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A B S T R A C T   

The influence of hot-stamping process on the corrosion properties of Al-Si coating on 22MnB5 steel was locally 
evaluated using a depth profiling approach combining GDOES and electrochemical micro cell. The results 
highlight the complexity of the system and the high dependence of the local galvanic series on the hot-stamping 
process. Due to iron diffusion from the steel substrate into the coating, the Al-rich layers presented active 
behaviour, whereas the initial coating condition showed a passive behaviour. Conversely, Fe/Si-rich sublayers 
acted as protective barrier for the steel substrate, as they show passive behaviour with nobler corrosion potentials 
and lower current densities.   

1. Introduction 

The replacement of conventional steel grades by ultra-high strength 
steels (UHSS) in vehicle structures has led to mass reduction and, 
consequently, reduced fuel consumption. Moreover, the use of these 
UHSS grades allows safety / crashworthiness improvement. These key 
factors are achieved due to higher tensile strength and thinner thickness 
than the conventional steels [1–6]. However, due to their high tensile 
strength, they are more prone to the springback effect. The springback 
influences mainly the final shape of the component due to the residual 
stress when the component is cold worked at room temperature [7,8]. As 
an alternative to the cold-forming process, the hot stamping has been 
applied on a large scale to produce UHSS components. The industrial 
method consists of heating a steel blank at total austenitization tem
peratures and then transferring it from the furnace to the press tool for 
simultaneous quenching and forming of the material. The hot-stamping 
conditions may vary according to the manufacturer [1,6,9–13]. At the 
end of the process, the steel is known as press-hardened steel (PHS) [8]. 

Structural vehicle components of boron-manganese steel have been 
widely produced by means of the hot-stamping process, due to this 

steel’s high hardenability and quenchability, which are inherent to the 
steel-grade chemical composition, allowing the fully martensitic trans
formation by the end of the thermo-mechanical process [1,12]. Due to 
the high temperatures used in the hot stamping process, the formation of 
oxide on the surface and decarburization of the steel by the contact of 
atmospheric air can occur during the transfer of the blank from the 
furnace to the press. The oxide layer formed has high hardness that re
sults in premature wear of stamping dies; whereas decarburization 
directly affects the final properties of the part, since carbon in combi
nation with atmospheric oxygen ceases to exercise its steel hardening 
function [1,4,9,12,14–16]. 

Different metallic coating systems have been developed and evalu
ated specifically for hot-stamping applications as Fan et al. [17] have 
reviewed. The main required properties for a coating, developed spe
cifically for hot stamping, include sufficient oxidation resistance, good 
formability at room and high temperatures, good corrosion resistance, 
presenting barrier and cathodic protection mechanisms, paint adhesion 
and weldability [17,18]. Among the metallic coating systems, Al- and 
Zn-based coatings have been the most evaluated. These systems are 
known for forming thermodynamically stable oxides which play a role of 
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barrier protection [3]. However, the most applied system has been the 
hot-dip aluminium-silicon (Al-Si) with a near eutectic composition (7 % 
to 11 % Si in mass fraction) [1–4]. 

The hot-dip Al-Si has been extensively investigated in terms of 
structure morphology and corrosion properties [19–22]. The coating 
consists of different sublayers: the aluminium coating matrix and the 
interdiffusion layers. The aluminium matrix is thicker than the inter
diffusion layers and contains cathodic Al-Fe-Si precipitates. The inter
diffusion part of the coating is composed of an upper and a lower 
interdiffusion layer (UIDL and LIDL, respectively). The LIDL is known as 
a hard and brittle Al-Fe alloy phase, often reported as η - Al5 Fe2, 
adjacent to the steel substrate. The silicon addition suppresses the 
growth of the LIDL and promotes a smoother interface between the steel 
and the coating. The UIDL is characterised as a mixture of θ-Al13Fe4 and 
τ5-Al7Fe2Si, more ductile than the LIDL [19,20,22]. The complex 
structure of such Al-Si coatings changes completely due to the 
hot-stamping process. The coating becomes much more complex 
because of the iron diffusion into the coating. The sublayers formed are 
either enriched in aluminium or iron [2,3,14]. Silicon is present in solid 
solution and at high concentration in the iron-rich sublayers [2,3,23]. 
Moreover, silicon plays a role of hindering the growth of the brittle 
aluminium-rich layers. The aluminium-rich sublayers show low fracture 
toughness and hardness of 900–1150 HV⋅0.05 whereas the iron-rich 
sublayers have been reported to present high fracture toughness and 
hardness of 300–600 HV⋅0.05 [2]. Windmann et al. [2] have shown that 
the volume fraction of the iron-rich phases increases (AlFe) while that of 
the aluminium-rich phases (Al5Fe2) decreases when longer soaking time 
at high temperatures are set during hot stamping. After the hot stamp
ing, the interface between the coating and the steel substrate consists of 
a single interdiffusion layer (IDL) enriched in iron and little amount of 
aluminium and silicon. The presence of voids, often seen in the IDL, is a 
consequence of the fast diffusion; the volume ratio increases with time 
and temperature. The presence of voids in the IDL promotes the initia
tion of cracks, being detrimental to the general coating properties [2,24, 
25]. 

