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The authors confirmed that applying a coating of Al2O3, TiC, or TiN on a substrate reduced the

hydrogen permeation by a factor of at least one order of magnitude compared with uncoated

substrates. Al2O3 films consisting of fine crystal grains, with diameters of about 40 nm or less,

provided superior hydrogen-permeation barriers on the test specimens. The test specimens coated

with TiN or TiC films, with columnar crystals grown vertically on the substrate, tended to exhibit

higher hydrogen permeability. The microcrystalline structures with many grain boundaries are

expected to provide effective hydrogen-barrier performance. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4919736]

I. INTRODUCTION

The presence of hydrogen in many metallic materials,

such as carbon steel,1–5 stainless steel,6–9 and aluminum

alloys,10–12 is widely known to negatively affect the mechani-

cal characteristics. In particular, steel composed primarily of

ferrite or martensite structures with higher strength is known

to have high hydrogen diffusibility and strong tendency to

suffer from hydrogen embrittlement.1–3 There have been

attempts in recent years to utilize hydrogen gas as an alterna-

tive to fossil fuel, leading to the development of numerous

hydrogen-energy systems that use high-pressure hydrogen.

Types 316 and 316L stainless steel are known to be suitable

materials for structural components in hydrogen-energy sys-

tems and can endure embrittlement caused by a hydrogen

environment.13–16 For such industrial applications, it is im-

portant to understand the interactions between high-pressure

hydrogen and materials and develop the appropriate technol-

ogy to prevent hydrogen from permeating susceptible materi-

als. Molecular hydrogen dissociates relatively easily to form

hydrogen atoms on the surface of steel when exposed to a

hydrogen gas atmosphere, and hydrogen permeation in steel

has been reported to cause hydrogen embrittlement.4,5

Studies concerning hydrogen-barrier films have been con-

ducted in a variety of fields such as nuclear fusion reactors,

fuel cells, H2S corrosion components, or vacuum equip-

ment.17–26 Dense ceramic films such as Al2O3, TiC, TiN,

and BN have been reported to provide superior hydrogen-

barrier performance. A diverse range of methods have been

used to form these films, such as chemical vapor deposition,

physical vapor deposition, or plasma-spray, and it is possible

to reduce hydrogen permeation by creating a few folds in ce-

ramic films with thickness of a few micrometers. The

hydrogen-permeation reduction factors vary significantly

from one report to another, however. The variance for Al2O3

is between 10 and 10 000, for example, owing to significant

variations in hydrogen permeation behavior with the films’

microstructures, which depend on the method of formation.

Many engineers and researchers have experimented with the

forming conditions to vary the microstructure of films and

typical microstructures have been modeled.27–30 For

instance, in Thornton’s structure zone model, microstruc-

tures are classified according to factors such as the substrate

temperature and argon pressure during film formation.27,28

There have been known a variety of microstructures such as

columns of a few micrometers, coarse particle structures, or

fine-grained structures of a few tens of nanometers by sput-

tering, but it would be difficult to believe that all these would

result in identical hydrogen permeation behavior.

This study focused on the impact of differences in thin-

film microstructures on hydrogen permeation behavior. The

correlations between the two were investigated.

II. EXPERIMENT

A. Deposition process

Films were formed using the radio-frequency (RF) ion-

plating method. Type 316L austenitic stainless steel was

used for the substrates and various films were formed on one

side of such substrates. Ultrasonically cleaned substrates

were set inside the film-formation equipment, and the cham-

ber was pumped to a vacuum before it was filled with argon.

The surface of each substrate was then treated with ion bom-

bardment under the argon atmosphere. The oxide film on the

surface of the substrates was then removed, and a reactant

gas was introduced to maintain the substrates at a constant

temperature. Titanium or aluminum was melted by the evap-

oration source of the electron gun to generate a vapor of the

metal, and the RF plasma of argon and the reactant gas were

stabilized to form metal-based thin films.

We formed films of TiC, TiN, and Al2O3 under the condi-

tions listed in Table I, which were selected for the formation

of dense films with good adhesiveness while allowing for as

much variation in grain sizes and microstructures within the

films as possible by adjusting the output of the electron-gas

power source, substrate voltage, RF output, reactant-gas

pressure, substrate temperature, etc. Argon gas and reactant

gases such as C2H2, N2, and O2 were introduced at a pressurea)Electronic mail: mtamura@sangaku.uec.ac.jp
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of 0.039–0.13 Pa. The temperature of the substrates was

maintained at 413–573 K. A film thickness of 2.0–2.5 lm

was obtained for all films under these conditions.

