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Hydrogen permeation transients for passivated chromium-plated steels were measured
at room temperature as a function of cathodic charging current density. The passivated film
on chromium plating is shown to be an effective barrier to hydrogen at low cathodic
charging current density (40 and 100 pA cm ~2). The passivated film can be reduced

to chromium at higher cathodic charging current density (1 and 10 mAcm ~?2), promoting

hydrogen absorption significantly. .

1. Introduction

It is well known that ferrous alloys are susceptible to
hydrogen degradation [1-4]. Surface modification
has been used to reduce hydrogen-induced failures
[5-12]. The permeability of hydrogen through steel
can be decreased significantly by coating with a thin
layer of effective barrier, and the absorption of hydro-
gen can also be delayed for a period that depends on
the property and the thickness of the coating. Hydro-
gen-impermeable coatings would effectively impede
hydrogen entry into steels. To protect steels from
hydrogen embrittlement, some researchers used
a coating of another metal to lower the hydrogen
permeability. A hard chromium coating offers excel-
lent corrosion and wear resistance, and appearance,
owing to its passive film of Cr,0O;. The chromium
oxide film is thought to act as a barrier between the
metal and the corrosive environment or atmosphere.
Without a passive film, chromium-plated steel cannot
prevent hydrogen embrittlement, and even more se-
vere hydrogen embrittlement can result from chro-
mium coating [13, 14]. In this study, an electrochemi-
cal hydrogen-permeation technique was used to
evaluate the effect of passivation treatment on the
hydrogen transport in chromtum-plated steel for im-
proving the hydrogen-embrittlement resistance.

2. Data analysis

2.1. Permeation

For this study, the flux of hydrogen through the speci-
men was measured in terms of current density, i, and
conversion to hydrogen permeation flux according to
the following equation
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The permeation rate [6] is defined by
J,L = 2 LmolHm 's ) ?)
nF

where i, is the steady-state permeation current den-
sity, n is the number of electrons transferred, F is
Faraday’s constant, L is the specimen thickness, and
J 1s the steady state flux.

2.2. Diffusion
For effective diffusivity, D is related to time lag by
[15]

L2
Dy = —(m?s! 3
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where ty is the lag time [15] and D is determined
from the transient, t;.

3. Experimental procedure

3.1. Specimen preparation

The test material was cold-rolled mild steel (0.05% C,
0.67%8Si, 0.23% Mn, 0.01%S). The steel sheets
(0.78-0.82 mm x 3.0 cm x 5.0 cm) were ground with
grinding paper down to 1000 grit. Surface preparation
prior to chromium electroplating involved the follow-
ing steps: (1) alkali cleaning (60—80°C), (2) water
cleaning, (3) acid pickling, (4) rinsing and drying
Chromium electroplating was applied on the hydro-
gen entry side of each specimen, A chromium layer
was deposited from a Bornhauser plating bath [16]
(300g™" CrO;, 08g™! H,SO,, 50g™' NaOH,
1 ml1~* C,H5;OH) at room temperature and a plating
current density of 2 KA m~2. The exit side of each
specimen was electroplated with a thin nickel layer
(0.2 pm) to minimize the background current T6].
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Figyre I Scanning electron micrographs of (a) the cross-section of
a passivated chromium layer plated on a steel substrate, and (b) the
surface view.

After plating, the thickness of the coating layer was
measured using a Mitutoyo Coating Thickness
Gauge. The thickness of the chromium electrodeposit
on the hydrogen entry side was controlled at 7 pm.
Examination showed that the chromium plating was
a dense structure. To obtain a passive film on chro-
mium-plated steel, some chromium-plated specimens
were also passivated in 20 vol% HNO; at 55° C for
30 min [17]. Fig. 1 shows the cross-section of a pas-
sivated chromium-plated steel.

3.2. Hydrogen permeation

The instrumentation and procedures were similar to
those described elsewhere [18]. The cathodic side, or
hydrogen entry side, of the cell was galvanostatically
polarized at various constant charging current densit-
ies (40, 100 A cm~2 and 1, 10mA cm~2) in 0.IN
NaOH with 1 g~ ! Na,S-9H,0 added as a hydrogen-
recombination poison. The anodic side of the cell was
held at a constant potential of 250 mV (SCE) in 0.1N
NaOH. The potentiostat current gave a direct
measure of the hydrogen flow rate. The cell assembly
was immersed in a constant-temperature bath main-
tained at 25 + 1°C. Both sides of the membrane were
deoxygenated. Permeation transients were recorded
on a strip-chart recorder. Preliminary experiments
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TABLE 1 Permeation data of chromium-plated steel in 0.1N
NaOH with and without promoter solutions

Thickness of chromium 0.INNaOH O0.INNaOH +1g
plating ~1Na,S-9H,0
No Permeation rate J, L 2.55x1071°  624x 10710

plating (mol Hm™*s™1)
Fraction of J L (%) 100 245

7um  Permeation rate J,L 3.06x107° 3.22x107°
Cr (mol Hm™'s™1)
plating Fraction of J,L (%) 1200 1260

Charging current density 10 mA cm™?, temperature 25 + 1°C,
specimen thickness 0.8 mm, effective diffusivity of unplated steel
1x101°m?s™1,
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Figure 2" Permeation current density versus time at a constant
charging current density (10 mA em~2) in 0.IN NaOH ([]) with
and () without 1 g~ ! Na,S-9H,0.

indicated good reproducibility after an initial charging
run was made on each sample. Similar observations
reported by Xie and Hirth [19] are thought to result
from initial filling of deep traps.

