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ABSTRACT

Effects of hydrogen and chloride ions on the corrosion behav-
ior of interstitial-free steel were investigated. The anodic po-
larization tests show that the corrosion and pitting potentials 
decrease with the rise of both the charging current density 
and the chloride ions concentration. For a given chloride ion 
concentration, the increase of the charging current density 
makes the pitting and the corrosion potentials drop sharply. 
Under a given hydrogen charging current density, the drops 
of the pitting and corrosion potentials have an approximately 
linear relationship with the increase of the chloride ions’ con-
centration. It indicates that the hydrogen and chloride ions 
can affect the corrosion behavior. From the salt fog tests, the 
growth and development of the rust and pits on the hydrogen-
charged specimen are faster than that of the uncharged one, 
displaying that hydrogen can decrease the corrosion resis-
tance in the chloride ions’ environment.
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INTRODUCTION

Interstitial-free (IF) steel has been widely used in the 
automotive industry because of its excellent charac-

teristics of deep formability and fatigue resistance.1-2 
As the main material of the automobile’s body, IF steel 
usually suffers from atmospheric corrosion attack, 
since it must work in corrosive atmospheres, such 
as acid rain and dust, especially with the presence of 
the chlorine ion in freezing salt or ocean aerosphere. 
The corrosion induced by the chloride ions may lead 
to serious damage in a short time. The high suscepti-
bility to atmospheric corrosion limits the automobile 
steel applications. Although the corrosion behavior of 
automobile IF steel remains a concern, little research 
has been conducted, especially concerning the at-
mospheric corrosion behavior.3 Therefore, there is a 
long way to a satisfactory explanation of the corrosion 
processes under different conditions, especially in the 
chlorine ion environment. Moreover, the generation 
and adsorption of hydrogen are unavoidable in many 
practical industrial processes, such as cathodic pro-
tection, and the permeated hydrogen into the metal 
can influence the corrosion behavior of materials. 
Hydrogen effects on the corrosion behavior have been 
investigated.4-10 Experimental evidence indicated that 
hydrogen can increase the corrosion rates of austenite 
and ferrite steels4,11-12 and decrease the pitting resis-
tance of some metals.8,13-14 There were also several 
interesting studies focused on the effects of pH and 
chlorine ion on the corrosion behavior of stainless 
steel.15-16 To our knowledge, however, there are no sys-
tematic studies of the hydrogen and chloride ions ef-
fects on the corrosion behavior of automobile IF steel.

The goal of the present work was to study the ef-
fect of hydrogen on the corrosion behavior of automo-
bile IF steel in boric acid (H3BO3) buffer solution with 
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different chloride ion concentrations. Electrochemical 
behavior of the IF steel was investigated by the poten-
tiodynamic measurements, while optical microscopy 
was used to detect the surface morphology changes in 
the salt fog corrosion test to reveal the effects of hy-
drogen and chloride ions on the corrosion behavior.

EXPERIMENTAL PROCEDURES

Material and Sample Preparation 
The experimental material was conventional IF 

steel, whose chemical composition is given in Table 1. 
The specimen was machined into square sheets with 
20 by 20 by 1 mm dimensions. The surface of each 
specimen was wet ground with silicon carbide (SiC) 
paper up to 2000 grit, polished using diamond paste 
to 0.5 μm, and then ultrasonically cleaned in acetone 
(CH3COCH3) and ethanol (C2H5OH). 

Hydrogen Charging
The hydrogen charging was conducted at room 

temperature in the 0.5 M sulfuric acid (H2SO4) aque-
ous solution for 3 h with an addition of 0.25 g/L 
arsenic trioxide (As2O3) as a hydrogen recombination 
poison to promote the absorption of hydrogen. During 
the hydrogen charging, specimens acted as the cath-
ode, and the anode was a platinum mesh electrode 
with a size of 1 in by 1.5 in. The anode was parallel 
to the surface of the specimen to guarantee a uni-
form distribution of the charging current. To obtain 
samples with different hydrogen concentrations, the 
specimens were charged at different current densities 
(0.1, 1, and 10 mA/cm2). After charging, the speci-
mens were lightly polished using diamond paste and 
cleaned in acetone.

