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Diamond-like carbon (DLC) coating is a surface coating technology with excellent hydrogen
permeation resistance and wear resistance. However, it is difficult to completely prevent hydrogen
permeation, and when hydrogen penetrates into the coating layer, the DLC coating is adversely
affected. Therefore, we investigated the effect of hydrogen embrittlement on the adhesion strength
and wear resistance of the DLC coating layer. As the results of the research, the surface roughness of
the DLC coating was increased by a maximum of 3.8 times with hydrogen charging, and the
delamination ratio of the DLC coating reached about 58%. In addition, the Lc3, which refers to the
adhesion strength corresponding to the complete delamination of theDLC coating, was decreased by
a maximum of 2.0 N due to hydrogen permeation. In addition, the wear resistance decreased due to
hydrogen permeation, and the exposed width of the substrate due to wear increased by more than 4
times. It was also determined that hydrogen blistering or hydrogen-induced cracking occurred at the
interface between the DLC coating and the chromium buffer layer due to hydrogen permeation, which
decreased the durability of the DLC coating.

Climate change is a growing problem due to global warming and air
pollution1. In particular, various greenhouse gases, such as carbon dioxide,
methane, and nitrogen dioxide, are emitted from automobiles using fossil
fuels, which is attracting attention as a factor that accelerates environmental
pollution. Thus, researchers are very interested in researching and devel-
oping eco-friendly power sources to replace fossil fuels2,3.

Among the various alternative power sources, hydrogen fuel cells
represent an eco-friendly power source due to having a relatively fast
response and high efficiency, in addition to emitting only water4. Fuel
cell electric vehicles (FCEVs) that use hydrogen fuel cells can be man-
ufactured with various systems and parts, such as a hydrogen supply
system, hydrogen storage system, hydrogen fuel cells, power trains, etc.
In particular, the hydrogen supply system is an essential system that
safely supplies and shuts off the hydrogen fuel from the hydrogen tank to
the fuel cells5.

In terms of the components of the hydrogen supply system, the
hydrogen valve requires particularly high durability due to being the com-
ponent that operates most frequently during the operation of FCEVs. In
particular, the plunger, which is one of the parts of the hydrogen valve, is
made of steel that is worn by friction with the core due to the reciprocating

motion. This decreases both the performance and lifespan of the hydrogen
valve, and in severe cases, the operation of FCEVsmay be impossible due to
valve malfunction. Moreover, in an environment in which hydrogen exists,
wear increases dramatically due to the defects and cracks formed through
hydrogen permeation into the surface of the plunger or core6. As a con-
sequence, it is essential to apply a surface coating technology that exhibits
both excellent hydrogen permeation resistance and excellent wear
resistance.

There are many surface coating technologies with excellent hydrogen
permeation resistance and wear resistance7,8. Among them, the diamond-
like carbon (DLC) coating is known to form a barrier layer with excellent
hydrogen permeation resistance and wear resistance due to its inherent
structure and characteristics9,10. In general, the DLC coating consists of an
amorphous carbon structure in which a graphite structure (sp2) and a
diamond structure (sp3) aremixed, as well as inwhich the sp3 ratio is higher,
so it is called DLC coating11. In particular, the sp3 structure has a relatively
dense structure due to the compressive residual stress. Therefore, it exhibits
excellent hydrogen permeation resistance andwear resistance12,13. In light of
these advantages, researchers have investigated the hydrogen permeation
resistance of DLC coatings.
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M. Tamura et al. investigated the hydrogen barrier characteristic of
DLC-coated stainless steel and reported that the DLC coating layer
decreased hydrogen permeation into the stainless steel about 1000 times14.
In particular, they found that the hydrogen barrier function was improved
when the chromium buffer layer was formed before the DLC coating pro-
cess. In addition, G.A. Abbas et al. examined the barrier performance of
various DLC coatings, finding that the Si-doped hydrogenated amorphous
DLC coating was associated with lower internal residual stress, decreased
surfacedefects, and improved barrier performance15.However, according to
R. Lu et al., theDLC coating has a low diffusion coefficient for hydrogen but
does not completely prevent hydrogen permeation16. Moreover, T. Michler
et al. reported that defects such as cracks and pinholes on the surface of the
DLC coating act as pathways through which hydrogen can penetrate into
the inside of the coating17. According to C. Gu et al., when hydrogen
permeates into the coating layer, the adhesion strength of the coating layer is
degraded, and ultimately, the coating peels off18. Thus, the DLC coating
exhibits relatively good resistance to hydrogen permeation, but does not
completely prevent hydrogen permeation. In particular, when the DLC
coating is damaged due to a decrease in its adhesion strength as a result of
hydrogen permeation, its wear resistance decreases sharply due to the
associated increase in the surface roughness and destruction of the DLC
coating layer. Therefore, it is necessary to investigate the effect of hydrogen
embrittlement on the adhesion strength and wear resistance of DLC
coatings.

