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1. Introduction

  Owing to the stricter international restrictions on CO2 
emissions and auto-safety, the weight reduction of au-
to-parts is becoming a major technical issue in the automo-
tive industry [1-4]. Among the various technical strategies, 
the use of ultra-strong steel with a tensile strength exceed-
ing 2 GPa is proposed because it ensures an effective 
weight reduction of cars without a decrease in the pas-
senger safety [5-7]. In the application of ultra-strong steel 
to auto-parts, however, there is a critical challenge that 
can be overcome, i.e. stronger steel is more vulnerable 
to corrosion [8] and hydrogen embrittlement (HE) than 
softer steels [9,10]. In general, stronger ferritic steels with 
higher C contents have a larger fraction of iron carbide 
[2]. From an electrochemistry point of view, the carbide 
acts as a cathode, and an increase in its fraction can pro-
mote anodic dissolution of the matrix (Fe → Fe2+ + 2e-) 
[11]. Moreover, when steel is exposed to an aqueous envi-
ronment, H evolution and entry processes, which are 

strongly dependent on the pH, are involved. The follow-
ings are the proposed H evolution reactions [12,13].

  Hydrogen reduction: H+ + e- → H (1)

  Hydrolysis: Fe2+ + H2O → Fe(OH)2 + 2H+ (2)

  H atoms absorbed on the steel surface can diffuse 
through the steel matrix and they can be trapped at some 
metallurgical defects with high energy, which impairs the 
ductility and accelerates the embrittlement phenomena 
[14-16]. Although there are a considerable number of re-
ports concerning the influence of alloying elements on the 
HE of steel [17-19], most of them focused on the mechan-
ical degradation of pre-charged steel under electro-
chemical cathodic polarization, and the corrosion behav-
iors on the steel surface were not considered. In particular, 
there have been a limited number of studies on the ef-
fects of microstructural modifications by heat treatment 
on the corrosion and HE of ultra-strong automotive steel. 
Therefore, this study examined the corrosion-induced HE 
of ultra-strong steel samples prepared under different heat 
treatment conditions, and the controlling factors for corro-
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sion-induced HE are provided.  

2. Experimental

2.1 Specimen preparation and microstructure observation
  The test steel used in this study was ultra-strong ferritic 
steel consisting primarily of 0.4 ~ 0.5 wt% C, 1 ~ 1.5 
wt% Mn, and 0.2 ~ 0.3 wt% Si. The samples were re-
heated to 1200 oC for 2 h, and hot rolled and then cold 
rolled to a 2 mm thickness. The samples were then auste-
nitized by heating to 930 oC for 7 min and quenched in 
two types of quenchant: water, and a mixture of oil and 
water. The two types of sample, which had been quenched 
in water (WQ) and a mixture of oil and water (OQ) were 
additionally tempered at 200 oC for 30 min (WQT) and 
45 min (OQT1), respectively. A different tempering con-
dition of 70 oC for 1 h was also applied to the OQ sample 
(hereinafter referred to as OQT2). In addition, the austenitized 
sample was immersed in a molten salt bath at 350 oC for 
15 s, and transferred immediately to another salt bath at 
400 oC for 10 min, and finally cooled in air. This heat 
treatment condition was selected based on the two-step 
partitioning process [20]. This sample is simply referred 
to as AT.

  For microstructural observations, the test specimens 
were polished with a final polishing step of 1 μm and 
etched with a 5% nital solutions. The microstructures were 
then examined by field emission-scanning electron micro-
scopy (FE-SEM). The morphological features of the pre-
cipitates in the microstructure were examined by TEM 
using thin foil and extraction replica specimens.

2.2 EBSD-KAM analysis 
  The extent of the misorientation of the quenched and 
tempered specimens was measured by electron backscatter 
diffraction (EBSD)-kernel average misorientation (KAM) 
using TSL software (version 7.0). For EBSD analysis, the 
acceleration voltage, beam current, working distance, tilt 
angle, and step size were 20 kV, 1 nA, 15 mm, 70o, and 
100 nm, respectively.