4. Results and discussion

4.1. The effect of chromium plating

In hydrogen-permeation measurement, the cathodic
solution of the entry cell was added with a promoter.
The promoter acts as a hydrogen-recombination poi-
son, and can delay the hydrogen atom state from
forming the hydrogen molecular state. Permeation
data of unplated and chromium-plated steels with and
without promoters (Na,S - 9H,0) are listed in Table 1.
Permeation current density versus time for chromium
plated steel with and without promoter is shown in
Fig. 2. The permeation rates of unplated and chro-
mium-plated steels with promoters are higher than
without adding promoter.

Hydrogen permeation-rate measurements on chro-
mium-plated steel show that hydrogen absorption is
about one order of magnitude higher than that on
unplated steel. It is difficult to explain why the chro-
mium surface suppresses the recombination reaction
and enhances permeation in steel.



TABLE II Permeation data

Charging current density (mA cm™?)

40 100 1 10
No Measured —1.23 —1.32 — 1.65 —2.89
plating potential
(V, SCE)
Permeation 436x 10710 470x 10710 5.05x107 10 6.24x 10710
rate, J L
(ol Hm™*s™1)
7 mm Measured —1.36 —1.46 — 1.65 —2.84
Cr potential
plating (V, SCE)
Permeation 230x107° 2.54x107° 297 %x107° 331%x107°
rate, J, L
(molHm™'s™1)
Fraction of 528 540 588 530
JoL (%)
7 mm Measured - 1.30 - 1.36 —1.63 — 3.06
passivated potential
Cr (V, SCE)
plating Permeation 0® 0 1.52x10°° 3.22x107°
rate, J, L
(molHm™'s™1)
Fraction of 0* 0* 301 516
JoL (%)
Temperature 25 + 1 °C, specimen thickness 0.8 mm, Cathodic solution 0.1N NaOH + 1 g~ Na,S-9H, 0.
*Below the detection limit of instrumentation.
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4.2. The effect of passivation treatment
The effects of cathodic charging current density and
passivation treatment on permeation rates of unplated
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and chromium-plated steel is listed in Table II and
shown in Fig. 3.

If the impermeable coatings are formed as continu-
ous and pore-free layers, the entry of hydrogen into
steel can be minimized. No hydrogen diffusion has
been detected through the chromium-plated steel with
passivation treatment at lower charging current dens-
ities (40 and 100 mA cm ~2). This is a characteristic of
diffusion through composite membranes, where diffu-
sion through the passive film of Cr20s is the rate-
determining step. The hydrogen-barrier efficiency of
chromium-plated steel approached 100% when pas-
- sivated in 20 Vol % HNOs3 at 55 °C for 30 min, due to
the extremely low permeation rate and diffusivity of
hydrogen in Cr203 film. The permeation of hydrogen
through some passivated metals is also controlled
chiefly by the kinetic processes in the passive film [20].

It can be seen that as the charging current density
increases, the permeation rate and absorption rate
also increase for chromium-plated steel without pas-
sivation treatment. High permeation rates of pas-
sivated chromium-plated steel resulted from the
reduction of a passive film of Cr2Os with high charg-
ing current densities. The calculated potential of re-
duction of Cr20s to chromium is — 1.64 V(SCE). It is
quite close to the measured potential at a charging
current density of 1 mA ¢cm™2. To protect steels from
hydrogen damage, passivated chromium plating pro-
vides a significant bencficial effect. However, destruc-
tion of a passive film of Cr20s should be avoided in
hydrogen environments.

5. Conclusions

1. Hydrogen absorption is significantly reduced
due to the barrier effect of a passivated film on chro-
mium-plated steel. The passivated chromium-plated
steel shows an undetectable low permeability due to
the low hydrogen absorption rate of the passivated
film. To inhibit steels from hydrogen-induced failure,
treatment with an extremely low hydrogen-permeable
passivated chromium plating is a feasible method.

2. A passivated film of chromium-plated steel
can be reduced to chromium at higher charging cur-
rent density, and this causes more severe hydrogen
damage.
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3. Chromium-plated steel cannot prevent hydrogen
embrittlement. More severe hydrogen damage can
result from chromium plating in hydrogen environ-
ments without passivation treatment.
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