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Abstract 

We have improved an electron stimulated desorption (ESD) apparatus to obtain the 

time evolution of hydrogen permeation for cold-worked stainless steel. Hydrogen 

permeation through grain structures was visualized by using the operando hydrogen 

microscope combining ESD and hydrogen supply system. The diffusion coefficients in 

grains were calculated from time evolution curves of hydrogen permeation.  Principal 

component analysis (PCA) of hydrogen maps was used to classify crystal grains by the 

degrees of hydrogen diffusion and permeation flux. Grain structures such as the ratio of 

austenite/martensite, crystallographic orientations and coherent/random grain boundaries 

were determined by electron backscatter diffraction (EBSD) analysis. The areas with 

high-speed and high flux permeation of hydrogen were characterized as smaller austenitic 



grains with grain boundaries.  The usefulness of a combined ESD-PCA-EBSD analysis 

on hydrogen permeation in materials was demonstrated in the present study. 
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1. Introduction 

    Hydrogen embrittlement—along with corrosion—damages metal, which weakens 

the integrity of metal components and potentially endangers human life. Metallic 

materials such as stainless steels, in general, are not consisted of one single homogenous 

grain but polycrystal grains. Grain boundaries, which are interfaces, are classified 

according to the crystallographic consistency or orientation angle of adjacent crystal 

grains. In corrosion researches, corrosion susceptibility at grain boundary structures has 

been extensively studied for various materials, and materials having structures with high 

corrosion resistance have been developed. On the other side, although hydrogen 

embrittlement has been reported to occur in welded parts and places of local strain[1], the 

evaluation of initiation point of embrittlement has been limited for the broken sample. 

Visualization of hydrogen is technically difficult and is one of the major obstacles to the 

progress of hydrogen embrittlement research. Therefore, to determine the initiation point 

of hydrogen embrittlement, it is very important to determine the location and distribution 

of hydrogen in materials in real-time and under operando conditions. 

In researches of hydrogen embrittlement, various methods have been utilised to detect 

the hydrogen diffusion in materials so far. Thermal desorption spectroscopy (TDS)[2], 

depth profiling by nuclear reaction analysis[3], hydrogen micro-print technique[4], 

secondary ion mass spectroscopy[5], and tritium autoradiography[6] are used for 



hydrogen detection. Recently, Kelvin probe force microscopy[7, 8] has been applied, the 

technique requires special conditions of a pre-charged system to obtain high 

concentrations of hydrogen by the surface potential change. These techniques do not 

detect hydrogen directly or damage the sample. In contrast to them, electron stimulated 

desorption (ESD), a popular technique in surface science field to study adsorption or 

desorption physics and/or just find out adsorbate, is a powerful investigative tool for 

direct detection of hydrogen[9, 10] in a metal without damage. ESD utilizes probe 

electrons to stimulate an electron in bonding atom on the surface to anti-bonding state 

and be able to visualize the bonded position of the atom as a 2D image. In this paper, time 

dependent images of hydrogen permeation through a metal were obtained by ESD. In 

addition, principal component analysis (PCA) and electron backscatter diffraction 

(EBSD) analysis were also conducted in the same area examined by ESD.  The purpose 

of this study is to propose the combined ESD-PCA-EBSD analysis as a useful method to 

evaluate the hydrogen permeation behaviour in materials. 

2. Experimental 

2.1 Method of hydrogen visualization 

        First, we will explain our hydrogen visualization system and the experimental 

conditions. We used original “operando hydrogen microscope” for the visualization [11, 

12](Fig. 1). This system uses ESD to visualize the two-dimensional distribution of 

hydrogen on a surface, directly, not only of adsorbed hydrogen but also of hydrogen 

permeating through structural materials. Early studies for detection of hydrogen by ESD 

had been limited to the measurement of materials that could hold a lot of hydrogen for 

long time, such as hydrogen storage alloys[13, 14]. By adding a hydrogen supply system 

into UHV (Fig. 1-d), we are able to investigate dynamical hydrogen behaviour in 



materials that do not contain large amount of hydrogen. Hydrogen supplied by the gas 

line is absorbed into the membrane-type sample from the rear side, diffuses through the 

sample, and exits on the UHV side. A tungsten filament of SEM (JUMP10, JEOL Co., 

Tokyo, Japan) was used for the ESD electron source. We have improved the background 

pressure to 10-8 Pa order and the stability of the electron beam of this apparatus in 

comparison with our previous paper [11]. As a result, the S/N of the ions and the spatial 

resolution of ion images were improved. 