In this research, DLC-coated stainless steel was used to improve the
hydrogen permeation resistance, as well as the adhesion strength and wear
resistance, which was investigated by means of scratch and reciprocating
wear experiments after performing the hydrogen charging experiment on
the DLC coating.

Results and discussion
Characteristics of DLC-coated stainless steel
Figure 1 presents the cross-section and surface analysis results of the DLC-
coated stainless steel derived by FE-SEM. In this research, the DLC coating
was deposited on the surface of the stainless steel by the arc ion plating
method, which entails relatively high ionization energy when compared
with other physical vapor deposition (PVD) methods and enhances the
adhesion strength of both the coating layer and the substrate19. Generally, to
improve the adhesion strength of the DLC coating, a very thin chromium
buffer layer (about 60 nm) is depositedon the stainless steel substrateusing a
chromium target (purity of 99.8%) in an argon environment, and then the
DLC coating layer (about 700 nm) is deposited on the chromium buffer
layer20,21. In particular, the chromium buffer layer, which represents an
interlayer between the DLC coating layer and the substrate, has been found
to more effectively prevent hydrogen permeation14. As a result of the cross-
sectional observations, the chromium buffer layer and DLC coating layer
were deposited densely and uniformly, and each interface was clearly
observed. In addition, defects such as cracks and pinholes were not found in
the coating layer, buffer layer, and interface between the layers. By contrast,
through the surface observations, micro-particles and pores of various sizes

were observed on the surface of the DLC coating. These micro-particles are
formed during the coating process, and they are fragmented after colliding
with other micro-particles, forming defects such as pores and pinholes
during the deposition process22. Themicro-pores are formed approximately
2 μm in size, which is sufficiently large formolecular hydrogen (H2), atomic
hydrogen (H), and hydrogen ions (H+) to permeate and be trapped. In a
hydrogen valve operating environment in which high-pressure hydrogen
gas exists, hydrogen collides with micro-particles to promote the formation
of defects on the coating surface due to damage or delamination. According
to Lee et al., mechanical characteristics are significantly reduced by
hydrogen permeation in the presence of defects such as pores and cracks on
the surface of themetal rather than in the presence of dislocations inside the
metal23. As a result, micro-particles and micro-defects on the surface of the
DLC coating are thought to be factors that accelerate both hydrogen attack
and hydrogen embrittlement. Therefore, a critical task is to reduce micro-
particles and defects on the DLC coating surface and prevent substrate
exposure. These can be achieved in three ways. The first is to completely
remove the impurities inside the chamber and on the surface of the sub-
strate. In practice, however, it is very difficult to completely remove impu-
rities. The second method is to increase the thickness of DLC coating. The
sizes of defects on DLC coating decrease with increasing coating thickness
because of compressive residual stress24–27. However, as thickness increases,
the residual stress also rises at the same time, possibly reducing thedurability
of the coating layer and precluding the complete prevention of substrate
exposure. The third approach ismultilayer coating.WhenDLC is deposited
inmultiple layers, the locations of the defects are staggered,which is thought
to be more effective in preventing substrate exposure28.

Morphological analysis
Figure 2 depicts the surface roughness measurement results of the DLC
coating after the hydrogen charging experiments. Many researchers have
conducted electrochemical hydrogen charging and high-pressure hydrogen
gaseous experiments to investigate the hydrogen embrittlement ofmaterials
exposed to hydrogen environments29,30. In addition, the current density
corresponding to the actual environments was investigated by comparing
the experimental methods. In most research, however, electrochemical
hydrogen charging and high-pressure gaseous experiments presented dif-
ferent characteristics depending on the material31,32. In practice, the
hydrogen gas pressure of approximately 24 bar reaches the hydrogen valve,
which is the target of this study. However, it is difficult to determine the
current density corresponding to 24 bar in evaluating the durability of the
valve. This research also is an accelerated experiment to investigate damage
to DLC coatings in the actual operating environments of hydrogen valves.
Afterhydrogencharging experiment, the sevenpoints of damaged specimen
were measured using a 3D confocal laser microscope, and after excluding
the maximum and minimum values, a value approximated to the average
and a 3D image were used. The measurements revealed the surface
roughness of theDLC coating without hydrogen charging to be about 0.269
μm. However, under the experimental conditions of the applied current
density of 50mA cm–2, 100mA cm–2, and 150mA cm–2, the surface

Fig. 1 | Microstructure of DLC coated specimen.
Cross-sectional images and surface morphologies of
DLC coated 316 L stainless steel.
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roughness was found to be about 0.382 μm, 0.628 μm, and 1.031 μm,
respectively. In addition, the surface roughness of theDLCcoating increased
by up to 3.8 times as the applied current density used for the hydrogen
charging increased. This is considered to be due to damage and delamina-
tion of the DLC coating by hydrogen permeation.

