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The monitoring of invasion/permeation hydrogen on entry/exit surfaces of cathodically charged SUS316 columnar crystals was conducted
with a scanning Kelvin probe force microscope (SKPFM) under atmospheric pressure. Columnar crystal specimens covered with oxide films on
their surfaces under room conditions were prepared for cathodic charging tests and subsequent SKPFM measurements. The invaded hydrogen on
the entry surface was detected at the δ-ferrite phases for 7 d after charging, and the segregation of invaded hydrogen at the boundaries between
the δ-ferrite and austenite matrix was prolonged for >10 d after charging. The permeated hydrogen on the exit surface was detected at the δ-
ferrite phases for 3 d after charging, but was not substantial at some of the δ-ferrite phases regardless of the charging. Segregation of permeated
hydrogen at the boundaries between the δ-ferrite and some of the intermetallic precipitates was prolonged for 7 d after charging. The behaviors of
invaded/permeated hydrogen based on heterogeneous microstructures are discussed to improve understanding of the hydrogen embrittlement
mechanism in weld metals. [doi:10.2320/matertrans.MT-M2024009]
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1. Introduction

Hydrogen is a next-generation clean energy for reducing
the environmental burden caused by using fossil fuels;
extensive research and development have been carried out on
hydrogen infrastructure materials for realization of a hydro-
gen-based society. Hydrogen embrittlement (HE) induced by
hydrogen invading from the surface of metallic materials—
leading to a decrease in strength and ductility—is an
important issue in the context of research and development
of structural materials with excellent safety, reliability, and
economic efficiency. Austenitic stainless steels are highly
resistant to HE and retain substantial ductility when exposed
to hydrogen compared with other types of steels [1, 2].
However, during welding (indispensable for constructing
hydrogen-related facilities), a dendrite structure—consisting
of δ-ferrite and secondary phases such as intermetallic
precipitates in the austenitic (γ) matrix—is formed during
solidification of welded metals for austenitic stainless
steels. Fracture mechanisms of hydrogen precharged welds
of austenitic stainless steels are different from those of base
materials, and it has been reported that δ-ferrite phases as
well as their boundaries in the dendrite structure facilitate
initiation and propagation of microcracks in tensile tests
[1, 3]. Some of the intermetallic precipitates that form in
weld metals have also been reported to be susceptible to HE
in terms of their intrinsic brittleness and the changes in the
local elemental distribution [4]. To further understand the HE
mechanism in weld metals, applying an innovative exper-
imental method might be helpful to clarify hydrogen behavior
based on the heterogeneous microstructures in the dendrite
structure.

Scanning Kelvin probe force microscopy (SKPFM) [5–7]
is a powerful tool for mapping the hydrogen distribution in
materials; it has a spatial resolution of up to several tens of
nanometers and detects surface potential changes that are
pertinent to diffusible hydrogen on the metal surface [8, 9].

This technique also enables sequential kinetic analysis of
the hydrogen distribution with continuous measurements
[9]. However, SKPFM cannot evaluate the local hydrogen
concentration from the absolute value of the surface potential
obtained from the measurement because of the absence of a
calibrated reference electrode [9]. Namely, the potential value
is considered as relative, and the mapping data of potential
contrast in the scanned area are pertinent to subsequent
experimental evaluation. When performing SKPFM measure-
ments of steel materials under atmospheric pressure, the
surface potential changes because of formation and growth
of oxide films. In particular, local elemental concentration
gradients in heterogeneous microstructures give rise to local
potential contrasts because of the differences in the stability
of the passive oxide film [10, 11]. Even in steel materials
covered with an oxide film on their surfaces, hydrogen can be
detected because hydrogen reduces Fe(III) to Fe(II) in the
oxide film, leading to a change of the surface potential of
the oxide film [12, 13]. Therefore, when detecting hydrogen
in steel materials by SKPFM under atmospheric pressure, it
is necessary to determine whether the change in surface
potential is because of hydrogen or the oxide film. Some
literature [14, 15] has reported the hydrogen distribution and
its time-dependence on the entry surface of precharged
maraging stainless steels with SKPFM under atmospheric
pressure. However, detecting permeated hydrogen at the exit
surface has not been conducted for precharged steels when
covered with oxide films, but is expected to further advance
understanding of the HE mechanism (pertinent to the
behavior of diffusible hydrogen). Coating a metal surface
with a thin Pd film can substantially improve the hydrogen
detection efficiency up to several parts per billion by
preventing oxide film formation and hydrogen escape from
the metal surface [9]. Sophisticated analyses of the permeated
hydrogen behavior for cathodically charged stainless steels
have been conducted by SKPFM measurements on Pd-coated
exit surfaces [16, 17]. However, some local limitations of the
hydrogen diffusion because of the interaction with oxide
films on the surface [18] are pertinent to the HE mechanism+Corresponding author, E-mail: yoshiharu@nims.go.jp
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in practical contexts. Therefore, it is pertinent to accumulate
sufficient data of hydrogen monitoring for steel materials,
with and without a Pd coating on their surfaces.