2.3 Electrochemical hydrogen permeation test
  To understand the physical nature of H diffusion in the 
steel specimens, electrochemical permeation tests in reference 
to the ISO 17081 [21] standard were conducted. Fig. 1 pres-
ents a schematic diagram of the electrochemical H per-
meation test apparatus. In the H permeation test (HPT), 
H atoms, which were reduced on the steel surface in the 
H charging side, diffused through the steel membrane and 

Fig. 1 Schematic diagram of the electrochemical hydrogen permeation apparatus.
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the H permeation flux was obtained by measuring the H 
oxidation current density in the H detection side. For this, 
Pt foil and saturated calomel electrode (SCE) were used 
as the counter and reference electrodes, respectively. The 
sheet-type steel membrane with a 1 mm thickness that 
was polished mechanically to #2000 grade was placed in 
center of the permeation cell. To improve the oxidation 
efficiency of the H atoms, Pd plating was performed on 
the steel surface in the detection side by galvanostatic po-
larization at a constant charging current of - 2.8 mA/cm2 
for 180 s in 500 mL of an ammonia + 2.54 g PdCl2 
solution. The circular area of the specimen exposed to 
the electrolyte was 3.14 cm2. The specimen in the charging 
side was polarized galvanostatically at a constant charging 
current density of -1 mA/cm2 in a 3.5% NaCl + 0.3% 
NH4SCN solution. The galvanostatic current density was 
selected in reference to the previous studies [2,22]. The 
specimen in the detection side was potentiostatically polar-
ized at a constant potential of 270 mV versus the SCE 
in a deaerated 0.1M NaOH solution. The anodic current 
density over time until reaching a steady-state value, iss

 

(μA/m2), was measured to determine a range of diffusion 
parameters, Dapp (m2/s, diffusivity), JssL (mol/m·s, perme-

ability), and Capp (mol/m3, solubility) using the break-
through time method derived from Fick’s second law, 
which are expressed as follow:

 Dapp= L2 / (15.3 · tbt) (3)

 JssL = issL / nF (4)

 Capp = JssL / Dapp  (5)

  where tbt is the time needed for H atoms to begin arriv-
ing at the detection side; L is the thickness of the steel 
membrane; iss is the steady state H permeation current; 
n is the number of electrons transferred and F is the 
Faraday constant (C/mol).

2.4 Slow strain rate tensile (SSRT) test and fractography 
analysis
  To evaluate the resistance to corrosion-induced HE, 
SSRT [23] at a strain rate of 1 ⨯ 10-6/s was conducted 
in air and Walpole solution (0.2 M CH3COONa + 0.185 M 
HCl) at room temperature. The specimens were 80 mm 
in gauge length, 6 mm in width, 1mm in thickness and 
12 mm in diameter. Fig. 2 shows a schematic diagram 
of the test apparatus. The sensitivity of HE (HE index), 
indicating the degree of mechanical degradation by ex-
posure to the corrosive environment, was quantified as 
follows:

  HE index (%) =  × (6)

  where Wa and Ws are the mechanical testing parameters 
(tensile strength, elongation) measured in air and Walpole 
solution, respectively.
  The fracture morphologies after SSRT were observed 
by FE-SEM. The fracture surfaces were divided into three 
different fracture modes, micro-dimple (MD), quasi-cleav-
age (QC), and intergranular (IG) patterns; and the fraction 
of each fracture mode was presented quantitatively. 

2.5 Electrochemical polarization test and long-term 
immersion test
  To evaluate the corrosion resistance of the samples, a 
potentiodynamic polarization test at a scan rate of 0.2 
mV/s was performed in a Walpole solution. Pt foil and 
saturated calomel electrode was used as the counter and 
reference electrodes, respectively.
  An immersion test in a 3.5% NaCl solution for four 
weeks was conducted to examine the long-term corrosion 
behaviors on the surfaces, and the corrosion weight loss 
of the samples was measured. Cross-sections of the scale 

Fig. 2 Schematic diagram of the SSRT apparatus.
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formed on the sample surfaces after the immersion test 
were prepared using a focused ion beam (FIB) and ob-
served by TEM. To measure the corrosion weight loss 
of the samples, the specimens, 50 mm in width, 60 mm 

in length, and 1 mm in thickness, were cleaned with etha-
nol and weighed on an electronic balance to a precision 
of 0.0001 g. After the immersion test, the samples were 
cleaned ultrasonically in ethanol for 2 min to remove the 
scale completely. The samples were weighed again on the 
same balance. The difference between the initial and final 
weights divided by the initial surface areas was defined 
as the corrosion weight loss of the sample.