2.2 Sample preparation 

The material used in the present study was 10% cold-worked SUS304 stainless steel.  

As-received material was annealed for 1 hour at 1373K to control grain size about 100 

μm in diameter. The annealed material was rolled to 10% reduction in thickness at room 

temperature, aiming at introducing deformation-induced martensite. The cold-worked 

material was then spark-cut into a disk shape with 16 mm in diameter, followed by 

mechanical polishing and mirror-finishing on surface into the sample with a thickness of 

100 μm in the center. Each grain size (50–150 µm) was measured with an optical 

microscope, close to the sample thickness (100 µm). The EBSD measurement provides 

the information of grain structures such as ratio of austenite/martensite, crystallographic 

orientations and coherent/random grain boundaries. During the experiment the 

temperature of the sample was kept at 473 K. In this case, hydrogen permeates through 

only one or two grains from the rear side to the UHV side which is at 10−8 Pa. Hydrogen 

atoms, permeating from the rear side of the sample to the UHV surface are desorbed by 

electron irradiation from the surface as hydrogen ions or as radical hydrogen atoms. Ions 

desorbed from each surface position, and the number of ions is proportional to hydrogen 

atoms existing on the surface in the case that the surface is a metal with uniform elements. 



The surface was checked with energy dispersive X-ray spectrometry (EDX), confirming 

that the surface was uniform with elements of iron, chromium, nickel, oxygen, and a small 

amount of carbon contamination. 

For determination of local and micro structures, measurement with EBSD was 

performed using a field emission microscope (JSM7900F, JEOL Co., Tokyo, Japan) 

equipped with a diffraction detector (EDAX-DVC-4). All data derived from EBSD 

measurements were analysed by OIM System (TSL Solutions Co., Kanagawa, Japan). 

3. Result and discussion 

3.1 Local hydrogen permeation and diffusion coefficient of each structure 

One of the main results of the ESD experiment was the successful determination of local 

hydrogen permeation and diffusion coefficient of each structure.  

3.1.1 Compare SEM image and hydrogen permeation mapping 

Figure 2-a shows a SEM image of the sample and Figure 2-b shows a hydrogen map at 

the same position. The hydrogen distribution is integrated over 65 hours from the time 

that hydrogen was introduced to the rear side of the sample. With the understanding of 

this rough outline, austenite grains, which appeared as bright areas in the SEM image, 

were shown in the hydrogen map to be associated with large amounts of hydrogen. The 

dark grains including dislocations were found to have a relatively low presence of 

hydrogen. This trend was the same with previous research[11], but not a perfect match; 

there is a ring-shaped area indicated in the figure where presence of hydrogen was not 

well-related to grain type.  

3.1.2 Separate crystalline by image fusion and principal component analysis 

To extract the area and to calculate the local diffusion coefficients of each single 

grain, we classified the hydrogen map by a technique of principal component analysis 



(PCA)[15]. The SEM image was rotated and shifted with respect to the hydrogen map, 

because the scan direction of incident electrons was slightly changed with the additional 

electric field used for ESD measurement. For PCA, we calibrated SEM and hydrogen 

maps by image fusion and adjusted the resolution and alignment of extraction locations 

at a 2000 × 2000 pixel level, which are the pixels of the hydrogen map. The following 

images were aligned and integrated as fusion image data for PCA: one SEM image, one 

hydrogen image before hydrogen supply from the rear side, and 13 hydrogen images, 

each of which was accumulated over 5 hours of ESD measurement until 65 hours. The 

PC1 image of PCA (Fig. 2-c) contains information of the SEM and ESD fusion image 

data (Figure 2-a and -b). The physical meaning of PC1 is that austenite grains have a 

higher volume of hydrogen permeation at later times in the permeation. The PC2 image 

(Fig. 2-d), which has the information from the fusion data, indicates the difference 

between the hydrogen maps and the SEM image. The PC3 image (Fig. 2-e) shows the 

difference between the earlier times and later times of hydrogen maps regardless of the 

SEM image. A ring pattern of a peculiar hydrogen distribution was observed throughout 

almost the entire measurement time, and it was confirmed to be one of features of the 

earlier time hydrogen maps.  