Figure 3 presents the degree of damage to the DLC coating as the
applied current density increases, using a 3D confocal laser microscope. In
the case of an applied current density of 50mA cm–2, a blister shape due to
the hydrogen blistering was observed on the surface of the DLC coating. In
addition, micro-pinholes were observed in the center of the blister, and the
chromium buffer layer was exposed. In particular, the depth of the exposed
part was about 0.71 μm (red color), which was fairly similar to the thickness
of the DLC coating. At an applied current density of 100mA cm–2, a crater
shape was observed, and the exposed area of the chrome buffer layer was
larger due to the cracking and local delamination of the coating in the center
of the crater. Moreover, damage to both the buffer layer and the substrate
due to hydrogen permeation appeared in the chromium buffer layer. The
crater shape was formed by the advance of cracks at the interface between
the buffer layer and the substrate due to the hydrogen blistering and for-
mation of the blister on the coating. When the elastic energy exceeds the
fracture toughness of the DLC coating layer, the coating layer is damaged
and fractured33. With regard to an applied current density of 150mA cm–2,
the damage and delamination in relation to the DLC coating were more
clearly observed, and the exposed area of the chromium buffer layer was
increased dramatically. In particular, in terms of the non-peeled off coating
layer, a protrusion shape was observed at the edge of the exposed buffer
layer. This protrusion shape is considered to stem from the surface of the
DLC coating being swollen due to hydrogen blistering or hydrogen-induced
cracking caused by the permeation andmolecularization of hydrogenatoms
into the interface between theDLCcoating layer and chromiumbuffer layer.
During this process, a micro-space is formed at the interface between the
DLC coating layer and chromiumbuffer layer, which causes a local decrease
in the adhesion strength of the DLC coating. Thus, the blister and the
protrusion shape formed on the surface of the DLC coating increase the
surface roughness of the coating, accelerate the damage and delamination
caused to the DLC coating by external forces, and act as factors that dra-
matically decrease the durability of the coating. On these bases, it is very

important to prevent the initial permeation and damage toDLC coatings by
hydrogen. In particular, DLC coating is expected to remain durable if
hydrogen permeation-induced blisters and protrusions are prevented from
forming on its surface.

Figure 4 depicts the results of the FE-SEM observations and EDS
analysis of the damaged and peeled off surface of theDLC coating following
the hydrogen charging experiments. In the case of the DLC coating surface
without hydrogen charging, only micro-particles and micro-defects were
observed, and the carbon componentsweremostlymeasuredover the entire
surface. However, damage and delamination were observed in relation to
the DLC coating after the hydrogen charging experiments, and the Fe and
Cr components were clearly observed due to the exposure of the chromium
buffer layer as the applied current density increased. In addition, significant
surface damage to the exposed chromium buffer layer was observed under
the experimental conditions of applied current density of 100mA cm–2 and
higher. When stainless steel is exposed due to the delamination of the DLC
coating, hydrogen penetrates into its surface, causing cracks and damage to
the surface of the substrate due to hydrogen embrittlement34,35. In particular,
under the experimental condition of an applied current density of
100mA cm–2, multiple relatively small surface damages were found on the
substrate. However, in the case of an applied current density of
150mA cm–2, relatively large surface damageswere observed.Thedamage is
thought to have grown into large damage through the increasing and
combining of the multiple small pieces of surface damage as the applied
current density increased. In this way, as the size of the surface damage
increases, the stress energy is concentrated, degrading the mechanical
characteristics anddurabilitywith even a small amount of external stress36,37.

Figure 5 reveals the delamination ratio of the DLC coating layer after
the hydrogen charging, using Image J software. As a result of the calcula-
tions, the delamination ratio of the DLC coating with the applied current
density of 50mA cm–2, 100mA cm–2, and 150mA cm–2 was 1.94%, 13.08%,
and 58.28%, respectively. At an applied current density of 150mA cm–2, the
delamination ratio was the largest when compared with the other applied
current density. In general, the DLC coating layer exhibits excellent
hydrogen permeation resistance. However, the delamination of the DLC
coating is accelerated because the hydrogen permeation resistance is rapidly
reduced from the start point of damage and delaminationwith regard to the

Fig. 2 | The variation of surface roughness by
hydrogen charging. 3D images and surface rough-
ness analysis of damaged surface after hydrogen
charging (0, 50, 100, 150 mA cm−2) for DLC coated
316 L stainless steel.
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coating layer. Delaminated DLC coatings can migrate into a fuel cell and
cause electrolyte degradation. In severe cases, they can block hydrogen gas
piping and valves, making it impossible to supply hydrogen gas to the fuel
cell and thereby hindering the operation of the cell. These results may be
causedmore significantly byhydrogen embrittlement or friction/wear of the
material itself, not just the coating. Nevertheless, DLC coatings were chosen
for this research because of their relatively high resistance to hydrogen
embrittlement andwear. In addition, the DLC coating is considered to have
excellent performance as a thin film and will not block the passage of
hydrogen gas. Correspondingly, the initial damage and delamination of
DLC coatings must be avoided to prevent hydrogen embrittlement.