B. Characterization of coatings

The crystalline phase of the films was analyzed using

x-ray diffraction; the film thickness, film cross-sections, and

microstructures were examined with a scanning electron

microscope (SEM); the chemical composition of the films

was analyzed by electron probe microanalyzer; scanning

probe microscope (SPM) and cross-sectional transmission

microscopy (XTEM) were employed to provide surface crys-

tal grains and more detailed microstructural characterization.

The SPM is able to easily take measurements on test

specimen surfaces in an ambient atmosphere and with high

resolution. The analysis of film surface characteristics was

carried out using various image-analysis software pack-

ages.31–34 The images were processed by binarizing the

irregularity on the surface of films to gain an understanding

of the crystal grains in the films. The cross-sectional speci-

mens of the films for XTEM were prepared using focus ion

beam and analyzed for measuring grain size in the film.

Average grain size in the film was obtained from five differ-

ent area of observation.

C. Hydrogen-permeation tests

Hydrogen-permeation tests were performed on the coated

stainless steel samples. These tests were based on the

differential-pressure methods described in ISO15105-1:2007,

the international standard for determination of gas-

transmission rates.35–37 This part of the standard specifies the

use of a pressure sensor or a gas chromatograph for determin-

ing the gas-transmission rate of a single-layered plastic film

or sheet and multilayered structures under a differential pres-

sure. A gas chromatograph was used in this study.

Figure 1 shows a schematic illustration of the apparatus. The

coated samples (diameter: 35 mm; thickness: 0.1 mm) were set

on a silicon fiberglass susceptor, which was porous and could

be held in place without bending at temperatures up to 773 K.

The apparatus was evacuated to 10�6Pa. After the test tempera-

ture stabilized, hydrogen (purity of 99.995%) was introduced

into the susceptor side of the chamber at a filling pressure of

400 kPa. The stainless-steel-sample side of the apparatus was

continuously evacuated. The samples were affixed with a metal-

lic seal made of gold and could be heated by an electric furnace

to 773 K without oxidation. The permeation area was 6.6 cm2.

A thermal-conductivity detector (TCD) and a flame-

ionization detector were used with the gas chromatograph.

The TCD consisted of four tungsten filaments in a

temperature-controlled cell; this type of detector senses

changes in the thermal conductivity of the column effluent

and compares them to the flow of the carrier gas.

The permeability, U, is generally defined by the

expression25,35–37

U ¼ J � d=A � Dpn; (1)

where J is the permeation flux of hydrogen through a sample

of area A and thickness d, under a partial pressure gradient

Dp across the sample called the driving pressure. The expo-

nent n represents different permeation regimes: diffusion-

limited and surface-limited when n¼ 0.5 and 1, respectively.

Hydrogen permeation through a thin-film-coated steel sam-

ple is known to be diffusion-limited when the driving pres-

sure is between 104 and 105.25,35–38

The permeation flux was continuously measured at a test

temperature and under a test hydrogen pressure. After

30 min, for example, the standard deviation decreased below

10% among the data for permeation flux through the non-

coated stainless steel substrate at 773 K under a hydrogen

pressure of 400 kPa.

III. RESULTS AND DISCUSSION

A. Hydrogen-permeation mode

The permeation of hydrogen through solid materials pro-

ceeds via adsorption, dissociation, diffusion, and recombina-

tion coupled with desorption.39–47 Figure 2 shows a

schematic illustration of hydrogen permeation in coated

samples. A hydrogen molecule (H2,ad) is adsorbed on the

surface of the film and decomposes to hydrogen atoms (Had).

Such adsorbed hydrogen atoms diffuse into the film from the

film surface (Hfilm,in) and move toward the interface with the

substrate (Hfilm,out). Hydrogen atoms diffuse into the sub-

strate from the interface of the film (Hsub,in) to the noncoated

side of the substrate (Hsub,out). At the noncoated side of the

substrate, the hydrogen atoms (Hdes) form hydrogen mole-

cules and desorption occurs. In this study, a driving force of

hydrogen permeation was the pressure difference between

the high- and low-pressure sides. Hydrogen permeation

occurred in the film and the substrate because of decompres-

sion in the gas phase at the noncoated side of the substrate.