In the present study, the time-sequential distribution of the
surface potential on the entry/exit surfaces of cathodically
charged SUS316 columnar crystal specimens was evaluated
by SKPFM under atmospheric pressure. Because the
columnar structure is one of the main structures of weld
metals, columnar crystal specimens covered with oxide
films on the surfaces were prepared as a first step in
evaluating the HE mechanism in weld metals used in
practical conditions. The microstructures of the entry/exit
surfaces were also evaluated by electron backscattered
diffraction (EBSD) and energy-dispersive X-ray spectrosco-
py (EDS) in the same areas of the SKPFM measurements.
The purpose of the present study was to monitor the behavior
of invaded/permeated hydrogen based on the heterogeneous
microstructures in order to improve our understanding of the
HE mechanism in weld metals.

2. Experimental Procedure

A commercial SUS316 was used for fabricating columnar
crystals. Table 1 shows the chemical composition of
SUS316. Fragments of SUS316 were enveloped in a crucible
and heated at 1823K, followed by unidirectional solid-
ification in a furnace at a pulling speed of 200mm/h to
fabricate an ingot of SUS316 columnar crystal. Figure 1

shows a schematic of specimen preparation as well as
microstructural images of a cross section and the specimen
surface. The ingot was sliced to plate across the columnar
crystal structure [Fig. 1(a)], and a disc with a diameter of
20mm as well as a cross-sectional plate was cut out from
the plate [Fig. 1(b)] with an electric discharge machine. The
disk and cross-sectional plate were ground to a thickness of
0.3mm, mechanically polished with #800 and #1200 emery
paper for 30min, and mirror-finished with a colloidal silica
suspension (grain size of 0.04 µm) for 1 h to form a specimen
[Fig. 1(b) and (c)]. Laser markings were introduced onto
the specimen surface as guides for multimodal (SKPFM,
EBSD, and EDS) measurements. EBSD measurements
were performed on the specimen surface as well as a cross-
sectional plate with a scanning electron microscope
(HITACHI-SU5000) equipped with a diffraction detector
(APEX, Velocity EBSD camera). Figure 1(d), (e) shows
typical microstructural images of the inverse pole figure (IPF)
map and enlarged phase map, respectively, on a cross-
sectional plate; and Fig. 1(f ), (g) shows images of the IPF
and the enlarged phase maps, respectively, on the specimen
surface. In the unidirectional solidification process, austenite
(γ) and adjacent δ-ferrite grow along their respective
preferential crystal orientations, and the adjacent δ-ferrite
grows continuously when a single austenite grows continu-
ously [19]. However, when austenite newly nucleates or
diminishes during the process, a continuous growth of the
adjacent δ-ferrite is also interrupted. Therefore, some of δ-
ferrite phases are discontinuous inside specimen [Fig. 1(e)].
EDS measurements were performed on the specimen surface
with a scanning electron microscope (HITACHI-SU5000)
equipped with an X-ray detector (APEX, Octane Elite). The
acceleration voltage was 15 kV, the energy spectrum of the
characteristic X-rays was counted as a pulse signal in 10-eV
increments in the range 0–20 keV, and measurements were

