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Hydrogen embrittlement has become a hot research topic due to the rapid development of hydrogen energy and
coating technology is regarded as the most efficient method to mitigate hydrogen embrittlement. However, the
grain gaps in coatings frequently serve as paths for hydrogen permeation thus decreasing the protecting effects.
In this work, ion bombardment is performed during magnetron sputtering deposition of dense CrN coatings to

decrease the formation of grain gaps. The compactness of the CrN coatings is improved by disrupting the growth
of grains using energetic ion bombardment. Hydrogen permeation tests reveal that the apparent hydrogen
diffusion coefficient and hydrogen permeability of the dense CrN coating 52.6 and 24.1 times less than those of
the unprotected substrate. The tensile test also reveals excellent hydrogen embrittlement resistance compared to
the X70 substrate and conventional coatings.

1. Introduction

Hydrogen energy is drawing enormous attention because of its high
calorific value, sustainability, and environmental friendliness [1].
However, owing to hydrogen embrittlement (HE) in steels in the
hydrogen atmosphere, catastrophic failure of hydrogen storage devices
and facilities can occur during storage or transportation [2]. Therefore,
it is imperative to improve the hydrogen embrittlement resistance of
steels.

The conventional strategy is to use steels with better hydrogen
embrittlement and cracking resistance such as X70 [3,4] in which the
interlocked polygonal ferrite structure abates crack propagation. How-
ever, this method cannot circumvent the problem totally and hydrogen
barriers have been proposed to reduce the damage [5]. In this respect,
coatings are commonly deposited to isolate the steel surface from
hydrogen in order to offer better resistance to hydrogen permeation.
Ceramic coatings such as TiN [6], TiC [7], CrN [8], Al,O3 [9], and SigNy4
[10] have been proposed because of the excellent mechanical properties
and inertness, especially in harsh environments. Those coatings could
enhance the hydrogen permeation resistance to more than 100 times
depended on the types of substrates and coatings (materials, thickness

and compactness of coatings) [11]. Those coatings are commonly
deposited by physical vapor deposition (PVD) techniques such as
magnetron sputtering (MS) and arc ion plating as well as chemical vapor
deposition (CVD). In particular, MS is often used to fabricate these
coatings because the low deposition temperature does not alter the
phase and structure of the steel substrate significantly [12,13]. Besides,
the technique is droplet free and can produce coatings with relatively
few pores and holes compared to other methods such as arc ion plating,
laser cladding, plasma spraying, and so on [14,15]. However, Li et al.
have found the hydrogen permeation resistance of Al;O3 coatings is not
enhanced when the coating thickness is increased from 200 nm to 1600
nm [16] because of the formation of grain gaps [17,18] that serve as
channels for hydrogen permeation and drastically worsen the protection
effects. Therefore, dense coatings without or with few grain gaps are
preferred. Although different types of coatings have been prepared by
varying the deposition parameters such as the plasma density, substrate
temperature, and bias voltage [19-21], grain gaps cannot be avoided.
According to the film growth mechanism [22,23], formation of grain
gaps is negligible in the beginning of deposition due to the creation of
nanograins. However, with increasing thickness or deposition time, the
grain size increases gradually lead to an uneven and rough surface which
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limits atom diffusion and promotes the formation of grain gaps [24].
However, during PVD, energetic ion bombardment is often used to
improve the adhesion [25] and disrupt grain growth [26]. If ion
bombardment is performed before the grains are large enough to form
grain gaps, the coating compactness and hydrogen permeation resis-
tance can be enhanced.

In this work, dense CrN coatings are prepared by MS and ion
bombardment to improve the hydrogen resistance. Grain gaps are
reduced significantly and even disappear after periodic ion bombard-
ment. The chemical inertness and hydrogen permeation resistance are
improved at the same time as manifested by a smaller hydrogen diffu-
sion coefficient and better hydrogen embrittlement resistance.