3. Results and discussion

3.1 Microstructure observation and KAM analysis
  Fig. 3 presents the microstructures of the steel samples 
after heat treatment (quenching and tempering), which 
were observed by EBSD and FE-SEM. The WQT, OQT1, 
and OQT2 samples were composed of lath-type martensite, 
whereas the AT sample had the bainitic structure. Because 
tempering for the WQT and OQT1 samples was conducted 
at 200 oC, it can be expected that iron carbide in a form 
of ε-Fe2.4C was precipitated in the microstructure [24]. 
The need-shaped fine carbides, less than 200 nm in size, 
which had been precipitated in the martensite lath during 
tempering, was clearly observed by TEM (Fig. 4a). 
According to previous studies [24-26], it is considered that 
the main precipitates contained in the martensitic steel that 
had been tempered at or below 200 oC were ε-Fe2.4C, not 
Fe3C. Although the precipitates were so fine that a clear 
diffraction pattern was not obtained, it is reasonable to 
consider that the fine precipitates contained in the two 
samples were ε-Fe2.4C. Morphological observations of the 
OQT2 sample (Fig. 3e-f) showed that the precipitation of 
fine carbide was almost excluded after tempering below 
100 oC. On the other hand, the circular-shaped coarse car-
bides were precipitated in the bainitic structure of the AT 

Fig. 3 Microstructure observed by EBSD (a, c, e, g) and FE-SEM 
(b, d, f, h): (a-b) WQT, (c-d) OQT1, (e-f) OQT2, and (g-h) AT 
samples.

Fig. 4 TEM observation: (a) fine needle shaped ε-Fe2.4C in the WQT sample and (b) coarse spherical shaped Fe3C in the AT sample.
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sample, as shown in Fig. 4b. They were characterized as 
Fe3C, which is considered a stable carbide that precipitates 
during partitioning above 260 oC [27], from the electron 
diffraction pattern from TEM. Fig. 5a-b shows the KAM 
analysis results obtained by EBSD measurements of the 
samples. The level of localized plastic strain can be meas-
ured indirectly because KAM is the average misor-
ientation angle of the point with the all neighboring points. 
In addition, geometrically necessary dislocations (GNDs) 
are stored dislocations that were formed to accommodate 
the lattice curvature during non-uniform deformation [28], 
and they are closely associated with the KAM data. The 
density of GND (ρGND) can be quantified indirectly from 
the KAM data using the following equation [28].

  (7)

  where ϑ, u, b, and γ are the misorientation angle asso-
ciated with ρGND, step size, Burgers vector, and constant 
depending on the geometry of the boundaries, respectively. 
As shown in Fig. 5a-b, the misorientation angle and dis-
location density increased in the order of AT, OQT1 ≈ 
OQT2, and WQT, with WQT being the highest. From this 
result, it is expected that the critical factor for the level 
of localized plastic strain during the thermal treatment was 
the cooling rate in the quenching process. Considering that 
H atoms in steel can diffuse preferentially to a high stress 
field [29,30] (i.e. stress-induced H diffusion), the H dif-
fusion behaviors and embrittlement properties in the tested 
samples can differ according to the levels of localized 

Table 1 Hydrogen diffusion parameters of the four tested samples

Time (s) Dapp
(m2/s)

JssL
(mol/m·s)

Capp
(mol/m3)

WQT tbt: 1839.951 9.094 ⨯ 10-11 8.441 ⨯ 10-10 9.282

OQT1 tbt: 2105.949 8.170 ⨯ 10-11 6.718 ⨯ 10-10 8.223

OQT2 tbt: 2233.946 7.631 ⨯ 10-11 6.719 ⨯ 10-10 8.805

AT tbt: 1525.962 1.107 ⨯ 10-10 1.146 ⨯ 10-9 10.352

Fig. 5 (a) KAM maps and (b) KAM frequency distribution curves of the four tested samples.
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plastic strain and dislocation density. This is discussed 
in more detail in the following section.

3.2 Electrochemical hydrogen permeation test
  Fig. 6a-b presents the H permeation behaviors in the 
tested samples; Table I lists several diffusion parameters 
obtained from equations (3), (4), and (5). Compared to 
the AT sample composed of bainite, the WQT, OQT1, 
and OQT2 samples composed of martensite or tempered 
martensite with relatively higher residual stress showed 
much lower H diffusivity and permeability. T difference 
in the H diffusion characteristics among the samples tested 
could be attributed mainly to the difference in the parame-
ters considering the previous investigations reporting that 
the H diffusion and trapping behaviors can be strongly 
dependent on the three types of metallurgical parameters, 
the level of residual stress, dislocation density, and carbide 
precipitated in the microstructure [2,30]. Based on pre-
vious studies [31-33], the H-binding energy with dis-
location and Fe3C was 23-27 kJ/mol and 11-18 kJ/mol, 