Table 1 Chemical composition of SUS316 stainless steel (mass percent-
age).
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Fig. 1 Schematic of specimen preparation and microstructural images of cross section and specimen surface: (a) Ingot of SUS316
columnar crystal; (b) Sliced plate; (c) Cut out of disk specimen and images of cross section; (d) IPF map and (e) Enlarged phase map, and
images of specimen surface; as well as (f ) IPF map and (g) Enlarged phase map.
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conducted until the total count reached the order of 106 to
obtain sufficient spectral detection sensitivity. Regarding
the intensity maps consisting of spectral counts for each
element, Cr, Mo, and Ni maps are presented in the present
experiments. Following EBSD and EDS measurements, Ar-
ion milling (Hitachi High-Tech, IM4000Plus) was conducted
on the specimen surface for 1min. The accelerating voltage
and current values were 4 kV and 120 µA, respectively,
with irradiation angles of 80° with respect to the normal
direction of the specimen surface. The SKPFM measure-
ments were performed on the specimen surface on the same
areas evaluated by EBSD and EDS measurements for each
specimen. The SKPFM used in the present study comprised
an atomic force microscope, a Kelvin probe, potential
measurement devices, and an X–Y stage system (Hitachi
High-Tech, AFM5500). The measurement area was 50 µm ©
50 µm with data points of 256 px © 256 px. The resolution of
the surface topography and potential was 0.1 nm and 1.0mV,
respectively. The measurements were conducted under room
conditions (23°C, ¯40% relative humidity) with a conductive
Rh-coated Si tip as a Kelvin probe with a resonant frequency
of approximately 25 kHz in dual-scan mode. Because the
measured value of the potential from this device was the
potential difference between the bias-controlled Kelvin probe
tip and the ground specimen, the absolute value is semi-
quantitative; hence, the potential contrast provides useful
information reflecting local modifications of surface proper-
ties. In the present experiments, surface potential was defined
as the reversed sign of the output value from this device
(nulling method), and the obtained potential distribution was
drawn as the potential map with the lowest value normalized
to zero in the map. Further comprehensive explanations
regarding the SKPFM measurements can be found elsewhere
[20]. Figure 2 shows a schematic of the cathodic hydrogen
charging cell installed on the SKPFM sample stage. Cathodic
hydrogen charging was performed on the entry surface of
the specimen at room temperature by using 0.1M NaOH, and
the charging current was 0.33mA/cm2. This charging cell
enables SKPFM measurements on the exit surface immedi-
ately after charging, without removing the specimen from the

cell, by switching the connection from Galvanostat to ground
(Fig. 2). SKPFM measurements were performed in area A on
the entry surface of the cathodically charged specimen as
well as areas B and C on the exit surface of the specimen
charged from the back. Regarding SKPFM measurements in
area A on the entry surface, the specimen was removed from
the cell after charging, washed with distilled water, and dried
in a vacuum desiccator for 1 h. The SKPFM measurements
on the entry surface were conducted before charging, 3-h
charging, and an additional 45-h charging (48-h charging
total); followed by 5, 7, and 12 d after charging. The interval
between 3-h charging and an additional 45-h charging was
2 h. After the measurement of 48-h charging total, the
specimen was stored in a dry desiccator. The SKPFM
measurements in areas B and C on the exit surface were
conducted before charging, 50-min charging, an additional
100-min charging (150-min charging total), and an additional
30-min charging (180-min charging total); followed by 3 d
and 7 d after charging. The interval between charging and
additional charging was ca. 2 h, corresponding to the
measurement time of SKPFM for the two areas. After
SKPFM measurements of 180-min charging total, the
specimen was removed from the charging cell and stored in
a dry desiccator.

3. Results and Discussion

3.1 Hydrogen monitoring on the entry surface
Figure 3 shows the following: SEM image (Secondary

electron image) [Fig. 3(a)]; phase map [Fig. 3(b)]; top-
ography map along the P–Q line [Fig. 3(c)]; as well as
intensity maps along the P–Q lines of Cr, Mo, and Ni
[Fig. 3(d)–(f ), respectively] in area A on the entry surface.
The crystal structure had a dendritic structure [Fig. 3(a) and
(b)], in which δ-ferrite phases manifested as branches in the
austenitic (γ) matrix, and a line segment P–Q with a length
of 20 µm was set across the δ-ferrite phase. In the δ-ferrite
phase, an approximately 50-nm higher topography [Fig. 3(c)]
and higher intensities of Cr and Mo yet lower intensity of Ni
were detected [Fig. 3(d)–(f )]. Figure 4 shows potential maps

Cathodic hydrogen charge cell
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Switch Kelvin probe
(Rh-coated Si tip)

0.1 M NaOH 
Pt
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Reference electrode

Counter
electrode

Working electrode

SKPFM housing

SKPFM sample stage

Fig. 2 Schematic of cathodic hydrogen charging cell installed on SKPFM sample stage.