2. Experimental details

Double-side polished X70 steel (50 mm x 30 mm x 1 mm) and sil-
icon samples were used as the substrates. They were ultrasonically
cleaned in acetone and ethanol for 20 min each before deposition.
Deposition was carried out on the multi-functional plasma immersion
ion implantation and deposition instrument with a 600 mm diameter
and 1 m high vacuum chamber manufactured by Plasma Technology
Ltd. (Hong Kong). The CrN coating was deposited by MS and ion
bombardment was conducted using the filtered cathode vacuum arc
(FCVA). The schematic diagram of the system is depicted in Fig. 1. After
evacuating to a base pressure of 3 x 10~ Pa and heating to 200 °C, the
substrate was cleaned by an Ar plasma for 20 min generated by a linear
anode layer ion source (10.0 x 48.0 cm?) at a bias of —1200 V (40 kHz,
75% duty cycle). The Ar (99.999%) flow rate and pressure were 50 sccm
and 0.6 Pa, respectively. The CrN coatings were deposited using a 99.9%
pure Cr target (10.0 x 48.0 cmz) in the Ar & N5 (99.999%) environment.
The MS power supply was operated at a power of 2 kW, frequency of 40
kHz, and duty cycle of 20%. The Ar and N flow rates were 50 sccm and
20 sccm, respectively, and the pressure was 0.7 Pa. Before CrN deposi-
tion, a Cr/CrNy interlayer was deposited by gradually increasing the Ny
flow rate from O sccm to 20 scem in 5 min. The conical Cr target in FCVA
had upper and base diameters of 50 and 70 mm, respectively. The
cathode current was 40 A to produce Cr ions for ion bombardment. In
this way, ALIS, MS, and FCVA were carried out all the time during the
process. After deposition of CrN with a specific thickness by MS, the
sample was rotated in front of FCVA for ion bombardment at a bias of
—400 V. The MS and FCVA procedures were repeated to produce the full
layer and the important instrumental parameters are listed in Table 1.

The thickness and morphology of the coatings were examined by
field-emission scanning electron microscopy (FE-SEM, ZEISIS
SUPRA@55). X-ray diffraction (Bruker, D8 discover) was employed to
determine the phase and crystallinity of the coatings at a scanning step
of 0.02° using Cu K, X-ray (1.5406 ;\). The corrosion resistance was

Fig. 1. Schematic diagram of the vacuum system.
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evaluated on an electrochemical workstation (Zahner Zennium, USA)
based on the three-electrode technique in a 3.5% NaCl solution. Plat-
inum and Hg/HgsCl, were the counter and reference electrodes,
respectively and the exposed sample surface area was 0.25 cm?. After
immersion in the solution for 30 min, potentiodynamic polarization was
conducted at a scanning rate of 1 mV-s~! from —1.5 V to +1.0 V.
Electrochemical impedance spectra (EIS) were acquired with a sinu-
soidal potential of 5 mV and frequency range between 100 kHz and 100
mHz. The EIS data was fitted by the Z-view 2 software and the relative
error of fitting was less than 5% with the chi-square value (x?) ranging
between 10~%- 10~° for the accuracy.

The electrochemical hydrogen permeation test was carried out using
the Devanathan-Stachurski (D-S) cell [27] as shown in Fig. 2, composed
of the cathode (hydrogen charging) and anode (hydrogen detection)
with a platinum plate as the counter electrode, saturated calomel elec-
trode (SCE) as the reference electrode, and sample as the working
electrode. The cathode cell was filled with a solution of 0.2 mol/L NaOH
and 3 g/L NH4SCN and the anode cell was filled with 0.2 mol/L NaOH.
Before the test, the background current was reduced to less than 0.1 pA/
cm? by applying a constant potential of 200 mV (vs. SCE) to the anodic
cell and then a constant current of —12 mA/cm? was applied to the
cathode to start the test. The hydrogen was produced in the cathode cell
and permeated through the coating-substrate to the anode, where it was
detected. The i indicts the current detected in the anode cell due to the
oxidation of hydrogen. Therefore, it could represent the permeated
hydrogen through the sample. i,” indicts the steady anode current.
According to Devanathan [27], the time lag (tjag) corresponds to the
point at which i = 0.63i,™ in the hydrogen permeation current curve. t,
is the time used for the hydrogen to pass through the sample which is
found by extrapolating the linear portion of the initial hydrogen
permeation current transient to i = 0. t, is the rise time constant. The tp,
tigg and t- could be calculated according to the previous works [27,28].
The apparent diffusion coefficient of hydrogen (D) and permeability
(J) could be calculated by Egs. (1) and (2) [29,30].