For the salt fog corrosion test, the specimens 
were charged in the 0.5 mol/L H2SO4 + 0.25 g/L As2O3 
solution. The charging current density was 1 mA/cm2 
and the time of hydrogen charging was 30 min. After 
charging, specimens were ultrasonically cleaned in 
acetone and ethanol.

The hydrogen concentration in the specimen 
charged at different current densities (0.1, 1 and  
10 mA/cm2) was measured using a hydrogen analyzer 
by heating the charged and dried specimens to 600°C. 
Each hydrogen concentration was acquired experi-
mentally at least five times.

Electrochemical Testing
A potentiostat were used to perform the electro-

chemical measurements. The specimen embedded 

in epoxy resin acts as a working electrode. To avoid 
crevice corrosion, the interface between the specimen 
and the resin were sealed by a special silica gel seal-
ant. The exposed electrode surface area was 10 mm2. 
All potentials were measured against a saturated calo-
mel electrode (SCE), and the counter electrode was 
platinum foil. The electrochemical testing solution is a 
H3BO3 buffer solution, which consisted of 0.02 mol/L 
H3BO4, 0.005 mol/L Na2B4O7·10H2O solution, and 
NaCl with different concentrations (0, 5, 10, and  
15 ppm). Prior to measurements, the working elec-
trodes were immersed in the chloride-ion-free buffer 
solution for 30 min to make the corrosion potential 
of specimens stable. The polarization curves were 
recorded potentiodynamically at room temperature 
(25°C) under a scan rate of 20 mV/min from 70 mV 
(the corrosion potential) to the pitting potential.

Atmosphere Salt Corrosion Test
The atmosphere corrosion tests of the hydro-

gen-charged and the uncharged specimens were 
performed in a 5% NaCl salt fog chamber. After im-
mersion in the salt fog chamber for 10, 30, or 40 min, 
the specimens were taken out and observed with an 
optical microscopy. The rust layers on the hydrogen-
charged and the uncharged specimens were compared 
after the immersion test, which took place in the salt 
fog chamber for 24 h.

RESULTS

Effects of Hydrogen and Chloride Ions  
on Polarization Curves 

Figure 1 shows typical polarization curves for the 
uncharged specimens and the specimens charged at 
0.1, 1, and 10 mA/cm2 in H3BO3 buffer solution with 
different NaCl concentrations. Despite the concentra-
tion of chloride ions, increasing the charging current 
density shifts the corrosion potential and the pitting 
potential to more negative values, i.e., weakening the 
corrosion resistance. Meanwhile, with increasing the 
hydrogen charging current density, the passive cur-
rent density values elevate, meaning that the corro-
sion resistance of the passive film becomes worse. 
Figure 1 shows that the passive film breakdown oc-
curs at a lower anodic potential in the hydrogen-
charged specimen than that in the uncharged 
specimen. Moreover, with the increasing hydrogen 
charging current density, the pitting potential de-
creases and the anodic current density in the passive 
regions elevates, which is in an agreement with the 

TABLE 1
Chemical Composition of Interstitial-Free Steel (wt%)

 Elements C Cr Mn Ni Cu N Si Al P Ti S

 Content 0.0014 0.015 0.42 0.014 0.016 0.0024 0.10 0.056 0.05 0.029 0.0066



CORROSION SCIENCE

1026 CORROSION—OCTOBER 2014

literature results.9 It is also found that the corrosion 
potential and the pitting potential of the hydrogen-
charged specimens become more negative with  
increasing chloride ion concentration, and this phe-
nomenon is more pronounced in the solution with 
high NaCl concentration. The corrosion potential for 
the uncharged specimen varies from –239 mV (0 ppm 
chloride ion) to –357 mV (15 ppm chloride ion), while 
for the specimens charged with 10 mA/cm2 changes 
from –345 mV (0 ppm chloride ion) to –404 mV (15 ppm 
chloride ion). The corrosion and pitting potentials in 
the solution with 15 ppm chloride ion decrease sharply. 