3.1.3 Calculation of local diffusion coefficient of hydrogen in each crystalline type 

Figure 3 shows the time evolution of ion counts from areas of austenite, martensite 

and the peculiar ring-shaped area. The areas used for counting were the pixels selected 

using the PCA results, and the ion counts were normalized to a value of counts/m2. The 

reason for the large variation in Figure 3-c is that the measurement area was small. Two 

remarks can be derived from Figure 3. One is the diffusion coefficient of hydrogen at a 



single structure, which can be obtained by fitting curves with formula (1) to ion counts 

with respect to time. Solid lines in the figure are the curves fitted by using Fick’s law, 

  (1) 

  (2) 

where C is concentration, C0 is a constant, D is diffusion coefficient, D0 is a constant 

(speed constant, hopping constant), Ed is activation energy, x is depth from the surface, 

(100 µm), R is gas constant (8.31 J/K/mol), and T is temperature. We obtained the 

diffusion coefficients and other parameters (the values of D, D0 and Ed) from the fitting 

results shown in each figure. In addition, the curve in Figure 3-a could be resolved into 

two fitting components 1 and 2. Component 2 (blue line) shows similar fitting parameters 

of martensite (Figure 3-b), while component 1 (orange line) would be austenite. We 

consider that the austenite grains may have included dislocations. We checked the data 

from grains in each of the three different areas in Figure 3-a independently, and found 

that the height of the component 2 varied with each grain and sometimes component 2 

did not appear. Grains that showed only the single component will be discussed below (in 

the section of 3. 2. 2). Our calculated diffusion coefficients (D) did not completely match 

the values of the reference data[16, 17]; however, they are consistent with the property of 

values for martensite being two orders of magnitude greater than values for austenite. The 

reason why our diffusion coefficients were smaller than those of the references may be 

because hydrogen was used for the permeation data in the references, whereas we used 

deuterium[5]. In addition, the reference data are not measured from a single crystalline, 

but are mean values of polycrystalline of a finite size together with grain boundaries. It is 



considered that error in the diffusion coefficient of grains that have the same structure is 

derived from the difference in crystal orientation[18].  

The other remark that can be derived from Figure 3 is that the amount of desorbed 

hydrogen differs between austenite and martensite structures. The double arrows on the 

right side of each figure show the amount of hydrogen permeation. We can say that 

hydrogen diffuses slowly in austenite but has a large amount of permeation. In dislocation 

included grain, hydrogen diffuses quickly and has a small amount of permeation. The 

permeation rate of hydrogen is proportional to the product of hydrogen solubility and the 

diffusion coefficient in the structure. The solubility of hydrogen in austenitic stainless 

steel is higher than the solubility of hydrogen in martensitic stainless steel[19], which is 

consistent with our results. In Figure 3-c, the volume through the ring area was almost 

the same as the permeation of austenite grains, especially that of component 1. 

3.2 Discovery of a high-speed permeation path and the structure  

3.2.1 High-speed and high flux permeation path 

Next, we show the second major result, which is the discovery of a high-speed 

permeation path and its structure. Figure 2 includes a new information. The relationship 

between the ring pattern and the SEM image was unknown (see arrowed parts in Fig. 2-

d and -e). The ring pattern was found to be emitted from not bright position in the SEM 

image from PC2 result, and the hydrogen distribution at the position of this ring continued 

to be high from the beginning of the permeation measurement to the end of the 

measurement from PC3 result. At the ring, the hydrogen diffusion coefficient is high and 

the amount of permeation is also high, which matches neither the hydrogen permeating 

properties of austenite nor that of martensite. Based on the PCA results, we succeeded in 

extracting the narrow area with new permeation properties that has not been previously 



visualized. The diffusion coefficient of hydrogen would be different in structures, and 

crystal orientation[18] or a strains[19].  

3.2.2 The structure of the high-speed and high flux permeation area 

We focused on the areas in (1) and (2) in Figure 4-a, and tried to determine the structure 

of the areas with high-speed and high flux permeation area by using EBSD measurement. 