Y. Murase and H. Katayama782



200 μm

0 μm

0 20
P Q

(c) Topography map 
along P–Q line

0 2010 [μm]

[nm]
0

200T U0 20
P Q

(f) Intensity map and
line (P–Q) profile of Ni

0 20

P Q
0 20

P Q

0 20
P Q

10 μm

0 20
P Q

(a) SEM image
(b) Phase map

Green : γ, Red  : δ 

(d) Intensity map and
line (P–Q) profile of Cr

0 2010
[μm]

a.
u.

0

P Q

(e) Intensity map and 
line (P–Q) profile of Mo

0 2010
[μm]

a.
u.

0

P Q

0 2010
[μm]

a.
u.

0

P Q

δ γγ

(Secondary electron image)

Fig. 3 (a) SEM image; (b) Phase map; (c) Topography map along P–Q line; as well as (d)–(f ) Intensity maps along P–Q lines of Cr, Mo,
and Ni, respectively, in area A on the entry surface.
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Fig. 4 Potential maps along the P–Q lines in area A: (a) Before charging, (b) 3-h charging, (c) 48-h charging total, (d) 5 d after charging,
(e) 7 d after charging, and (f ) 12 d after charging.
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along the P–Q lines in area A: before charging [Fig. 4(a)],
3-h charging [Fig. 4(b)], 48-h charging total [Fig. 4(c)], 5 d
after charging [Fig. 4(d)], 7 d after charging [Fig. 4(e)], and
12 d after charging [Fig. 4(f )]. The potential of the δ-ferrite
phase relative to the austenitic (γ) matrix along the P–Q line
was almost the same before charging [Fig. 4(a)]; and lower
by 9, 14, 6, and 4mV for 3-h charging [Fig. 4(b)], 48-h
charging total [Fig. 4(c)], 5 d [Fig. 4(d)], and 7 d after
charging [Fig. 4(e)], respectively, yet higher by 3mV for
12 d after charging [Fig. 4(f )]. Lower potential at the
boundaries of the δ-ferrite phases than that of the austenitic
matrix (ranging from 12–13mV maximum) was detected
for 5 d [Fig. 4(d)], 7 d [Fig. 4(e)], and 12 d after charging
[Fig. 4(f )].

When SKPFM measurements of steel are conducted under
atmospheric pressure, the distribution of the surface potential
is influenced by the difference in the stability of the passive
oxide film, which depends on the local elemental concen-
tration gradients in the heterogeneous microstructure.
Because formation of a passive oxide film was more
enhanced in some phases with a higher concentration of Cr
or Mo, a clear tendency of a relative increase of the surface
potential over time has been reported in such phases [10, 11].
However, a relative decrease of the surface potential in the
δ-ferrite phases with higher concentrations of Cr and Mo
[Fig. 3(d) and (e)] was detected over time from before to
48-h charging total [Fig. 4(a)–(c)]. Furthermore, the lower
potential was gradually recovered in the δ-ferrite phases after
charging but prolonged at the boundaries of the δ-ferrite
phases, even 12 d after charging [Fig. 4(f )]. Because these
series of potential variation over time cannot be explained in
terms of forming the passive oxide film, the present authors
hypothesize that the diffusion and segregation of invaded
hydrogen from cathodic charging [8] would be reflected in
the potential variations. Luppo et al. [21] confirmed
segregation of invaded hydrogen at the boundaries of δ-
ferrite phases on the entry surface of a weld metal for
cathodically charged austenite stainless steels by hydrogen
microprinting. Furthermore, preferential initiation of micro-
cracking at the δ-ferrite phases and propagation of cracks
along the boundaries of ferrite phases has been reported in
plastic–elastic fracture mechanic tests of precharged weld
metals of austenite stainless steels [1, 21]. The present results
of SKPFM measurements on the entry surface strongly
support the involvement of δ-ferrite phases with hydrogen-
assisted cracking of weld metals. Namely, the invaded
hydrogen in δ-ferrite phases during charging promptly
diffuses and desorbs from the surface, but some of invaded
hydrogen preferably segregates at the boundaries even after
charging. Thus, monitoring invaded hydrogen in the δ-ferrite
phases on the entry surface provides pertinent information on
the hydrogen embrittlement mechanism of weld metals. In
contrast, the potential changes due to the diffusion of invaded
hydrogen in austenite phases would be limited in the present
experimental duration (12 d after charging), because the
hydrogen diffusion coefficient of the austenite phase is
approximately five orders of magnitude smaller than that of
the ferrite phase at room temperature [22]. However, since
the potential in austenite phases is not considered as a
reference potential free from the effect of diffusible hydrogen,