TABLE I. Coating conditions: PEB¼ power of electron beam source,

VDC¼ substrate voltage, PRF¼ power of RF. The operating pressure was

0.039–0.13 Pa. The substrate temperature was 413–573 K.

Coating PEB (kW) �VDC (V) PRF (W) Reactant gas

TiC 3.4–4.4 0.40–0.43 700 C2H2

TiN 2.7–3.8 0.40–0.43 700 N2

Al2O3 1.3–3.8 0.15–0.27 400 O2

FIG. 1. (Color online) Schematic illustration of the experimental apparatus

for hydrogen-permeation measurements.
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Our previous study17 has demonstrated the dependence of

permeation flux J on the driving pressure Dp in BN- and

TiN-coated samples. The exponent n had a value of

0.48–0.53 at 573–773 K, which indicated that hydrogen

passed through the samples in the diffusion-limited permea-

tion mode. When n¼ 0.5 (diffusion-limited regime) in Eq.

(1), the overall permeation flux of hydrogen through the

sample can be given by Fick’s law. In a steady state, the

overall permeation flux J (measured in mol s�1) through a

sample of thickness dfilmþ dsub (dfilm, thickness of film:

1.5� 10�6 m; dsub, thickness of substrate: 1.0� 10�4 m) and

area A (6.6� 10�4 m2) is expressed as

J ¼ U � AððPH2;inÞ0:5 � ðPH2;outÞ0:5Þ=ðdfilm þ dsubÞ; (2)

where / is the permeability of the sample as shown before,

and PH2,in (4.0� 105 Pa) and PH2,out (1.0� 10�6 Pa) are the

hydrogen pressures at the feed side and at the vacuum-

pumping side, respectively.

B. Effect of microstructure of coatings
on hydrogen-permeation behavior

The hydrogen-permeation behavior of specimens

obtained in this study is shown in Fig. 3. Chemical composi-

tions and crystal phases of some films are shown in Tables

II–IV. The Al2O3, TiC, and TiN films were dense and had

superior adhesion to the substrate. The hydrogen permeabil-

ity decreased in all test specimens, which consisted of

Al2O3, TiC, and TiN films on Type SUS316L substrates,

confirming that the films performed effectively as hydrogen

barriers.

The test specimens with a TiC or TiN coating underwent

a significant change in hydrogen permeability, which

depended on the test temperature, and the decline in the

hydrogen permeability was greater at lower temperatures.

Since the hydrogen permeability is a reflection of the diffu-

sion of hydrogen in the film, the diffusion coefficient of

hydrogen should also decrease with lower temperatures in

TiC or TiN. In other words, the activation energy related to

the dissipation of hydrogen is expected to be high.

On the other hand, the test temperature had little effect on

the test specimens (AO-1, AO-2, AO-3, AO-4, AO-5, AO-6,

AO-7, and AO-8), which were coated by Al2O3. Depending

on the film, there was at least one order of magnitude differ-

ence in the value of hydrogen permeability. This difference

in hydrogen permeability was examined in more detail with

a particular focus on the role of the films’ microstructure.

Table II shows the morphology and hydrogen permeabil-

ity of Al2O3-coated test specimens.

A comparison of test specimens AO-8 and AO-5 revealed

that they were both composed of microcrystalline grains

equivalent to those in zone T (transition structure and

densely packed fibrous grains) of Thornton’s structure zone

model.27,28 There were differences in the crystalline grain

sizes, however, with the hydrogen permeability being lower

for the smaller grains of AO-8.

The relationship between the crystalline grain size and

hydrogen permeability is shown in Fig. 4. Test specimens

FIG. 2. (Color online) Schematic illustration of the permeation mechanisms.

FIG. 3. (Color online) Arrhenius plot of hydrogen permeability as a function

of temperature.

TABLE II. Morphology and hydrogen permeability of typical Al2O3 thin

films.