To summarize the findings depicted in Figs. 3–5, the interfacial space
between the DLC coating layer and chromium buffer layer is formed and
expanded by hydrogen permeation, which is considered to be a factor that
accelerates the damage and delamination of the coating due to the decrease
in the adhesion strength and the accumulation of elastic energy.

Adhesion strength
Figure 6 presents the results of the scratch experiment performed to
measure the adhesion strength of theDLC coating following the hydrogen
charging. In the scratch experiment, the scratch tip was brought into
contactwith the coating surface under a specific load, and then the coating
surface was moved while the load was maintained or increased. This
represents a practical method that can be used to evaluate the adhesion
strength of a coating by analyzing the acquired data (e.g., tip penetration
depth, acoustic emission signal) and the shape of cracks formed on the
coating surface by the scratches using an optical microscope38. In parti-
cular, the adhesion strength is closely related to the durability of the
coating39–41. Therefore, in this research, the adhesion strength of the DLC
coating according to the hydrogen charging was measured and evaluated
quantitatively. To accomplish this, three critical loads measured through
the scratch experiments were defined42,43. The first critical load (Lc1) was
the initiation of the initial cracking of the coating, the second critical load
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(Lc2) was the chipping caused by the coating cracking and partially
delaminating, and the third critical load (Lc3) was the complete
destruction of the coating caused by the continuous and complete dela-
mination (spalling). As shown in Fig. 6a, in the case of the DLC coating
without hydrogen charging, the first acoustic emission signal peak and the
initial cracking of the coating were observed at an applied load of about
2.1 N (Lc1). Afterward, the peak of the acoustic emission signal with the
damage to the DLC coating was continuously measured as the applied
load increased, and the initial and partial delamination of the coating was
observed at about 6.3 N (Lc2). Finally, spalling occurred along the scratch
path due to the continuous and complete delamination of the coating at
about 7.6 N (Lc3), indicating the complete destruction of the coating.
However, all the critical loads (Lc1, Lc2, and Lc3) decreased as the applied
current density increased.When comparing the applied current density of
0 mA cm–2 and 150mA cm–2, Lc1 presented a decrease of about 0.5 N;
however, Lc2 and Lc3 decreased by 1.4 and 2.0 N, respectively. In parti-
cular, Lc2 indicated the largest decrease of about 0.9 N in the range of
applied current density from100 to 150mA cm–2, although Lc3 decreased
the most (to about 1 N) in the range of applied current density from 0 to
50mA cm–2. Based on these results, it can be seen that the hydrogen
embrittlement had a great effect on the adhesion strength of the
DLC coating.

Fig. 4 | The variation of surface morphologies by
hydrogen charging. FE-SEM images and EDS
analysis of damaged DLC coating layer after
hydrogen charging (0, 50, 100, 150 mA cm−2) for
DLC coated 316 L stainless steel.
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Friction and wear behavior
Figure 7 depicts the friction coefficients determined by the reciprocating
friction experiment. Due to the nature of the experiment, the friction
coefficients demonstrate positive and negative values depending on the
direction.However, the frictional forces of thematerial can be evaluated and
comparedwith each other based on the width of the friction coefficients. As
illustrated in Fig. 7a, the DLC coating without hydrogen charging reached a
friction coefficient of 0.6 μ as the substrate was exposed at about 488m of
sliding distance. However, with the increasing applied current density of

50mA cm–2, 100mA cm–2, and 150mA cm–2, the sliding distance decreased
to 430m, 339m, and295m, respectively. The largest decrease of about 91m
was observed under the experimental conditions of applied current density
of 50–100mA cm–2. It is thought that the coating was peeled off in a shorter
period of time due to the decrease in the durability of the coating caused by
the hydrogen embrittlement. To analyze the change in the friction coeffi-
cient with the sliding distance in more detail, the graph of Fig. 7a was
enlarged and exhibited as in Fig. 7b. In addition, the width of the friction
coefficient was divided into three parts to obtain the initial friction
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coefficient width (μ1), the intermediate friction coefficient width (μ2), and
final friction coefficient width (μ3), which were compared. At 0mA cm–2,
the μ1 was measured as about 0.169 μ, which was relatively low. In general,
DLC coatings exhibit high hardness, excellent thermal stability, smooth
surface, and self-lubricating (solid lubricating) characteristics, which result

in excellent wear resistance44–48. In particular, DLC coatings have a very low
friction coefficient, which minimizes the generation of the frictional heat
that causes wear damage and provides excellent wear resistance because the
adhesive force between the contact surfaces is relatively low49,50. In terms of
the friction experiment results, the friction coefficient of the DLC coating
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without hydrogen charging was about 0.085 μ (half of the μ1 of 0.169 μ),
indicating a low friction coefficient and excellent wear resistance. However,
as the sliding distance increased, the width of the friction coefficient also
increased. This increase in the width of the friction coefficient with the
increasing sliding distance indicated a similar trend under all the experi-
mental conditions.However, for the applied current density of 100mA cm–2