the evaluation of the hydrogen concentration in the δ-ferrite
phase based on the relative potential with the austenite phase
could not be conducted on the entry surface.

3.2 Hydrogen monitoring on the exit surface
Figure 5 shows the following: SEM image (Secondary

electron image) [Fig. 5(a)]; phase map [Fig. 5(b)]; top-
ography map along the R–S line [Fig. 5(c)]; and intensity
maps along the R–S lines of Cr, Mo, and Ni [Fig. 5(d)–(f ),
respectively] in area B on the exit surface. A line segment
R–S with a length of 20 µm was set across the δ-ferrite
phase (Fig. 5). In the δ-ferrite phase, an approximately 50-
nm higher topography [Fig. 5(c)] and higher intensities of
Cr and Mo—yet a lower intensity of Ni—were detected
[Fig. 5(d)–(f )]. Figure 6 shows potential maps along the R–S
lines in area B: before charging [Fig. 6(a)], 50-min charging
[Fig. 6(b)], 150-min charging total [Fig. 6(c)], 180-min
charging total [Fig. 6(d)], 3 d after charging [Fig. 6(e)], and
7 d after charging [Fig. 6(f )]. The relative potential of the
δ-ferrite phase to the austenite (γ) matrix along the R–S line
was almost the same before charging [Fig. 6(a)]; and lower
by 3, 5, 4, and 2mV for 50-min charging [Fig. 6(b)], 150min
total [Fig. 6(c)], 180min total [Fig. 6(d)], and 3 d after
charging [Fig. 6(e)], respectively, yet higher by 3mV for 7 d
after charging [Fig. 6(f )].

The relative decrease and gradual recovery of the surface
potential in the δ-ferrite phase on the exit surface during
and after hydrogen charging (Figs. 5 and 6) were similar to
the potential behavior in the δ-ferrite phase on the entry
surface, during and after hydrogen charging (Figs. 3 and 4).
Therefore, it is reasonable to consider that the relative
decrease of the surface potential in the δ-ferrite phases during
charging was attributable to the permeated hydrogen on the
exit surface. This preferential detection of permeated
hydrogen in the δ-ferrite phases is plausible because the
hydrogen diffusion coefficient of the ferrite phase is orders
of magnitude larger than that of the austenite matrix at
room temperature. In contrast to the behavior of the invaded
hydrogen on the entry surface, the delay in the potential
recovery was not clearly detected at the boundaries of the
δ-ferrite phases on the exit surface after hydrogen charging
[Fig. 4(e) and (f )]. This indicates less substantial segregation
of permeated hydrogen at the boundaries of the δ-ferrite
phases on the exit surface, which implies that the HE
mechanism of the material may differ between the outermost
surface and the interior for weld metals.

Although the concentration of the permeated hydrogen
detected on the exit surface cannot be evaluated in the
SKPFM measurements, it has been quantitatively estimated
by using the electrochemical method for the permeated
hydrogen current density [23, 24]. Furthermore, Akiyama
and Li [23] noted that the hydrogen concentration in a carbon
steel estimated from the hydrogen permeation current density
was in good agreement with the concentration of diffusible
hydrogen experimentally measured by thermal desorption
analysis (TDA) for the steel. Table 2 shows the experimental
results of the hydrogen concentration by the electrochemical
method and TDA in ferritic phases for pure iron as well as
carbon steels cathodically charged in 0.1M NaOH [23–26].
Although the material and charging conditions in the present
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Fig. 5 (a) SEM image; (b) Phase map; (c) Topography map along R–S line; as well as (d)–(f ) Intensity maps along R–S lines of Cr, Mo,
and Ni, respectively, in area B on the exit surface.
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experiments did not match those in Table 2, it would be
roughly estimated for hydrogen concentrations ranging from
0.1 ppm to several mass parts per million in the δ-ferrite
phases when the charging time reaches a steady state of
hydrogen permeation. Because the concentration of the
permeated hydrogen during 3-h charging in the present
experiments must be even smaller than those estimated in
Table 2, the present SKPFM measurements under atmospher-
ic pressure could detect at least a 0.1mass ppm order of
hydrogen concentration in the δ-ferrite phases on the exit
surface.