L2
Dun =Tz A, 1
153, M
J_ iy XL @
- F

where Dgy, (the apparent diffusion coefficient) is the hydrogen diffusion
quality in 1 cm? per second at unit concentration gradient, J is hydrogen
permeation rate in the materials, the L is the thickness of the sample in
cm, t; is the breakthrough time (s), i,™ is the steady-state current density
(pA/cmz), and F = 96,485C/mol (Faraday constant). According to their
definitions, a longer t;, smaller i, smaller Dgp, and smaller J could reflect
better hydrogen permeation resistance. The slow strain rate test (SSRT)
was employed to evaluate the resistance to hydrogen embrittlement
(HE) [31]. The hydrogen-charged samples were pre-charged electro-
chemically at 50 mA/cm? for 24 h before SSRT. After hydrogen
charging, the test was carried out immediately to avoid thermal
desorption and escape of hydrogen. The strain rate was 5.5 x 107°/s.
With the exception of the exposed area on the coating side, the rest of the
sample was covered by sealing mud, so that hydrogen charging only
occurred on the measured region.

3. Results and discussion

The cross-sectional morphology of the coatings prepared by MS only
and MS with ion bombardment is displayed in Fig. 3. Samples S6-1, S4-1,
and S2-1 are deposited for 6 min, 4 min, and 2 min accompanied by ion
bombardment in each cycle. The coating thickness is about 3.3 pm and
the Cr/CrNy interlayer is 0.8 pm thick. The coating deposited by MS in
Fig. 3(a) shows a dense structure near the substrate. With increasing
thickness, the columnar structure becomes more obvious and clear grain
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Table 1
Important deposition parameters.
Sample name MS layer FCVA interrupting layer Cycles
Time (min) Thickness (nm) Bias (V) Time (min) Thickness (nm) Bias (V)
MS 45 2500 -100 - - -
S6-1 6 300 -100 1 10 —400 8
S4-1 4 200 —100 1 10 —400 11
S2-1 2 100 —100 1 10 —400 22

Fig. 2. The working principle of the D-S cell and the illustration of electro-
chemical hydrogen permeation current curves.

gaps are observed from the MS coatings. Owing to the low ionization
rate, most of the particles are neutral and not accelerated towards the
substrate thereby limiting solid-state diffusion giving rise to the sparse

and columnar structure [24]. No obvious sublayer interface is observed
from S6-1 in the middle 1.2 pm corresponding to the first 4 cycles. This
stems from the formation of the sparse structure after deposition of the
interlayer layer in the early cycles. When the ions produced by FCVA
arrive at the surface, they tend to diffuse to the gaps but do not disrupt
film growth and therefore, no apparent disruption is observed in the first
few cycles. However, grain gaps become unclear because of filling and so
the coating compactness increases compared to the MS only sample.
With increasing ion bombardment cycles, the structure becomes denser
and show clear interfaces in the horizontal direction corresponding to
the ion bombardment period. By further increasing the ion bombard-
ment cycles, the coating becomes denser and no obvious grain boundary
can be observed from S2-1 which is expected to reduce hydrogen
permeation.

Fig. 4 presents the surface morphology of the sample shown in Fig. 4
(a) revealing a loose structure with a stack of flakes. Many distinctive
grain gaps are distributed in the coatings due to insufficient diffusion of
the particles. These grain gaps decrease the coating compactness and
provide paths for hydrogen permeation. Samples S6-1 and S4-1 in Fig. 4
(b-c) exhibit a similar morphology as the MS sample. However, the flake
size decreases with ion bombardment cycles resulting in smaller grain
gaps and larger coating compactness. By further decreasing the dis-
rupting period to 100 nm (S2-1), grain boundaries become indistin-
guishable and the coating compactness is larger due to the refined grain
size as shown in Fig. 4(d).

The structure and crystallinity of the coatings are determined by XRD
as shown in Fig. 5. All the samples are polycrystalline having the face-

Fig. 3. Cross-sectional morphology of the coatings: (a) MS, (b) S6-1, (c) S4-1, and (d) S2-1.
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Fig. 4. Surface morphology of the samples: (a) MS, (b) S6-1, (c) S4-1, and (d) S2-1.

centered cubic (fcc) structure (PDF#11-0065) and (200) preferred
orientation. However, there are some differences among the samples.
The (200) peak broadens with ion bombardment due to refined grains as
shown in Figs. 3-4 [32] and the refined grains provide sites for growth in
other orientations. As a result, the (111) peak intensity of S4-1 and S2-1
is larger after ion bombardment.

Corrosion is the primary source of hydrogen in common applications
of steels and the corrosion resistance affects the hydrogen permeation
capability. As shown by the potentiodynamic polarization results in
Fig. 6, the corrosion potential (E.,) and corrosion current (I.,) derived
by Tafel extrapolation from the linear cathodic polarization region are
obtained and listed in Table 2. The samples with disrupted layers have
higher E, and lower I, than the MS sample. In particular, S2-1 has
the best corrosion resistance as manifested by the largest E ., and
smallest I, of —0.364 V and 1.51 pA/cmZ, respectively.