The inverse pole figure map in wide area for austenite revealed that the orientation of the 

central green grain (Fig. 4-b) was austenite (101), and the austenite structure ratio was 

97% or more. This is the grain showing the single fitting component of the diffusion 

coefficient that we discussed at Figure 3. The other grains that looked to be mix structure 

of austenite and martensite show the permeation properties of martensite together with 

austenite. On the other hand, the upper right grain, in which a martensite structure ratio 

was 70%, did not show the permeation properties of austenite (Fig. 3-b), despite including 

30% austenite. This indicates that the influence of martensite on permeation was too 

dominant to detect that of austenite. As shown in Figures 4-1b and -2b, high-resolution 

EBSD images show the smaller austenite grains and grain boundaries in areas of (1) and 

(2). In Figure 4-1c, it can be seen that the hydrogen distribution showing the ring shape 

in area (1) may be related to grain boundaries including Σ3 coherent grain boundaries. 

Since the dislocation slips were severely overlapped at the grain boundaries, these grain 

boundaries could not be characterized only with Σ3. In area (2), although the relationship 

between hydrogen distribution and Σ3 coherent grain boundaries was less significant than 

that in area (1), small austenite grains with multiple orientations and grain boundaries 

were observed similarly to area (1). The role of grain boundaries on hydrogen permeation 

has been investigated by many researchers [20-24], but there are still contradiction about 

its role between promotion [20-22] and suppression [23, 24]. In our former research [11], 



the lower permeation volume has been detected at grain boundaries. Recent study has 

reported that the coherent grain boundary Σ3 of Ni offers a quick diffusion path for 

hydrogen[20]. In the present study, the high-speed and high flux permeation were 

detected in areas of (1) and (2) containing smaller austenite grains and grain boundaries. 

Therefore, it is suggested that the high-speed and high flux permeation of hydrogen would 

be sustained by the coexistence of a high diffusion coefficient of grain boundaries and 

supply of hydrogen from the surrounding austenite grains. 

3.3 Summary of experimental result 

We have separated and characterized hydrogen diffusion at grain boundaries by using 

an operando hydrogen microscope. Calculations were conducted by assuming hydrogen 

permeation was in a single direction. To understand the diffusion in the ring area (high-

speed and high flux permeation), it is necessary to consider the following lateral hydrogen 

paths through the membrane sample: bidirectional transfers from austenite grains to the 

grain boundary and from the grain boundary to the crystal. In the present study, the spatial 

resolution of the hydrogen maps was about only 1 µm, but it is meaningful that the 

discussion of hydrogen permeation was effectively supported by PCA and EBSD analysis 

to embark on this difficult problem. Thus, the usefulness of a combined ESD-PCA-EBSD 

analysis was demonstrated to improve the understanding of hydrogen permeation in 

materials in the present study. 

4. Conclusions 

Time evolution of hydrogen permeation in grain structures for cold-worked stainless steel 

was examined by using ESD. Subsequently, the discussion of hydrogen permeation was 

supported by PCA and EBSD analysis. The new findings are:  



1) Time dependence of ion counts in each type of grain was obtained by ESD. Evolution 

curves of hydrogen permeation in grains were discussed on the fitting with the Fick’s law. 

2) SEM image and time-resolved ESD images were comparatively examined by PCA to 

pick up the areas with high-speed and high flux permeation of hydrogen.  

3) The information of grain structures (ratio of austenite/martensite, crystallographic 

orientations and coherent/random grain boundaries) was obtained by EBSD analysis. 

Small austenite grains with boundaries were mainly detected in the areas with high-speed 

and high flux permeation of hydrogen. 

4) The higher-speed and high flux permeation of hydrogen in the areas would be sustained 

by the coexistence of a high diffusion coefficient of grain boundaries and supply of 

hydrogen from the surrounding austenite grains. The usefulness of a combined ESD-

PCA-EBSD analysis was demonstrated to improve the understanding of hydrogen 

permeation in materials in the present study. 
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Figures and Captions 

 

 

 

Figure 1.  Schematic diagram of experimental setup of the operando hydrogen 

microscope. (a) Residual gas in the UHV chamber is monitored by quadrupole mass 

spectrometer. It was confirmed that 99% of the gas that increased during the permeation 

experiment was hydrogen. (b) SEM images are taken with the signal of the secondary 

electron detector before and after the hydrogen permeation experiment. (c) Hydrogen 

maps are created from ESD ions in real time detected by pulse counting in the channel 

plate together with information on the position of desorption. We chose an electron 

energy of 1000 eV, with an imaging time of 400 seconds and an interval time of 50 

seconds for each frame of a 330 µm × 520 µm map. Maps are created continuously during 

the permeation experiment. SEM images and ESD maps are created by scanning electron 

beam using the same electron gun.  (d) Hydrogen supply for long period measurement. 

