under the conditions listed in 
Table 4, a second round of DBSCAN was applied exclusively to a subset 
of the resulting clusters under the conditions specified in Table 5.

This secondary analysis was used only for the uncharged specimen at 
ΔK = 30 MPa√m because the initial parameter screening produced 
comparatively low silhouette scores (0.065–0.26) and a large number of 
clusters (13–22), indicating insufficient separation of the AE-event 
groups. In contrast, the other conditions showed more distinct clus
tering under the initial analysis and therefore did not require further 
subdivision. The secondary DBSCAN was applied only to the unresolved 
subsets identified in the initial clustering, using the feature ranges and 
parameters listed in Table 5. For the uncharged specimen at 
ΔK = 30 MPa√m, the initial parameter screening yielded comparatively 
low silhouette scores and extensive cluster fragmentation. Therefore, the 
initial DBSCAN result was further subdivided only within unresolved 
subsets. The secondary analysis was not applied to the other conditions 
because their initial clustering provided sufficiently separated contin
uous AE-event groups.

Fig. 8 shows the AE occurrence behavior under each testing 

condition. The horizontal and vertical axes represent the testing time 
and the stress phase (phase), respectively; each plot indicates an indi
vidual AE event, with its color indicating the maximum amplitude. As 
shown in Fig. 6 showing definition of phase in one fatigue cycle, the 
phase is normalized, where the minimum and maximum load points are 
defined as 0 and 1, respectively. Since few AE events were detected 
during the unloading stage (0.5 ≦ phase < 1.0), the vertical axis ranges 
from 0 to 0.5. To display the full amplitude range across the three ΔK 
conditions, the color-bar scale was set to 50–80 dB for all plots; AE 
events with amplitudes below 65 dB or above 80 dB were plotted using 
the colors corresponding to 65 dB and 80 dB, respectively.

Clusters extracted by DBSCAN are shown in Fig. 9. Similar to Fig. 8, 
the horizontal and vertical axes represent the testing time and phase, 
respectively; each plot corresponds to an individual AE event, with its 
color indicating the assigned cluster. To enhance visual clarity, only the 
clusters of interest (i.e., those exhibiting stable, continuous curved dis
tributions over a relatively long period) are color-coded, while the other 
events are colored gray. Colors are assigned to the clusters in ascending 
order of their average phase values; for instance, the cluster with the 
lowest phase under each testing condition is colored dark-blue. As 
demonstrated in Fig. 9, multiple curved AE event groups were success
fully extracted under all testing conditions.

Table 6 compares the average phase of the dark-blue cluster (i.e., the 
cluster with the lowest phase) under each testing condition shown in 
Fig. 9. At all three ΔK levels, the lowest-phase AE cluster appeared at a 
lower average phase in the hydrogen-charged specimens than in the 
corresponding uncharged specimens. The lowest-phase cluster is inter
preted here as an indicator of possible crack-opening-related activity 
because crack opening is expected to precede subsequent crack propa
gation during loading. However, the physical source of this cluster was 
not independently identified, and the cluster phase does not constitute a 
direct measurement of the crack-opening load,Kop.