The electrochemical impedance spectra in Fig. 7(a) discloses two-
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Fig. 5. XRD patterns of the samples.
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Fig. 6. Potentiodynamic polarization results of the coatings.

Table 2
E orr and I, of different samples.
X70 MS S6-1 S4-1 S2-1
Ecorr (V) —0.684 —0.5597 —0.462 —0.363 —0.364
Leorr (pA/cmz) 10.10 6.32 2.06 3.61 1.51

time constants which are better resolved for S4-1 and S2-1. The im-
pedances of S4-1 and S2-1 are also larger as shown in Fig. 7(b) and the
equivalent circuit in Fig. 7(d) is employed to model the EIS data. The
equivalent circuit consists of the R, Ryore, Ret, constant phase elements of
CPE1 and CPE2 [33,34]. R represents the solution resistance of the
electrolyte between the working electrode and reference electrode. Rpore
represents the impedance for electrolyte in the pores and defects of the
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Fig. 7. Electrochemical impedance spectra: (a) Phase angle, (b) impedance, (c) Nyquist plots, and (d) equivalent circuits.

coating, which reflects the corrosion barrier effect of the coating. Ccoqr
stand for the capacitance of the coating. The R, is the charge transfer
resistance of the electrolyte/substrate interface, which can reflect the
corrosion rate of the substrate. Cyqr is used to evaluate the capacitance
of defects in the coatings. CPE is generally necessary for porous PVD
coatings because of deviation from the ideal capacitor to the non-ideal
one because of surface roughness and inhomogeneity. The deviation
from the perfect capacitor can be demonstrated by the parameter n
which varies between 0 (pure resistance) to 1 (pure capacitance). Ac-
cording to the fitted data in Table 3, Ry varies from 33.63 to 35.66 Q-cm?
among the samples. Compared to the MS sample, the ion bombarded
samples show higher Ryore and smaller C,q, indicating that there are less
defects in the coatings. Besides, penetration of the corrosive solution to
the substrate is blocked as shown the larger R.; and smaller Cyor arising
from film densification. These results disclose that the corrosion resis-
tance is improved with the aid of ion bombardment.

The hydrogen permeation results are displayed in Fig. 8(a). The t;
could reflect the time used for hydrogen passing through the coating-
substrate. The current density (i) represents the permeation rate of the
hydrogen. Therefore, longer t;, and lower i indicate better hydrogen
permeation resistance. Hydrogen attacks the bare X70 substrate quickly.
Thus, the equilibrium current is high and continues to increase during
the test indicating poor hydrogen permeation resistance. MS and S6-1

show slightly shorter t, and higher i. In comparison, the t, are longer
and i are smaller for S4-1 and S2-1 reflecting better hydrogen perme-
ation resistance. Since the corrosion resistance of X70 is very poor,
surface reaction of the X70 substrate occurs as it was exposed in alkaline
solution. Therefore, it is hard to reach a steady permeation current for
X70, MS and S6-1 even after more than 14 h test. In order to quantita-
tively calculate the Dgp, and J, the current when the time is 40,000 s
(ir—40,000s) Was chosen as the i,™. Although it might be imprecise, this
operation would not affect the main conclusion because the i value is
ranked as X70 > MS > S6-1 > S4-1 > S2-1 during most period of the test.
The calculated results are presented in Table 4. The D, and J of X70 are
5.94 x 107% cm?/s and 2.85 x 107° mol-cm ':s7!, respectively.
Hydrogen permeation diminishes gradually with ion bombardment as
verified by smaller D,p, and J. The Dapp and J of S2-1 are 1.13 x 1077
em?/s and 1.14 x 107® mol-cm™!-s7!, respectively, which are 52.6 and
24.1 times less than those of the substrate as shown in Fig. 8(b).