and 150mA cm–2, the width of friction coefficient presented almost similar
values for μ1, μ2, and μ3. In addition, in the case of μ1, the friction coefficient
presented a relatively large increase according to the increase in the applied
current density. However, μ3 presented almost similar values under all the
experimental conditions. In particular, when comparing the applied current
density of 0mA cm–2 and 50mA cm–2 with hydrogen charging, μ1 increased
by about 0.02 μ. In this way, while the effect of hydrogen permeation in the
coating is relatively small, it can have a large effect on the wear resistance of
the coating.Moreover, when theDLCcoating is partially damaged or peeled
off, the wear resistance function of the coating is lost and the durability of
both the coating layer and the substrate is rapidly reduced.

Figures 8 and 9 present 3D images of the wear tracks and the mea-
surement results of the depth andwidth of the wear damage observed using
a 3Dconfocal lasermicroscope. In general,wear products (wear debris,wear
particles, etc.) are generated by the work hardening and phase transfor-
mation of the contact surface that occurs during friction experiments, which
accumulate at the edge of the wear track to form a ridge51. This shape is one
of the main factors that accelerate wear damage, as plasticized parts are
peeled off by frictional wear52. However, in the case of theDLC coating used
in this research, a ridge shape caused by thewear productswasnot observed.
This is thought to be because the surface is not plasticized due to the wear

characteristics of the DLC coating, and as a result, no wear products are
formed. In addition, the frictional heat is relatively low, so the tendency
toward abrasive wear was more dominant than that toward adhesive
wear53,54. As demonstrated in Fig. 9a, the wear depth of the DLC coating
without hydrogen chargingpresented awear depthof about 11.18μm,while
the increasing applied current density of 50mA cm–2, 100mA cm–2, and
150mA cm–2 resulted in wear depths of 10.63 μm, 9.83 μm, and 9.17 μm,
respectively.As the result, thewear depthpresented adecreasing trendas the
applied current density increased. In this research, to improve the adhesion
strengthof theDLCcoating on the stainless steel, a chromiumbuffer layer of
60 nm in thickness was first deposited on the stainless steel and then the
DLC coating was deposited, meaning that the adhesion strength of the
coatingwas relatively excellent. In general, the coating layer is worn by shear
force during friction experiments55. In particular, when the DLC coating
thickness is reduced by wear, the compressive residual stress and adhesion
strength of the coating are both reduced56,57. At the same time, when a shear
force stronger than the compressive residual stress and adhesion strength of
the coating is applied, the interface destruction between the coating and
substrate is accelerated, resulting in damage and delamination of the
coating58. According to A. A. Voevodin et al., when a contact load is applied
to the coating layer with the wear resistance, the strongest shear force is
distributed at the interface between the coating and substrate59. When the
coating thickness is relatively thin, the shear force and frictional heat act
more stronglyon the substrate toplastically deform it, ultimately causing the
adhesion failure of the coating60–63. Therefore, when a strong shear force is
applied while a certain adhesion strength is retained due to the wear of the
coating, the coating is peeled off and the buffer layer or substrate is
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Fig. 8 | The variation of wear track by hydrogen charging. 3D images and profile analysis after friction experiment with hydrogen charging (0, 50, 100, 150 mA cm−2) of
DLC-coated 316 L stainless steel.
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plasticized and eventually detached, resulting in adhesive wear64. This ten-
dency is reflected in the results of this research. However, as described in Fig.
9b, the wear width exhibited a tendency to increase with an increasing
applied current density. Inparticular, the exposedwidthof the 316 L stainless
steel presented a relatively large increase with an increasing applied current
density. The exposed width of the substrate at the applied current density of
0mA cm–2 and 150mA cm–2 was 74.21 μm and 302.12 μm, respectively,
which indicated a more than 4 times increase. This is thought to be because
the adhesion strength of DLC coating layer and the chromiumbuffer layer is
locally loweredbyhydrogenpermeation.As a result, the exposedwidthof the
substrate is increased due to partial or complete delamination of the coating
by wear damage in a relatively wide range. These results are considered to be
due to the following causes. First, the adhesion strength of the DLC coating
layer and the chromium buffer layer is locally lowered by hydrogen per-
meation. Afterward, the coating is partially or completely peeled off by
friction to increase the exposed width of the substrate.