Fatigue crack closure can arise from plasticity-induced, oxide- 
induced, and roughness-induced mechanisms. The respective contribu
tions of these mechanisms could not be separated in the present exper
iments. Previous studies have reported hydrogen-induced changes in 
crack-tip deformation and crack-opening behavior in AISI 304 stain
less steel; therefore, the earlier AE initiation observed after hydrogen 
charging is considered to be consistent with changes in crack-opening- 
related behavior. However, Kop and ΔK were not directly measured, 
and changes in these quantities cannot be established quantitatively 
from the present AE results. The primary mechanisms governing fatigue 
crack closure include plasticity-induced crack closure (PICC) [29], 
oxide-induced crack closure (OICC) [31], and roughness-induced crack 
closure (RICC) [32]. Particularly regarding PICC, Murakami et al. [17]
reported that in AISI 304 austenitic stainless steel specimens charged 
with high-pressure hydrogen gas, slip deformation is localized near the 
crack tip, making the crack tip sharper than in the absence of hydrogen. 
Changes in crack-closure-related behavior, including PICC, may 
contribute to the earlier AE initiation observed after hydrogen charging. 
However, the respective contributions of plasticity-induced, oxide-in
duced, and roughness-induced crack closure could not be separated in 
the present experiments. Previous studies have shown that hydrogen can 
alter localized plastic deformation and crack-closure behavior in AISI 
304 stainless steel. Such changes could reduce the crack-opening level 
and thereby modify the effective stress intensity factor range. In the 
present experiments, however, the crack-opening load, Kop, was not 
measured directly. Therefore, the earlier AE initiation observed in the 
hydrogen-charged specimens is interpreted only as being consistent with 
a change in crack-opening-related behavior, rather than as direct evi
dence of reduced Kop or increased ΔKeff. In fact, the fractographic 
observation in Fig. 5 reveals quasi-cleavage fracture surfaces in the 
hydrogen-charged specimen. The quasi-cleavage morphology observed 
in the hydrogen-charged specimens is consistent with hydrogen-induced 
changes in the crack-tip deformation and fracture behavior. However, 
the fractographic observations are qualitative and do not directly 

Table 3 
Evaluation of candidate MinPts values for the hydrogen-charged and uncharged 
specimens at ΔK = 30 MPa√m (ε = 0.05).

Charging 
condition

MinPts Silhouette 
score

Number of 
clusters

Noise rate 
(%)

H-charged 25 0.21 11 3.9
50 0.47 6 9.3
75 0.21 8 12.0

100 0.25 8 17.0
125 0.52 5 26.0

Uncharged 25 0.11 13 0.76
50 0.065 14 1.6
75 0.20 20 2.4

100 0.24 20 3.8
125 0.26 22 5.5
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quantify the extent of crack-tip plastic deformation or the contribution 

of plasticity-induced crack closure. Furthermore, Table 6 shows that the 
average phase of the lowest-phase cluster varied from 0.18 to 0.29 
across the three ΔK conditions for the uncharged specimens, whereas 
values of 0.15–0.18 were obtained for the hydrogen-charged specimens. 
Thus, a smaller apparent variation with ΔK was observed after hydrogen 
charging within the tested range. Because only three ΔK levels were 
examined and uncertainty in the cluster-average phase was not statis
tically quantified, this observation is interpreted as a trend rather than 
as evidence of a statistically significant suppression of ΔK dependence.

Fig. 10 shows the time evolution of the peak frequency for the AE 
clusters under each testing condition. The color coding of each cluster 
corresponds to that in Fig. 9. For both the uncharged and hydrogen- 
charged specimens, the peak frequency of every cluster remained 
virtually constant throughout the testing duration. For both uncharged 
and hydrogen-charged specimens, the peak frequency of each selected 
cluster remained relatively stable throughout the corresponding test. 
This spectral consistency supports the interpretation that the events 
within a cluster exhibit similar AE characteristics. However, peak fre
quency alone cannot uniquely identify an AE source mechanism because 
the measured spectrum is also influenced by wave propagation, sensor 
response, specimen geometry, attenuation, coupling, and acquisition 
conditions. Therefore, the present results do not establish that all events 
within a cluster originate from an identical physical mechanism. Based 
on the above-mentioned hypothesis—that AE events generated during 
the loading process originate from crack propagation or crack 
opening—each curve can be interpreted as corresponding to crack 
propagation or crack-face friction within a specific local region. How
ever, further investigation is required to conclusively identify the 
detailed underlying mechanisms.

Table 4 
Parameters of each testing conditions for DBSCAN.