3.3 Dependence of permeated hydrogen on the micro-
structure

Multimodal (EBSD, EDS and SKPFM) measurements
were also conducted in area C on the exit surface. Figure 7
shows the following: SEM image (Secondary electron image)
[Fig. 7(a)]; phase map [Fig. 7(b)]; topography map along
the T–U line [Fig. 7(c)]; and intensity maps along the T–U
lines of Cr, Mo, and Ni [Fig. 7(d)–(f ), respectively] on the
exit surface in area C. Spots 1 and 2 were designated in
area C [Fig. 7(a)]. Some precipitates formed at the boundary
between the δ-ferrite and γ phases, and line segment T–U
(length: 8 µm) was set across the precipitates at spot 1. At
the precipitates, an approximately 10-nm higher topography
[Fig. 7(c)] as well as higher intensities of Cr and Mo—yet
little difference in the intensity of Ni—were detected
[Fig. 7(d)–(f )]. Regarding the δ-ferrite phase at spot 2, the
intensities of Cr, Mo, and Ni were similar to those of the δ-
ferrite phases surrounding the spot [Fig. 7(d)–(f )]. Figure 8
shows potential maps along the T–U lines in area C: before
charging [Fig. 8(a)], 50-min charging [Fig. 8(b)], 150-min
charging [Fig. 8(c)], 180-min charging [Fig. 8(d)], 3 d after
charging [Fig. 8(e)], and 7 d after charging [Fig. 8(f )]. The
potential of the precipitates in spot 1 was consistently 4- to
5-mV higher than that of the adjacent γ phase (Fig. 8),
regardless of hydrogen charging. The potential of the δ-ferrite
phase adjacent to the precipitates was almost the same as that
of the surrounding δ-ferrite phases in spot 1 before charging
[Fig. 8(a)] as well as for 3 and 7 d after charging [Fig. 8(e)
and (f )]; however, it was lower by 3, 3, and 4mV for 50-min
charging [Fig. 8(b)], 150-min charging total [Fig. 8(c)], and
180-min charging total [Fig. 8(d)], respectively. Regarding
the δ-ferrite phase in spot 2, little variations of the potential

relative to that of the surrounding γ phases were detected
regardless of hydrogen charging (Fig. 8).

Various intermetallic precipitates are generated during the
FA mode solidification of 300 series austenitic stainless steel
containing Cr and Mo [4]. These precipitates most frequently
contain the sigma (σ) phase, which is an intermetallic
compound with the Fe(CrMo) composition and also the
intermediate chi (χ) phase because of its Mo rich for SUS316
in the process, leading to formation of the σ phase [4]. A
higher surface potential in the σ phase than that of the
surrounding austenite matrix has been detected in SKPFM
measurements for aging stainless steels [27]. The hydrogen
diffusion coefficient of the σ phase has been estimated as
lower than that of the ferrite phases [28, 29]. In the present
multimodal measurements in spot 1 of area C on the exit
surface (Figs. 7 and 8), the surface potential of the precipitate
enriched with Cr and Mo was higher than that of the
surrounding phases, regardless of hydrogen charging.
Because it is assumed that the surface potential of the
precipitates was intrinsically higher and that hydrogen was
negligibly permeated through the precipitates, the precipitates
in spot 1 would contain σ phases. The further decrease in
potential during charging [Fig. 8(b) and (c)] in the δ-ferrite
phase adjacent to the precipitates strongly implies the effect
of accumulating hydrogen on the precipitates. Although
some studies have mentioned dissolution of hydrogen into
the σ phases [28, 29], the effect of accumulating hydrogen
has been reported not at interfaces of σ phases but the
intermediate χ phases [4]. Therefore, the intermediate χ
phases evidently also included in precipitates in spot 1, and
only some precipitates containing the χ phases would have
the effect of accumulating hydrogen. Regarding the δ-ferrite
phase in spot 2, little variation of the potential regardless of
hydrogen charging [Fig. 8(a)–(f )] indicates the absence of
permeated hydrogen. Although the δ-ferrite phase in spot 2
was connected with the surrounding δ-ferrite phases where
permeated hydrogen was detected, the permeated hydrogen
evidently escaped into the air before diffusing to the δ-ferrite
phases in spot 2 on the exit surface. Regarding the columnar
crystal specimen used in the present experiments, the
enlarged phase map of the cross section in Fig. 1(e) implies
the presence of discontinuous δ-ferrite phases between the
entry and exit surfaces. Because the permeated hydrogen
passed through the δ-ferrite phase, the absence of permeated