respectively. This suggests that they can be regarded as 
reversible H traps, resulting in slower diffusion kinetics 
for H atoms. The much higher H diffusivity of the AT 
sample can be understood by the much lower dislocation 
density which was estimated indirectly by the localized 
plastic strain from KAM analysis (Fig. 5). On the other 
hand, the coarse Fe3C particles distributed in the AT sam-
ple had a comparatively lesser effect on the delay of H 
diffusion. As reported previously [34], the growth and ag-
glomeration of Fe3C in the steel during heat treatment can 
provide a lower interfacial area for H trapping, suggesting 
that the H trapping efficiency can be decreased. In con-
trast, the WQT, OQT1, and OQT2 samples, which were 
composed of martensite or tempered martensite with rela-
tively higher dislocation densities and fine ε-Fe2.4C par-
ticles, showed much lower diffusion kinetics of H atoms. 
In particular, in contrast to Fe3C, fine ε-Fe2.4C with a 
H-binding energy of 65 kJ/mol [31,35] can contribute to 
the much slower diffusion kinetics of H atoms. As re-
ported previously [36], the coherency or semi-coherency 
of ε-Fe2.4C with the matrix can have a strain field that 
can draw and pin H atoms, delaying H transport. 
Compared to the WQT sample with higher residual stress, 
the OQT1 sample with a higher fraction of ε-Fe2.4C 
showed a lower Dapp, which can be understood in this 

Fig. 6 (a) H permeation curves of the four tested samples, and 
(b) their rising permeation transients.

Fig. 7 SSRT results: (a) engineering stress-strain curves of the 
four tested samples, evaluated in air and Walpole solution, and 
(b) reduction rate of mechanical testing parameters (stress and strain).
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regard. Despite the inverse relationship between Dapp and 
Capp, as found in equation (5), the sub-surface H concen-
tration (regarded simply as H solubility, Capp) was in-
creased in the order of OQT1 ≈ OQT2, WQT, and AT 
with AT being the highest, which may be due to the differ-

ence in the H overvoltage and total fraction of carbide 
precipitated. Because the H permeation data was obtained 
under cathodic polarization condition, it was not enough 
to clearly evaluate the resistance to HE-induced by aque-
ous corrosion. Therefore, SSRT was also conducted under 
a corrosive environment, which is discussed in the follow-
ing section.

3.3 Slow strain rate tensile test and fractography analysis
  Fig. 7 presents the engineering stress-strain curves of 
the four different sample tested. As shown in Fig. 7a, all 
samples exhibited a significant decrease in elongation and 
tensile strength when exposed to a Walpole solution (OCP). 
In the case of the OQT2 sample obtained by tempering 
below 100 oC, an abnormal fracture occurred even in air. 

Table 2 HE indices of the four tested samples

HE Index (%)
Strain Strength

WQT 77.91 49.62
OQT1 62.26 22.87
OQT2 13.51 12.26

AT 31.10 17.44

Fig. 8 (a) Fracture surfaces of the four tested samples after SSRT, evaluated in a Walpole solution, and (b) fraction of IG, QC, and 
MD patterns in the fracture surfaces.
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  Table 2 lists the HE-indices of the tested samples that 
were obtained by the reduction of the mechanical testing 
parameters. The HE index of the OQT1 sample was lower 
than that of the WQT sample because of the lower internal 
residual stress and higher fraction of ε-Fe2.4C. In partic-

ular, Kim [37] reported that ε-Fe2.4C that precipitated in 
the martensite lath acted as a deep trap for H and could 
immobilize partially the diffusible H. The beneficial ef-
fects of ε-Fe2.4C on the resistance to HE can only be high-
lighted when the steel is exposed to neutral environments 
with low H concentration. Fig. 8 shows the fracture surfa-
ces of the samples after SSRT, indicating that the WQT 
sample showed a slightly higher fraction of IG fracture, 
which is normally considered H-induced brittle failure, 
than the OQT1 sample. In the case of the OQT2 sample 
showing abnormal fracture, the fraction of IG fracture was 
the highest among the samples. These results suggest that 
faster quenching rate or lower tempering temperature can 
lead to higher fraction of IG fracture. Except for the OQT2 
sample, the AT sample with the bainitic structure ex-
hibited the lowest HE index and the highest fraction of 
MD fracture, which appears to be a contradiction with 
the highest value of Capp obtained by the permeation 
experiment. This suggests that the experimental data ob-
tained from the sample fully charged with H by applying 
a high cathodic current cannot simulate the embrittlement 
phenomenon occurring in an actual corrosive environment. 

Fig. 9 Electrochemical polarization test results of the four tested 
samples.