Test conditions Parameters

ΔK (MPa
̅̅̅̅̅
m

√
) Charging Time (s) Phase Amp. (dB) Freq. (kHz) ε MinPts

30 Uncharged 0–25000 0.10–0.27 65–90 100–400 0.05 100
30 H-charged 0–4000 0.10–0.30 65–90 100–400 0.05 50
20 Uncharged 0–60000 0.17–0.30 60–90 100–400 0.05 50
20 H-charged 0–9000 0.15–0.30 60–90 100–400 0.05 50
15 Uncharged 0–160000 0.20–0.40 50–70 100–400 0.05 50
15 H-charged 0–16000 0.15–0.40 50–70 100–400 0.05 50

Table 5 
Secondary DBSCAN conditions for the uncharged specimen at ΔK = 30 MPa

̅̅̅̅̅
m

√
.

Time (s) Phase Amp. (dB) Freq. (kHz) ε MinPts

1 14000-23500 0.14-0.20 65-81 100-400 0.02 50
2 2100-14900 0.14-0.23 65-85 100-400 0.09 100

Fig. 6. Definition of stress phase normalization.

Fig. 7. k-distance plots for candidate MinPts values (25–125) for the hydrogen-charged specimen tested at ΔK = 30 MPa√m, used to select the DBSCAN neigh
borhood radius, ε.
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Furthermore, Fig. 10 indicates that in the uncharged specimen, the 
peak frequency tended to increase with decreasing ΔK, shifting from 200 
to 230 kHz at ΔK = 30 MPa

̅̅̅̅̅
m

√
to approximately 250 kHz at ΔK = 15 

MPa
̅̅̅̅̅
m

√
. In contrast, the hydrogen-charged specimen exhibited a peak 

frequency of around 190 kHz across all ΔK levels. This implies that the 
presence of hydrogen suppressed the influence of ΔK on the crack 
propagation behavior. Previous studies have reported hydrogen-induced 
changes in crack-tip plastic deformation and strain-induced martensitic 
transformation in AISI 304 stainless steel [8–10] and retards 
strain-induced martensitic transformation by increasing austenite sta
bility [2,11,12]. The amount of strain-induced martensitic trans
formation is known to depend on ΔK [33]. However, neither the local 
plastic deformation nor the martensite fraction was directly quantified 
in the specimens used for the present AE measurements. Therefore, the 
observed peak-frequency differences cannot be uniquely attributed to 
either mechanism. They are interpreted here only as indicating differ
ences in the AE characteristics associated with crack-tip deformation 
and crack-propagation behavior. The suppression of these variations by 
hydrogen is considered the primary factor that reduced the differences 
in frequency characteristics among the different ΔK levels. It should be 
noted, however, as discussed later, that the martensitic transformation 
itself was likely undetectable by the AE method in our study. The 
observed peak-frequency differences may reflect changes in crack-tip 

deformation and crack-propagation behavior; the underlying source 
mechanisms could not be uniquely identified in the present study.

3.4. Detection of martensitic transformation by AE

Martensitic transformation is a diffusionless process that does not 
involve atomic diffusion; instead, the crystal structure undergoes col
lective shear deformation to relieve lattice strain. Consequently, 
although individual transformation events occur at high speeds and 
exhibit a burst-type nature at the microscopic scale, macroscopic AE 
measurements are expected to exhibit continuous behavior due to the 
superposition of countless transformation events. Indeed, van Bohemen 
et al. [34] measured AE during the continuous cooling of carbon steel 
and reported that the AE signals exhibited continuous behavior resulting 
from the accumulation of numerous nucleation events.

As a representative example in this study, Fig. 11 shows the AE RMS 
voltage at ΔK = 30 MPa

̅̅̅̅̅
m

√
. The blue and green lines represent the load 

signal and the AE RMS voltage, respectively. The horizontal axis in
dicates time, whereas the left and right vertical axes represent the load 
signal voltage and the RMS voltage, respectively. No significant 
continuous AE signals attributable to the transformation were observed 
in either the uncharged or hydrogen-charged specimens.