For the hydrogen-charged specimens, the only active 
process appears in the anodic polarization curves, 
while for the uncharged specimen, there is still a  
passivation process, as seen in Figure 1(d). Table 2 
summarizes the hydrogen concentrations in hydro-
gen-charged specimens at different charging densities 
after hydrogen charging and immediately prior to  
corrosion testing. It can be seen that the hydrogen 
concentration increases with increasing hydrogen 
charging current density. These results indicate that 
either hydrogen or chloride ions affect the corrosion 
behavior of the IF steel, and both effects can lead to 
more severe corrosion.

Tables 3 and 4 summarize the corrosion and the 
pitting potentials of the specimens. Figures 2 and 
3 show the relations between the concentration of 
chloride ions and the pitting potentials and the cor-
rosion potentials, respectively. It can be seen clearly 
that the drops of the corrosion and pitting potentials 
have an approximately linear relationship with the 
chloride ions’ concentration increase. In particular, 
with the increase of the concentration of chloride ions, 
the pitting potential decreases more sharply in the 
hydrogen-charged specimens than in the uncharged 

TABLE 2
Hydrogen Concentration in Hydrogen-Charged Specimens 

at Different Charging Densities

 
  Hydrogen Hydrogen 
 Hydrogen Concentration Concentration 
 Charging After Hydrogen Before Corrosion 
  Density Charging Testing 

 0.1 mA/cm2  2.01±1.01 1.83±1.10 
 1 mA/cm2 7.81±3.5 6.84±2.77 
 10 mA/cm2 11.46±1.40 9.77±0.82

Hydrogen Concentration (ppm)

FIGURE 1. Potentiodynamic polarization curves of uncharged and hydrogen-charged specimens at different charging 
densities in the boric acid buffer solution with different chloride ion concentrations: (a) 0 ppm, (b) 5 ppm, (c) 10 ppm, and 
(d) 15 ppm.
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one. The greater the hydrogen charging current den-
sity, the faster the pitting potentials drop. It should be 
stressed that higher concentrations of chloride ions 
and hydrogen imply lower corrosion and pitting poten-
tials, i.e., a more difficult passivation process. In other 
words, the corrosion resistance of the IF steel obvi-
ously deteriorates with the increasing chloride ions’ 
concentration or hydrogen concentration.

Effects of Hydrogen and Chloride Ions  
on Rust Corrosion

Figure 4 shows the morphology of the uncharged 
and hydrogen-charged specimens before (Figures 4[a] 
and [b]) and after immersion in a 5% NaCl salt fog 
chamber for different times (Figures 4[c] through [j]). 
After 10 min immersion in the NaCl salt fog, brown 
rust spots form on the surface of either the uncharged 
or the hydrogen-charged specimens; however, there 
are larger rust spots for the hydrogen-charged speci-
men, as seen in Figures 4(c) and (d). After additional 
immersion of 30 min, brown rust spots appear on the 
uncharged specimen (Figure 4[e]), while for the hydro-
gen-charged specimen, the brown rust flakes and  
silver corrosion products can be observed, which 
nearly cover the whole specimen surface (Figure 4[f]). 

TABLE 3
Corrosion Potential Values (Ecorr/mVSCE)  

of the Specimens Obtained from Potentiodynamic 
Polarization Curves in the Boric Acid Buffer Solution 

 Hydrogen 
 Charging 
  Density 0 5 ppm 10 ppm 15 ppm

 Without H –239 –277 –287 –357 
 0.1 mA/cm2 –267 –306 –341 –372 
 1 mA/cm2 –314 –331 –352 –390 
 10 mA/cm2 –345 –383 –394 –404

TABLE 4
Pitting Potential Values of Specimens Obtained  

from Potentiodynamic Polarization Curves  
in the Boric Acid Buffer Solution (Epit/mVSCE) 

 Hydrogen 
 Charging 
  Density 0 5 ppm 10 ppm 15 ppm

 Without H 544 331 187 –7 
 0.1 mA/cm2 363 280 114 — 
 1 mA/cm2 248 182  79 — 
 10 mA/cm2 204  84  16 —

NaCl Concentration NaCl Concentration

FIGURE 2. Relationship between the concentration of chloride 
ions in boric acid buffer solution and corrosion potentials for the 
uncharged and hydrogen-charged specimens at different charging 
current densities.