Fig. 10 (a) Cross-sectional views of the corrosion products formed on the four tested samples after the immersion test for four weeks, 
and (b) their weight loss per unit area.
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Despite having the lowest HE index, the AT sample could 
not be regarded as the most promising GIGA steel for 
automotive applications among the four tested samples for 
two reasons. One is the significant reduction in the tensile 
strength below 1.5 GPa, and the other is the inferior corro-
sion resistance. As shown in Fig 9, the AT sample exhibited 
the highest current density under anodic polarization. The 
lowest resistance to aqueous corrosion of the AT sample 
may be attributed to the high fraction of Fe3C. Because 
the carbide is a metallic conductor and acts as a cathode 
[11], it can promote the selective dissolution of the matrix. 
Considering that the perforation corrosion is one of the 
critical technical problems for the steel sheets used for 
auto parts, the characteristics of the corrosion behaviors 
should be investigated more clearly. In particular, because 
there has been a lack of consideration of the aqueous cor-
rosion and corrosion scale, the authors focused on the 
long-term corrosion characteristics of the tested samples, 
which will be discussed in the following section.
  

3.4 Long term corrosion behavior
  Fig. 10a shows cross-sectional images of the corrosion 
scale formed on the surface after immersion in a 3.5% 
NaCl solution for four weeks. The corrosion scale formed 
on the AT sample was much thicker (approximately 9 
μm) than the other samples, and a significant portion of 
thick scale was detached. According to the equation pro-
posed by Mullin [38], the rapid precipitation of scale on 
the surface could have resulted from a larger amount of 
dissolved Fe cation generated by the higher anodic dis-
solution rate. This suggests that the AT sample with coarse 
Fe3C particles distributed throughout the microstructure 

showed the lowest long-term corrosion resistance, and the 
measured weight losses, as shown in Fig. 10b, were con-
sistent with the polarization measurements (Fig. 9) and 
cross-section observations (Fig. 10a). On the other hand, 
the OQT2 sample with few carbide particles showed the 
thinnest scale (approximately 1 μm) on the sample surface, 
and the lowest weight loss. XRD showed that the corro-
sion scale formed on the surface consisted mainly of 
Fe3O4, which is a non-protective layer for aqueous corro-
sion [39]. The peak intensity of Fe3O4 increased with in-
creasing fraction of iron carbides precipitated in the micro-
structure, and the highest peak intensity of Fe3O4 was ob-
served in the AT sample. Based on these results, it can 
be assumed that heat treatment for the reduction of H-in-
duced mechanical degradation may not necessarily ensure 
a high resistance to aqueous corrosion.

4. Conclusion

  The controlling factors for the corrosion and corro-
sion-induced HE of ultra-strong automotive steel were in-
vestigated using a range of analytical and experimental 
methods. The major conclusions were as follows:

  1. The quenched and tempered samples (WQT, OQT1, 
and OQT2) were composed of lath-type martensite, 
whereas the sample (AT) which had been partitioned 
in the two salt baths had a bainitic structure. Two 
types of precipitates were formed in the micro-
structure during the heat treatments: needle-shaped 
fine ε-Fe2.4C and round-shaped coarse Fe3C. The mi-
sorientation angle and dislocation density of the sam-
ples, which were measured by EBSD-KAM, in-
creased with the cooling (quenching) rate during the 
heat treatments.

  2. Compared to the sample (AT) which had been parti-
tioned in the two salt baths, the quenched and tem-
pered samples (WQT, OQT1, and OQT2) with rela-
tively higher residual stress showed a much lower 
H diffusivity and permeability. On the other hand, 
the sub-surface H concentration (regarded simply as 
H solubility, Capp) was increased in the order of oil 
quenched (OQT1 ≈ OQT2), water quenched (WQT), 
and partitioned (AT) samples. This was inconsistent 
with the HE index obtained by SSRT in a corrosive 
environment, suggesting that the H permeation data 
obtained under cathodic polarization cannot simulate 
the embrittlement phenomenon occurring in an actual 
corrosive environment.

  3. The partitioned sample (AT) with the lowest level 
of localized plastic strain and dislocation density was 

Fig. 11 XRD patterns of the four tested samples after the immersion 
test for four weeks.
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most susceptible to the long-term corrosion. It can 
also be assumed that heat treatment for the reduction 
of H-induced mechanical degradation may not neces-
sarily ensure high resistance to aqueous corrosion. 
Therefore, the heat treatment condition should be op-
timized to develop an ultra-strong automotive steel 
with superior resistance to both corrosion and corro-
sion-induced HE.
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