Takeda et al. [20] previously conducted constant-ΔK fatigue tests 

Fig. 8. Stress phase transition of AE events.

R. Matsumoto et al.                                                                                                                                                                                                                            International Journal of Hydrogen Energy 287 (2026) 158200 

7 



using the same heat of AISI 304 austenitic stainless steel, specimen ge
ometry, and testing conditions as those used in the present study. Their 
post-test EBSD observations confirmed the formation of martensite 
around the fatigue crack in the uncharged specimens, whereas little 
martensite was observed in the hydrogen-charged specimens, indicating 
that hydrogen charging suppressed martensitic transformation. Thus, 

although martensitic transformation is expected to have occurred 
around the fatigue crack in the uncharged specimens in the present 
study, no corresponding continuous AE signals were clearly detected. 
Thus, although martensitic transformation was expected to occur 
around the fatigue crack based on the previous EBSD study using the 
same material heat and testing conditions, no AE response uniquely 
attributable to martensitic transformation was identified in the present 
experiments. Accordingly, martensitic transformation could not be 
directly identified by AE under the present experimental conditions. 
However, the martensite fraction was not measured directly in the 
specimens used for the present AE experiments. Therefore, the results of 
Takeda et al. are used only as supporting evidence for the expected 
microstructural tendency under comparable conditions and not as a 
direct measurement of martensite content in the present specimens.

Fig. 9. DBSCAN clustering results of AE events, with clusters color-coded in ascending order of their average phase values. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)

Table 6 
Comparison of the average phase of the lowest-phase AE clusters (dark-blue 
clusters in Fig. 9) under each testing condition.

Uncharged H-charged

ΔK = 30 MPa
̅̅̅̅̅
m

√ 0.18 0.15
ΔK = 20 MPa

̅̅̅̅̅
m

√ 0.22 0.18
ΔK = 15 MPa

̅̅̅̅̅
m

√ 0.29 0.18
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4. Conclusion

This study evaluated the effects of hydrogen on fatigue crack prop
agation in AISI 304 austenitic stainless steel by multi-parameter analysis 
of AE. Real-time AE measurements were conducted during fatigue crack 
propagation tests on hydrogen-charged and uncharged specimens under 
constant ΔK conditions, and the detected AE events were classified using 
a DBSCAN algorithm. The primary findings are summarized as follows: 

(1) Hydrogen-charged specimens exhibited AE initiation at a lower 
stress phase than the corresponding uncharged specimens. Across 
the three tested ΔK conditions, the hydrogen-charged specimens 
also showed a smaller apparent variation in the initiation phase. 
The lowest-phase AE cluster was interpreted as an indicator of 
possible crack-opening-related activity; however, Kop and ΔKeff 

were not directly measured. Therefore, the observed phase shift is 
considered to be consistent with hydrogen-induced changes in 
crack-opening and crack-tip deformation behavior rather than 
direct evidence of reduced plasticity-induced crack closure.

(2) The peak frequency of the selected AE clusters remained rela
tively stable during each fatigue test, supporting consistency in 
the characteristics of the clustered AE events. The uncharged 
specimens showed an apparent change in peak frequency among 
the three ΔK conditions, whereas smaller differences were 
observed for the hydrogen-charged specimens. These frequency 
differences may reflect changes in crack-tip deformation and 
crack-propagation behavior; however, the underlying AE source 
mechanisms could not be uniquely identified.

(3) No significant AE signals attributable to martensitic trans
formation, which is considered as one of the factors of HE in 

Fig. 10. Peak frequency transition of AE clusters (The color coding of each cluster corresponds to Fig. 9). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 11. Load signals and RMS voltage under ΔK = 30 MPa
̅̅̅̅̅
m

√
.
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metastable stainless steels, were detected in the AE RMS voltage 
measurements for both the uncharged and hydrogen-charged 
specimens.
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