Figure 10 depicts the results of the FE-SEM observations and EDS
analysis of the damaged surface by wear of the DLC coating. In terms of the
worn surface of the DLC coating without the hydrogen charging, abrasive
wear was evident in the areawhere theDLC coating layer remained (i.e., the
outer part of thewear track). By contrast, the central partwhere the substrate
was exposed presented damage due to adhesive wear. As mentioned above,
theDLCcoatinghas a low friction coefficient, high thermal stability, smooth
surface finish, and self-lubricating characteristics that prevent adhesion at

the interface between the twomaterials. In other words, as the DLC coating
exhibits excellent adhesion resistance, abrasive wear is considered to be
dominant65. Conversely, the stainless steel has a relatively high friction
coefficient and low thermal stability, meaning that adhesion between the
two contactmaterials is easy, which results in adhesivewear due to the shear
force66,67. However, the surface observation results after friction experiment
in this research present adhesive wear due to the adhesion strength of the
DLC coating and the substrate. In general, DLC coatings are subject to
abrasivewear due to the specific shear force.However,when the thickness of
the coating is thinner than the critical value, it cannot tolerate the applied
shear force. As a consequence, it is thought that the part of the substrate
bonded to the coating layer is peeled off. Thus, the DLC coating exhibits
resistance to shear force for even a very thin film of 0.7 µm, and it also
exhibits excellent wear resistance. However, when the thickness is reduced
as a result of wear to the coating layer, it is considered that the resistance to
shear force is lost and the DLC coating exhibits characteristics such as
adhesive wear. In the case of the DLC coating with hydrogen charging, the
exposed area of the substrate increased. With regard to the applied current
density of 100mA cm–2 and 150mA cm–2 when compared with
50mA cm–2, multiple instances of micro local delamination were observed.
In addition, in the case of an applied current density of 50mA cm–2, wear
products such as wear debris were not observed on the surface of the DLC
coating. However, plastically deformed parts appeared in the exposed
substratedue to the friction between the substrate and the aluminaballs, and
wear debris of various sizes were observed. The plastic deformation of the
substrate and the formation ofwear debrisweremore clearly observed at the
applied current density of 100mA cm–2 and 150mA cm–2. In the case of an
applied current density of 100mA cm–2, cracks in the plastically deformed
part first occurred in the exposed substrate, and in severe cases, these cracks
were converted intowear debris. Thesewear debris are formed by the plastic
deformation of the metal and the cracks of surface. In addition, the wear
debris increases the surface roughness and acts as a factor that lowers wear
resistance. However, the DLC coating did not form wear products. In
addition, it is thought that excellent wear resistance can be continuously
maintained by the remaining DLC coating layer even if the adhesion
strength of the coating is reduced and local delamination occurs due to
hydrogen charging.

Delamination mechanism of DLC coating layer
Figure 11 illustrates the delamination mechanism of the DLC coating
associated with hydrogen charging. Initially, there are micro-cracks and
micro-pores on the surface of the DLC coating (1st step). Simultaneously,
hydrogen atoms in thehydrogenenvironmentpenetrate anddiffuse into the
interfacebetween theDLCcoating layer and chromiumbuffer layer through
the micro-cracks or micro-pores (2nd step). Thereafter, the diffused
hydrogen atoms are molecularized to cause the hydrogen blistering.
Therefore, the size of the interface region is expanded by vertical stress and a
micro-space is formed, thereby decreasing the adhesion strength between
theDLCcoating layer and the chromiumbuffer layer (3rd step).During this
third step, the degradation of the DLC coating layer is initiated. In addition,
the micro-cracks and the blister shapes appear on the surface of the DLC
coating by the buckling of the coating layer. Hence, when more hydrogen
molecules are generated at the interface between the DLC coating layer and
chromium buffer layer, stronger vertical stress acts on the upper surface of
theDLC coating layer to cause the growth of the blister on the surface of the
coating. In addition, interfacial cracking between the coating layer and
buffer layer is promoted. Furthermore, the adhesion strength is almost lost
(4th step). If this process has continued, elastic energy exceeding the fracture
toughness is accumulated in the DLC coating, and the cracking of the
coating layer progresses further. In severe cases, micro-pinholes are formed
due to the destruction of the coating layer, and the chromium buffer layer is
exposed (5th step). Moreover, as the adhesion strength decreases and is lost
in the horizontal direction of the formed pinholes, a crater shape appears
due to the local delamination of the DLC coating, and finally, the coating
layer completely peels off (6th step).
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Considerations for application of DLC coating to prevent hydro-
gen embrittlement
This research examined the resistanceof hydrogen embrittlement resistance
and wear of DLC coatings to improve the durability of hydrogen valves as
components of hydrogen vehicles. In future work, we intend to address the
following issues: The first is hydrogen embrittlement on a substrate during
glow discharge in a mixed environment of argon and hydrogen gas during
DLC coating process. Many researchers have argued that surface coating
technology is required in a hydrogen gas-free environment due to the
problem of hydrogen embrittlement during glow discharge68,69. However,
some studies have found no hydrogen embrittlement characteristics in
substrates exposed to amixed environment of hydrogen gas70,71. The second
issue is the change in the characteristics of DLC coatings due to hydrogen
embrittlement. DLC coatings have a combined diamond (sp3) and graphite
(sp2) structure, and they exhibit different binding energies depending on the
fractions of sp3 and sp2 in the coatings72. In particular, under abundant sp3,
DLC coating has a dense structure and effectively prevents the migration of