Table 2 Hydrogen concentration of iron and carbon steel cathodically charged in 0.1M NaOH by the electrochemical method and TDA.
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hydrogen in the δ-ferrite phase in spot 2 was attributed to
the spatial structures of the δ-ferrite phases between the entry
and exit surfaces. The δ-ferrite phase has the function of
increasing the sensitivity of HE for weld metals by increasing
the hydrogen concentration inside the material [30]. There-
fore, the mechanism of HE inside weld metals is closely
related to not only hydrogen segregation by precipitates but
also internal microstructures, such as spatial structures of
the δ-ferrite phases.

Monitoring of invaded/permeated hydrogen based on
heterogeneous microstructures by using SKPFM could thus
provide important suggestions related to the difference in HE
mechanisms between the outermost surface and the interior
of weld metals. Because HE of weld metals for austenitic
stainless steels has been reported to occur at several mass
parts per million of hydrogen concentration [31, 32], SKPFM
measurements even under atmospheric pressure are one of
the most effective methods for researching HE of weld
metals. In welded joints operated in practical environments,
the complexity of the internal structures because of the
welding histories, as well as the possible further heteroge-
neous structures such as strain-induced martensitic phases
because of the operation histories, is pertinent to the HE
mechanism. Further extensive accumulation of experimental
data with hydrogen monitoring technology is dispensable for
elucidating the mechanism of HE in weld metals.

4. Conclusion

The time-sequential distribution of the surface potential
on the entry/exit surfaces of cathodically charged SUS316
columnar crystal specimens was evaluated by SKPFM
under atmospheric pressure. Columnar crystal specimens
were prepared without Pd coating on the surfaces. The
microstructures on the entry/exit surfaces were also
evaluated by EBSD and EDS in the same areas of the
SKPFM measurements. The following conclusions can be
drawn.
(1) Invaded hydrogen on the entry surface was detected

at the δ-ferrite phases during and after charging, and
segregation of invaded hydrogen was emphasized at
the boundaries between the δ-ferrite as well as austenite
matrix after charging.

(2) Permeated hydrogen on the exit surface was detected at
the δ-ferrite phases during and after charging, but not
at some of them regardless of the hydrogen charging.
Segregation of permeated hydrogen was detected at
the boundaries between the δ-ferrite and some of the
intermetallic precipitates after charging.

(3) In contrast to preferential initiation of HE at the
boundaries between δ-ferrite and the austenite matrix
on the surface, the mechanism of HE inside weld metals
is closely related to not only hydrogen segregation by

Green : γ, Red  : δ 

(b) Phase map
(a) SEM image

200 nm

0 nm

10 μm
(c) Topography map
    and line (T–U) profile  

(d) Intensity map and
    line (T–U) profile of Cr

(e) Intensity map and
    line (T–U) profile of Mo

(f) Intensity map and
    line (T–U) profile of Ni

2μm
0 8
T U

0 8
T U

0 8
T U

0 8
T U

0 8
T U

0 8
T U

Spot 1

Spot 2

0 84
[μm]

[nm]
0

200T UPrecipi-
tates γδ

a.
u.

0 84
[μm]

T U

a.
u.

0 84
[μm]

T U

a.
u.

0 84
[μm]

T U

Precipi-
tates

(Secondary electron image)

Fig. 7 (a) SEM image; (b) Phase map; (c) Topography map along T–U line; as well as (d)–(f ) Intensity maps along T–U lines of Cr, Mo,
and Ni, respectively, in area C on the exit surface.
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precipitates but also the spatial structures of the δ-ferrite
phases.

(4) SKPFM measurements under atmospheric pressure
might facilitate HE research of weld metals even when
their surfaces are covered with oxide films.
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