FIGURE 3. Relationship between the concentration of chloride ions 
in boric acid buffer solution and pitting potentials for the uncharged 
and hydrogen-charged specimens at different charging current 
densities.

As the immersion time increases past 40 min, the rust 
layer does not change on the uncharged specimen  
until 24 h (Figures 4[c], [e], [g], and [i]). However, for 
the hydrogen-charged specimen, after immersion for 
40 min, the rust layer and the corrosion products 
spread almost all over the entire surface, and the 
massive brown rust layer grows, as seen in Figure 
4(h). With the immersion time longer than 24 h, the 
surface of the hydrogen-charged specimen becomes 
completely covered with dark red rust (Figure 4[j]), 
while the surface of the uncharged specimen is 
cleaner than that of the hydrogen-charged specimen 
after 40 min immersion. To characterize the develop-
ment of pits, the rust layers were removed and the 
cross-sectional images were observed. Figures 4(k) 
and (l) show the pit line depth profiles of Figures 4(i) 
and (j), revealing the pit depths on the hydrogen-
charged and uncharged specimens. It is indicated that 
the pit depth on the hydrogen-charged specimen is 
larger than that of the uncharged one. These results 
show that the corrosion is faster in the hydrogen-
charged specimen, which matches the polarization 
curve results in Figure 1, where hydrogen charging 
decreases the corrosion and pit potentials in the chlo-
ride ion environment.
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FIGURE 4. Optical microphotographs of the IF steel specimens uncharged (left) and H-charged (right) (a, b) before and 
after immersion in a 5% NaCl salt fog chambers for (c, d) 10 min, (e, f) 30 min, (g, h) 40 min, and (i, j) 24 h, respectively. 
The (k) and (l) pit depth profile of the line shown in (i, j).
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DISCUSSION

The salt fog test shows that corrosion is faster in 
the hydrogen-charged specimen and becomes more 
severe with the immersion time, where hydrogen 
promotes the growth and development of the rust 
layer and pits in the chloride ion environment. This 
is consistent with the potentiodynamic polarization 
measurements, where the corrosion and pit poten-
tials of the IF steel decrease with the concentration of 
hydrogen or chloride ions. It is reasonable to deduce 
that these results have been caused by the effect of 
hydrogen on the interface between the electrolyte and 
the electrode.15 In a 5% NaCl salt fog chamber, a thin 
NaCl electrolyte film forms on the specimen surface, 
and local anode and cathode regions can form, caus-
ing corrosion. The dominating electrochemical reac-
tions are iron dissolution (anodic reaction) and oxygen 
reduction (cathodic reaction):

 Fe → Fe2+ + 2e– (1)

 O2 + 2H2O + 4e– → 4OH– (2)

The Fe2+ ions generated by the anodic reaction 
(Equation [1]) reacted with chloride ions that mi-
grated to the anode to maintain charge neutrality, 
forming ferrous chloride (FeCl2),

17-19 and reacted with 
OH–, which was generated by the cathodic reaction 
(Equation [2]), forming ferrous hydroxide (Fe[OH]2). 
Hydrogen, existing in the atomic form in metal, dif-
fuses from the charged electrode during the anodic 
oxidation, and is oxidized to a proton.20-22 Therefore, 
the chemical environment at the electrode and the 
electrolyte interface is changed after the electrode 
is pre-charged with hydrogen;15 i.e., the oxidation of 
hydrogen in the IF steel decreases the pH at the in-
terface. The lower the pH of the solution is, the more 
the electrode is attacked.10,23 It was reported that the 
chloride ion can accelerate the pH drop at the local 
anode site in the atmospheric corrosion of steel.24 
The hydrogen protons can accumulate the chloride 
ions’ adsorption at the local anode site in the chlo-
ride environment, which triggers the pH decrease at 
these anode sites;24 therefore, the corrosion resis-
tance reduces and more severe corrosion occurs in 
the hydrogen-charged specimen. On the other hand, 
hydrogen significantly increases the dissolution rate 
of Fe in stainless steel and their dissolution rates 
increase with increasing hydrogen charging current 
density,4 leading to more corrosion attack. Therefore, 
the hydrogen and chloride ions can cause more severe 
corrosion behavior.