substances73,74. Correspondingly, the binding energies and characteristics of
DLC coatings are expected to change because of hydrogen embrittlement. It
is therefore necessary to investigate the effects of hydrogen on the crystal-
lographic structure of DLC coating. The third issue for future exploration is
that the exposure area of a specimen differs from that of an actual com-
ponent. In this research, it was necessary to consider the specimen affected
by hydrogen and the exposure area of an actual hydrogen valve. However,
the error ratio determined by differences in specimen sizes was expected to
be small because the experiment was performed under current density. The
fourth issue to be addressed in future work is how to effectively prevent
hydrogen embrittlement and damage in DLC coatings. As shown in this
research, DLC coatings exhibit excellent resistance against hydrogen per-
meation. However, H2, H, and H

+ can permeate through surface defects to
the interface between theDLCcoating layer and thebuffer layer or substrate.
This problem can be solved by increasing the thickness of DLC coating or
performing multilayer deposition. The challenge is that increasing the
thickness of DLC coating diminishes the durability of the coating layer

Fig. 10 | Microstructure analysis of wear track by
hydrogen charging. FE-SEM images and EDS
analysis of worn down surface after friction experi-
ment with hydrogen charging (0, 50, 100, 150
mA cm−2) of DLC coated 316 L stainless steel.
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because of increased residual stress. This phenomenon can produce internal
cracks, which can increase the permeation ratio of hydrogen gas75. In
addition, hydrogenated DLC coatings suffer from various shortcomings,
such as poor adhesion to a substrate, limited thickness, the desorption of
hydrogen over time, and temperature changes76–78. Nevertheless, the mul-
tilayer deposition of DLC coatings can increase thickness while simulta-
neously distributing residual stresses to each layer79,80. Surface defects can
also be staggered layer by layer tominimize substrate exposure81. Therefore,
multilayer deposition is considered the optimal coating method, as it pre-
sents the strongest resistance against hydrogen embrittlement.

Previous researchhas found significantly better hydrogenembrittlement
resistance by DLC coatings than CrN coatings82. In particular, DLC coatings
on hydrogen valves that reciprocate for more than approximately twice per
second exhibit a significantly lower friction coefficient and are recommended
for hydrogen valve applications due to their excellent wear resistance. How-
ever, future research on buffer layer materials (deposition force, hydrogen
permeation resistance, etc.) is needed depending on type of substrate.

As a result, theDLCcoating prevented hydrogen permeation into the
substrate and exhibited relatively excellent wear resistance, indicating it to
be a surface coating technology that is suitable for use in parts where
frictional wear occurs while hydrogen exists. However, the DLC coating
could not completely prevent hydrogen permeation, and when hydrogen
penetrated into the interface between the coating layer and buffer layer or
substrate, the durability of the DLC coating was reduced due to hydrogen
molecularization.

We recommend the DLC coating technology for plunger, which is the
component of hydrogen valve. This is due to the excellent hydrogen
embrittlement resistance andwear resistance ofDLC coatings. In particular,
DLC coatings exhibit improved performance when surface defects are
controlled, when buffer layer materials are used, and when the application
environment is considered during deposition. Further research should be
directed toward the application of DLC coatings under various conditions.

Methods
Preparation of specimen and DLC coating
The specimenused in this researchwas 316 L stainless steel and the chemical
composition of the stainless steel is depicted inTable 1. To perform theDLC
coating process, the specimen was cut to a size of 20mm × 20mm and its
surfacewas polished using 4000 grit SiC abrasive paper and 0.3 μmalumina
suspension. The polished specimen was then cleaned with ultrasonic waves
using acetone and distilled water before being dried in a vacuum dryer for

Fig. 11 | Delamination mechanism of DLC coating layer with hydrogen charging of DLC coated 316 L stainless steel. The delamination process of DLC coating layer is
divided into six steps, designated as 1st, 2nd, 3rd, 4th, 5th and 6th.