Fig. 9 presents the strain-stress curves of the substrate and coated
samples after electrochemical hydrogen charging. The mechanical
properties and deformation characteristics are shown in Table 5. The
uncharged X70 substrate show high yield strength, fracture strength and
elongation of 612 MPa, 685 MPa and 18.1%, respectively. Due to the
hydrogen embrittlement, the hydrogen charged X70 substrate has lower
yield strength and fracture strength of 571 MPa and 637 MPa,

Table 3
Electrochemical parameters obtained by equivalent circuit simulation.
Rs Rpore CPE1 Ret CPE2 P
(Q-cm?) (Q-cm?) Ccoat-T CPE1-P (Q-cm?) Cpore-T CPE2-P
(@ 's"em™?) (@ 's"cm™?)
MS 33.63 107 6.22 x 107* 0.60923 10,881 1.19 x 1072 0.64230 5.156 x 10~°
S6-1 35.66 29,633 4.42 x 107* 0.89602 29,971 4,52 x 107* 0.87961 7.254 x 107>
S4-1 33.81 28,177 4,97 x 107 0.86146 450,000 1.11 x 107° 0.63898 2.391 x 1074
S2-1 35.16 34,638 3.37 x 107° 0.86248 443,780 6.78 x 107° 0.63599 3.472 x 1074
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Fig. 8. (a) Electrochemical hydrogen permeation curves of the samples; (b) the improvement of Dg,, and J compared with the uncoated substrate.

Table 4

Hydrogen permeation parameters of the different samples.
Sample ty/s Dam,/cmz-s’1 [[:40,0005/pA~cm’1 J/mol-cm 157!
X70 110 5.94 x 107° 27.5 2.85 x 107°
MS 890 7.34 x 1077 15.1 1.56 x 107°
S6-1 720 9.08 x 1077 12.7 1.32x107°
S4-1 3100 2.11 x 1077 1.4 1.45 x 107
$2-1 5790 1.13 x 1077 1.1 1.14 x 107

Fig. 9. Strain-stress curves after electrochemical hydrogen charging.

Table 5
Mechanical properties and deformation characteristics.

Sample Yield strength/  Fracture Elongation of hydrogen
MPa strength/MPa charged area/%
X70- 612 685 18.1
uncharging
X70 571 637 13.8
MS 584 664 15.4
S6-1 600 632 16.7
S4-1 598 680 17.1
S2-1 609 682 17.6

respectively. Besides, elongation of the hydrogen charged area is limited
to 13.8%. The MS sample also exhibit significant decrease in the yield
strength, fracture strength, and elongation, revealing poor hydrogen
blocking effects due to the significant grain gaps. On the contrary, after

ion bombardment, the coating structures of S2-1 become denser
dramatically which could block the permeation of hydrogen, thus pos-
sessing the high fracture strength of about 680 MPa and elongation of
17.6%, which is close to the uncharged substrate.

The tensile fracture morphology is examined and shown in Fig. 10.
After the extended test, flat dissociative fracture characteristics are
observed indicative of brittle fracture. This phenomenon confirms irre-
versible hydrogen embrittlement which compromises the mechanical
properties. The coated samples have the typical dimple morphology and
the dimple size is larger with ion bombardment suggesting better plas-
ticity. The dense coatings produced by ion bombardment alleviate
hydrogen embrittlement of the substrate consistent with the hydrogen
permeation and tensile results.

The mechanism of the hydrogen permeation resistance of the con-
ventional and dense CrN coatings is illustrated in Fig. 11. The MS
coating has a sparse structure with many grain gaps which can reach 10
nm and these gaps form easy paths for hydrogen to traverse to the
substrate. On the other hand, the dense CrN coating produced by ion
bombardment does not show obvious grain gaps and therefore, the
hydrogen permeation mechanism is different from that of conventional
MS coatings. The grain boundaries and atom interstice are generally
larger than the size of the hydrogen atom thereby enabling hydrogen to
permeate easily, but the CrN coatings offer much better hydrogen
permeation resistance due to the dense structure and absence of grain

gaps.
4. Conclusion

Coatings can block hydrogen permeation and mitigate hydrogen
embrittlement in the steel substrate. However, grain gaps formed during
coating growth decrease the protecting effects. In this work, energetic
ion bombardment is performed in conjunction with magnetron sput-
tering to restrain grain growth and abate the formation of grain gaps. By
means of periodic ion bombardment during magnetron sputtering, grain
gaps are reduced and the coating compactness increases significantly.
The hydrogen permeation test shows that the dense CrN coating de-
creases the apparent hydrogen diffusion coefficient and hydrogen
permeability to 1.13 x 1077 ecm?/s and 1.14 x 10~ mol-em 157},
which are about 52.6 and 24.1 times less than those of the unprotected
substrate. The tensile test also reveals better prevention of hydrogen
embrittlement suggesting large application potential of the materials
and methodology.
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Fig. 10. Fracture morphologies of the samples.
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