It is found that hydrogen and chloride ions can 
synergistically decrease the breakdown potential of 
the IF steel (Figures 1 through 3). Various models 
have been proposed to explain the pitting phenom-
ena, such as the point defect model,25 assuming that 

the chloride ion in solution would increase the cation 
vacancy/oxygen vacancy concentration in the pas-
sive film. Experimental evidence has revealed that 
the concentration of oxygen vacancies at the passive 
film surface is higher for the hydrogen-charged speci-
men.10 Therefore, for the passive film on a hydrogen-
charged specimen in a chloride-containing solution, 
the absorption of chloride ions into oxygen vacancies 
is accelerated, promoting the rate of cation vacan-
cies; hence, the density of localized acceptor states is 
higher than that in the uncharged specimen.10 As a 
result, the passive film is more easily broken in the 
hydrogen-charged specimen in a chloride-containing 
solution, and the pitting is formed more easily. This 
is confirmed in Figure 1; the breakdown potential of 
passive film is lower for the hydrogen-charged speci-
men. The critical concentration of chloride ion for the 
breakdown of a passive film decreases with the in-
creasing hydrogen-charging current density, while the 
critical hydrogen-charging current density for the film 
breakdown decreases with chloride ion concentration 
(Figure 1). Moreover, as the chloride ion concentration 
increases to a critical value, there is no passivation 
processes in the polarization curves of the hydrogen-
charged specimens, but there is still a passivation 
process for uncharged specimens (Figure 1[d]). It is 
mainly because the detachment of a passive film from 
the metal becomes easier for the hydrogen-charged 
specimens in chloride-containing solutions.9,26-28

Another reason for the effects of hydrogen and 
chloride ions on the pitting corrosion behavior may be 
that hydrogen charging changes the chemical compo-
sitions of the passive film.10,14,29-31 Hydrogen in passive 
film exists in proton form, and the reaction of protons 
with O2– increases the ratio of OH–/O2– in the passive 
films.32-33 Moreover, chloride ions can easily displace 
OH– ions in the passive film.34 Therefore, with the 
increase of the concentration of hydrogen and chlo-
ride ions, the ratio of OH–/O2– in the passive film in-
creases, which promotes the substitutions of OH– ions 
by chloride ions and decreases the pitting resistance 
of the film.35 It implies that the passive film containing 
hydrogen is degraded because of a higher concentra-
tion of defects, and is therefore more susceptible to 
corrosion attack. Experimental results indicated that 
there is a synergic effect between hydrogen and chlo-
ride ions.36 The higher the concentration of hydrogen, 
the more susceptible the passive film is to attack by 
chloride ions.

CONCLUSIONS

v The hydrogen and chloride ions effects on the cor-
rosion behavior of automobile IF steel was studied by 
potentiodynamic measurement and the salt fog test. 
The electrochemical measurement shows that the pit-
ting potential and the corrosion potential decrease 
with the increases of the concentration of hydrogen 
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or chloride ions. Moreover, as the concentration 
of hydrogen or chloride ions increases to a critical 
value, the passivation processes of IF steel disappear 
in H3BO3 buffer solution. For a given chloride ion 
concentration, the increase of the charging current 
density makes the pitting potential and the corrosion 
potential drop sharply. Under a given hydrogen charg-
ing current density, the drops of the pitting potential 
and corrosion potential have an approximately linear 
relationship with the increase of the concentration of 
chloride ions. It indicates that hydrogen and chloride 
ions can affect the corrosion behavior of IF steel. From 
the salt fog test, the rust corrosion and pit corrosion 
are faster in the hydrogen-charged specimen, display-
ing that hydrogen promotes the growth and develop-
ment of the rust layer and pits in the chloride ion 
environment.
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