Table 1 | Chemical composition of 316L stainless steel

Ni Cr Mo C Si Mn P S Cu N Fe

10.19 16.7 2.03 0.023 0.60 1.05 0.034 0.0028 0.282 0.012 Bal.
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24 h. Subsequently, an amorphous DLC coating was deposited on the
stainless steel surface using the arc ion platingmethod. Chamber pressure
and temperature were maintained at 3 × 10–5 Torr and 350 °C, respec-
tively, for 60min to remove the residual gas and moisture inside the
chamber. Argon and hydrogen gas were then injected into the chamber at
a ratio of 66:34, and the substrate was glow-discharged for 40 min by
applying a bias of 400 to 500 V. The plasma generated in this process
ionizes argon and hydrogen gas, thereby removing impurities from the
substrate surface and activating it. In this case, hydrogen ions can pene-
trate the surface of the substrate and give rise to the risk of hydrogen
embrittlement. However, according to J. Cwiek, no difference in elonga-
tion is found in tensile tests performed with and without hydrogen gas
during glow discharge70. Furthermore, in the current research, the sub-
strate was exposed to hydrogen for 40min at a flow rate of 34 sccm, which
is a negligible value that is not expected to cause hydrogen embrittlement.
After surface cleaning through glow discharge, a chromium buffer layer
was deposited onto the surface to improve the adhesion strength of the
DLC coating layer. Deposition of the buffer layer was performed in an
environment injected with argon at 100 sccm (temperature: 350 °C,
pressure: 2.5 × 10–3 Torr) for 2 min. Amorphous DLC coating was then
deposited onto the specimen surface via carbon etching and carbon
coating. Carbon etching during glow discharge is a preliminary step in
improving the deposition performance of DLC coatings. The detailed
parameters of the process are shown in Table 2.

Hydrogen charging experiment
To investigate the hydrogen permeation resistance of the DLC-coated
stainless steel, hydrogen was artificially charged for 12 h at applied current
density of 50mA cm–2, 100 mA cm–2, and 150mA cm–2 in 2 N
H2SO4+ 1 g L–1 Na2HAsO4 · 7H2O solution using a power supply. Direct
current was applied to the DLC-coated specimen (working electrode) as
the cathode and the platinum electrode (counter electrode) as the anode.
Details are shown in the schematic in Fig. 12. After the hydrogen charging,
the surface of the specimen was observed and the surface roughness (Sa)
was measured using a three-dimensional (3D) confocal laser microscope
(OLS-5000, OLYMPUS, Tokyo, Japan). In addition, the effect of the
hydrogen embrittlement on the DLC coating layer was analyzed bymeans
of field emission scanning electron microscopy (FE-SEM, JSM-7500F,
JEOL, Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDS,
AZTec Energy, Oxford Instruments, Abingdon, UK) analyses. Moreover,
the delamination ratio of the DLC coating was measured using Image J
software.

Scratch experiment
To measure the adhesion strength of the DLC coating before and after the
hydrogen charging, a micro scratch tester (MCT3, Anton Paar, Garz,
Austria) equipped with an optical microscope, an acoustic emission
detection system, a tangential friction force sensor, and a penetration depth
measurement sensor were used. For the scratch experiment, a Rockwell C
diamond indenterwith an angle of 120° and a diameter of 100 μmwas used.
The scratch distance was 2mm, the load increased linearly from 0.02 N to
10N, and the scratch rate and load rate were set at 0.5mmmin–1 and

2.5 Nmin–1, respectively. In addition, to ensure reproducibility, the scratch
experiment was repeated 14 times under the same conditions. The scratch
data were approximated to the average and the results of the optical
microscope observations were analyzed.

Friction experiment
A friction experiment was conducted to evaluate the frictional wear char-
acteristics of the DLC-coated stainless steel following the hydrogen char-
ging. A tribometer (TRB3, Anton Paar, Graz, Austria) was used for the
friction experiment, and a ball-on-diskmethodwas adopted. In addition, to
simulate the operating environment of the hydrogen valve, the friction
coefficient and sliding distance were measured after the reciprocating wear
experiment. The ball used in the experiment was an alumina ball with a
diameter of 6mm and a Vickers hardness of 1650 HV. In terms of the
experimental conditions, the rotation radius, reciprocating angle, sliding
speed, and applied load of the diskwere set as 6mm, 30°, 3 cm s–1, and 25N,
respectively, while the air temperature and humidity were maintained at
25 °C and 30%, respectively. In addition, to evaluate the durability of the
DLC coating layer according to the hydrogen charging, the friction
experiment was set to stop when the friction coefficient reached 0.6 μ, and
the associations between the sliding distance and the hydrogen charging
time were compared. After the experiment, the wear depth, width, and
surface roughness of thewear trackweremeasuredusing a 3Dconfocal laser
microscope to evaluate the wear damage. Furthermore, the worn surface
was observed and the chemical composition was analyzed by means of FE-
SEM and EDS.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article, and any additional data that support the findings of this study
are available from the corresponding author upon reasonable request.

Table 2 | Condition of DLC coating process by arc ion plating

Parameter Heating Glow discharge Metal etching Metal coating (Cr) Carbon etching Carbon coating

Temp.
(°C)

350 130 95

Press.
(torr)

~3 × 10−5 ~2.5 × 10−2 ~7 × 10-4 ~2.5 × 10-3 ~2 × 10-4 ~6 × 10-4

Bias (V) – 400–500 550 60 750 10

Gas flow
(Sccm)

– Ar:H2 = 66:34 Ar 25 Ar 100 Ar 4 Ar 5

Time 60 40 1.6 2 2 15

Fig. 12 | Schematic diagram of the hydrogen charging experiment with power
supply apparatus in acid solution. These are the illustration of the cathodic
hydrogen charging setup and power supply apparatus that applies direct current.
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