Sample No. AO-8 AO-5

Film thickness (m) 2.03 2.35

Grain size (nm) 20.1 79.2

Surface roughness (nm) 1.57 6.06

Mole ratio: O to Al 1.48 1.47

Morphology of film Zone T

(fine grained)

Zone T

(fine grained)

Hydrogen permeability (moles/m/s/Pa1/2)

573 K 7.59� 10�14 7.46� 10�13

673 K 7.49� 10�14 6.94� 10�13

773 K 1.18� 10�13 3.97� 10�13
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covered with films consisting of smaller crystalline grains

tended to have lower hydrogen permeability.

Table III shows the morphology and hydrogen permeabil-

ity of TiC-coated test specimens. The cross sections of the

films and the morphology of the surface are shown in Figs. 5

and 6. A comparison of test specimens TiC-3 and TiC-2

revealed that TiC-3 was composed of microcrystalline grains

equivalent to those in zone T of Thornton’s structure zone

model,27,28 while the grains of TiC-2 were of a columnar

shape similar to those in zone II (columnar) of the same

model. There were also differences in the crystalline grain

sizes, with higher hydrogen permeability for columnar TiC-2

grains with relatively larger size.

The same tendency was observed in test specimens cov-

ered with TiN. The morphology and the hydrogen permeabil-

ity of TiN-coated test specimens are shown in Table IV. The

cross sections of the film and the morphology of the surfaces

are shown in Figs. 5 and 6. A comparison of test specimens

TiC-2 and TiN-3 revealed that TiN-2 was composed of

microcrystalline grains equivalent to those in zone T of

Thornton’s structure zone model,27,28 while the columnar

TiN-3 grains were equivalent to those in zone II (columnar).

Similar to the case of TiC, there were also differences in the

crystalline grain sizes, with higher hydrogen permeability for

the columnar TiN-3 grains with relatively larger size. The

TiC and TiN films with columnar structures tended to have

relatively high hydrogen permeability.

Films consisting of microcrystalline grains equivalent to

those in zone T of Thornton’s structure zone model,27,28 as

shown in Fig. 5(a), were confirmed to have higher hydrogen-

barrier performance. Many grain boundaries existed within

the films, which could potentially present some form of

obstruction when hydrogen passed through.

Studies concerning the state of hydrogen in materi-

als1–15,48–51 cited lattice defects (atomic vacancy, dislocation,

and grain boundaries), impurity atoms, precipitates, inclusion

boundaries, voids, etc., as hydrogen trap sites. Distinguishing

the state of hydrogen has recently become possible with ther-

mal desorption spectrometry and the like, based on the bind-

ing energy between such trap sites and hydrogen.

Studies on the hydrogen embrittlement mechanism of

steel have been actively conducted since the 1970s. The crit-

ical mass and solid solubility of hydrogen that exists within

a crystal lattice are derived from the amount of hydrogen in

a pure iron test specimen in a highly pure hydrogen gas envi-

ronment and equilibrium state.1–4 The solid solubility is the

atomic ratio of hydrogen with respect to the number of nor-

mal lattice, and the hydrogen concentration is known to be

proportional to the square root of the hydrogen gas pressure.

FIG. 4. (Color online) Hydrogen permeability of Al2O3-coated samples as a

function of grain size in the films.

TABLE III. Morphology and hydrogen permeability of typical TiC thin films.

Sample No. TiC-3 TiC-2

Film thickness (lm) 2.50 2.50

Grain size (nm) 69 98

Surface roughness (nm) 1.56 1.56

Mole ratio: C to Ti 1.0 0.9

Crystal phase TiC TiC

Morphology of film Zone T

(fine grained)

Zone II

(columnar)

Hydrogen permeability (moles/m/s/Pa1/2)

573 K 1.14� 10�14 9.29� 10�15

673 K 2.37� 10�13 3.78� 10�13

773 K 2.16� 10�12 6.27� 10�12

FIG. 5. SEM images showing morphologies of cross sections of (a) TiC-3 and (b) TiC-2. The sample numbers correspond to those in Table III.
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The solid solubility of hydrogen in steel can be affected by

the purity and surface condition of the test specimen, but the

results of various researchers match quite well at about

673 K or higher.1–5 The temperature dependence of solid sol-

ubility is close to a linear Arrhenius plot, which essentially

suggests that there is a scenario associated with a solid solu-

tion, such as lattice interval positions occupied by hydrogen.