The sample is vacuum sealed to a hydrogen gas line introducing hydrogen gas into a UHV 

chamber. Hydrogen is absorbed into the sample from the rear side, diffuses through the 

sample, and exits into the UHV chamber. In this experiment we have used 0.1MPa 

deuterium to separate from residual gas in UHV chamber. 

  



 

 

Figure 2.  SEM image and hydrogen map of SUS304 including dislocations and the 

comparison result with PCA at 473 K. (a) SEM image of 330 m × 520 m. (b) Hydrogen 

distribution at the same position as (a). The colour bar indicates the hydrogen ion count 

at each position. The ion counts are integrated over 65 hours from when hydrogen was 

introduced to the rear side of the sample. Arrows with comments are points of interest. 

There are many grains or areas where the brightness distribution of the SEM image and 

the hydrogen map match. However, there are some areas of unknown relationship, where 

the brightness does not match. (c) PC1 score image, which contains 55.26% information 

of the SEM and DIET fusion image data. It corresponds to the SEM image and hydrogen 

maps. The physical meaning is that the bright austenite grains in SEM have higher volume 

of hydrogen permeation. (d) PC2 score image, which has 28.33% information from the 

fusion data, indicates the difference between the hydrogen maps and the SEM image. The 

image extracts the high hydrogen distribution area of unknown relation with SEM 

brightness, arrowed as examples the ring shape area (1) and lower right area (2). (e) PC3 

score image, which has 2.57% information of the fusion data, shows the difference 

between the earlier time and later time of hydrogen maps regardless of the SEM image. 

It is shown the peculiar area (1) and (2) in PC3, too. 

  



 

 

Figure 3.  Time dependence of ion counts in each type of grain. Counts are calibrated 

to the number per unit area. (a) Time evolution of ion counts desorbed from austenite 

grains. For the austenite area, 452 pixels were chosen from within the bright grains in the 

PC1 image (coloured parts in the inserted image). (b) Time evolution of ion counts from 

grains including dislocations. 659 pixels from the PC1 image were chosen as areas 

including the dislocations. (c) Ion counts from the peculiar part, the ring area (1). Only 

105 pixels chosen from the PC3 image were used for the peculiar area. Solid black lines 

in the figures are curves fitted using Fick’s law. The fitting results are shown in each 

figure. Only the ion count line in (a) can be resolved into two fitting components. 

Component 1 (blue line) has a slow diffusion speed and Component 2 (orange line) has a 

faster diffusion speed. The red double arrow on the right side of each figure shows the 

amount of hydrogen permeation at 65 hours. For (a) only, the amount of permeation when 

resolved into two components is also inserted. It can be seen that it is about 

2.2 × 1010 counts/m2 and can be separated into 1.7 × 1010 counts/m2 and 

5.2 × 109 counts/m2.  In (b) the hydrogen count at grains including dislocations was 

about 7.6 × 109 counts/m2.   In (c), the count through the ring area was about 1.6 × 1010 

counts/m2. 

  



 

Figure 4.  EBSD result measured after the hydrogen permeation experiment. (a) PC3 in 

PCA. Arrows indicate the areas of interest, which are areas with peculiar permutation 

properties. (b) Low-resolution (1 µm steps) inverse pole figure map for austenite over the 

whole the area of (a). Colour scale indicating the crystal orientation is shown to the side. 

(1b and 2b) High-resolution measurement of austenite orientation of areas (1) and (2). 

(1c and 2c) Distribution of coherent grain boundaries of type Σ3. The tolerance angle of 

Σ3 is 15°. The tolerance angle of Σ3 is usually taken to be 8.66°, but we used 15° since 

the sample was a cold-rolled sample and a large allowable angle was taken in 

consideration of local distortion. 

 

 

 