Furthermore, the match between data in the literature and

various test specimens signify that the amount of hydrogen

that can be absorbed by iron is not much affected by impur-

ities and other lattice defects, such as grain boundaries, at

673 K or higher temperatures.

In contrast, hydrogen solid solubility of a monocrystalline

Ni test specimen is known to vary significantly from that of

a polycrystalline test specimen of Ni.50 At 573 K and lower

temperatures, it has been pointed out that ferroalloys are also

affected by surface absorption reactions and lattice defects.5

The hydrogen diffusion coefficient in steel depends on the

crystalline grain size and the diffusion coefficient decreases

when the crystalline grain size is small.51 The hydrogen con-

tent in Ni also depends on the crystalline grain size.50 These

findings led us to believe that the effects of grain boundaries

cannot be ignored when the diffusion rate of hydrogen is rel-

atively slow.

Hydrogen diffusion in steel has been known to be a few

orders of magnitude lower in materials with ion covalent

bonds, such as ceramic films,18,19,26 and the hydrogen trap

sites are believed to function sufficiently. Figure 7 shows

schematically how grain boundaries become hydrogen traps.

The microscale of a film’s crystal grains is believed to have

caused the grain boundaries to act as effective hydrogen-

diffusion barriers.

IV. SUMMARY AND FUTURE DIRECTIONS

Films of Al2O3, TiC, and TiN produced by RF ion plating

were dense and had superior adhesion to the substrate. The

hydrogen permeability decreased by at least two orders of

magnitude in all test specimens after the Type SUS316L

substrates were coated with Al2O3, TiC, or TiN, confirming

that the films exhibited hydrogen-barrier capabilities.

This difference in hydrogen permeability was examined

with a focus on the microstructure of the films. Test speci-

mens covered with Al2O3 films consisting of smaller crystal-

line grains, with diameters of about 40 nm or less, tended to

have lower hydrogen permeability. These microcrystalline

grains were equivalent to those in zone T of Thornton’s

structure zone model.

The TiC and TiN films with columnar structures and rela-

tively large crystal grains equivalent to those in zone II (co-

lumnar) tended to have relatively high hydrogen permeability.

Many grain boundaries existed within the films of micro-

crystalline grains and we believe that such grain boundaries

FIG. 6. (Color online) SPM images showing surface morphologies of (a) TiC-3 and (b) TiC-2. The sample numbers correspond to those in Table III.

TABLE IV. Morphology and hydrogen permeability of typical TiN thin films.

Sample No. TiN-2 TiN-3

Film thickness (lm) 2.20 2.60

Grain size (nm) 56 92

Surface roughness (nm) 3.50 3.48

Mole ratio: N to Ti 0.9 0.9

Crystal phase TiN TiN

Morphology of film Zone T

(fine grained)

Zone II

(columnar)

Hydrogen permeability (moles/m/s/Pa1/2)

573 K 2.12� 10�15 3.49� 10�15

673 K 7.58� 10�15 1.72� 10�14

773 K 2.21� 10�14 1.23� 10�13 FIG. 7. (Color online) Hydrogen atoms can be trapped at grain boundaries in

thin films.
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could become hydrogen traps. The films of microcrystalline

grains were confirmed to exhibit effective hydrogen-barrier

functions.

Extensive studies of the correlation between film structure

and deposition parameters have been carried out over the

past ten decades. From an understanding of film formation,

follows the possibility for micro- and nanostructural engi-

neering in order to design a material for specific technologi-

cal applications. This has led to the development and

refinement of Thornton’s structure zone models27,28 that sys-

tematically categorize self-organized structural evolution

during physical vapor deposition as a function of film growth

parameters. The first structure zone models were derived

from relatively low-resolution of optical and SEM observa-

tions. Later, cross-sectional TEM and SPM analyses were

employed to provide more detailed structural characteriza-

tion. In situ electron microscopy has revealed the dynamics

of film growth. This, together with results from in situ SPM

studies and computational materials science, has provided

detailed atomistic insights into microstructural evolution

during polycrystalline film growth.

In this study, behavior of hydrogen permeability of coated

stainless steels was analyzed with a focus on the grain size

of Al2O3 films. Thin films usually exhibit a wide variety of

microstructures characterized in terms of not only grain size

but also crystallographic orientation, lattice defects, phase

composition, and surface morphology. Further study is nec-

essary with a focus on the various microstructures to under-

stand the correlation between the hydrogen permeation

behavior and film microstructure and to develop high-

performance hydrogen barrier coatings.
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