On the other hand, the corrosion resistance of coated PHS is still a 
subject of investigation. Most of the published corrosion studies have 
used either standard electrochemical measurements or accelerated 
corrosion tests to evaluate the corrosion properties of PHS [4,9,13,26]. 
However, these methods only show the global behaviour of the system 
and they do not give any insights concerning the local electrochemical 
behaviour of the different sublayers of the coatings. There is a need for a 
more local investigation of these systems due to the high complexity of 
these multi-layered systems, highlighted by the different compositions 
of the sublayers and the presence of defects (micro cracks and voids). For 
this reason, a detailed approach based on local electrochemical tech
niques is suggested. Studying the electrochemical behaviour of the 
different sublayers in the coating is of paramount importance since in 
the case of scratches or damage to the coatings, the steel substrate may 
become exposed. This also relates to the exposure of cut-edge and issues 
related to joining-processes, such as welding and adhesives. 

Local electrochemical techniques have been used to investigate the 
activity of micro-galvanic cells formed in different systems, such as: 
passive alloys, cut-edge corrosion, influence of intermetallics, effect of 
deformation and also on the galvanic coupling steels coated with hot-dip 
Al-Si [19,20,27–30]. These techniques can be divided into two main 
groups: either based on scanning or on small-area electrode methods 
[30–32]. The effect of the hot stamping on the electrochemical behav
iour of 22MnB5 steel coated with hot-dip Al-Si (Si 10 % in mass fraction) 
was evaluated by means of scanning Kelvin probe force microscopy 
(SKPFM). It was shown that the thermo-mechanical process has a great 
influence on the driving force for cathodic protection, since the differ
ence of (Volta) potential between the steel substrate and the coating 
layer decreases [23]. Although, this technique provides insights into the 
behaviour of the galvanic coupling (steel / coating) in its passive state, 
considering the absence of an electrolyte, the technique does not provide 

information about the local current flow, an important parameter to 
determine the kinetics of the corrosion process. This is actually the 
major drawback of the scanning techniques which do not allow direct 
corrosion current measurement [31–33]. Conversely, with the 
small-area electrode techniques, the measurement of current is directly 
possible. These techniques are based on the principle of decreasing the 
area to be analysed in a range of micrometres and still conduct the 
standard electrochemical measurements [28,30,31,34,35]. The use of 
the electrochemical micro cell was first introduced by Suter1 et al. [32]. 

In the present work, the influence of hot stamping on the coating 
corrosion properties, considering each sublayer, was evaluated using a 
depth profile approach combined with localised electrochemical mea
surements. Layer by layer of the coating, either before or after hot 
stamping, was exposed by means of glow discharge optical emission 
spectroscopy (GDOES), after which, the electrochemical activity of each 
layer was evaluated using an electrochemical micro cell. This approach 
has been chosen to provide a better insight of thermodynamic and ki
netic parameters of the localised corrosion mechanism induced by the 
galvanic couplings between the different layers of the coating and the 
steel substrate. 

2. Experimental 

2.1. Samples 

Industrial samples of 22MnB5 steel coated with hot-dip Al-Si (Si 10 
% in mass fraction) were used. The samples were divided in two 
different conditions: before and after hot stamping. The samples before 
hot stamping are designated as “as-received Al-Si” (AR). After the 
thermo-mechanical process, the samples are named as “press-hardened 
steel” (PHS). The AR specimen was cut-off from the coated steel blanks 
and the PHS sample was cut-off from a door beam structural vehicle 
component, provided by a carmaker. Table 1 shows the nominal 
chemical composition of the 22MnB5 in terms of maximum % in mass 
fraction, according to the steelmaker specifications [36]. 

According to the specifications [37], the coating applied to the AR 
samples is the AS150 which shows thickness of 25 μm per side and mass 
of 150 g m− 2 double-sided. On the other hand, the blanks designated for 
the hot stamping were first coated with the AS80 coating. This coating 
has thickness of 14 μm per side and mass of 80 g m− 2 double-sided. The 
blanks coated with AS80 were then submitted to the hot-stamping 
process. 

2.2. Coating characterisation 

The cross sections of both sample conditions were characterised by 
means of field emission-scanning electron microscopy (FE-SEM) and the 
images were obtained in the backscattering mode. The samples were 
prepared according to standard metallographic procedures: hot 
mounting in carbon resin, grinding and polishing. Fig. 1 shows the cross- 
section images of the AR (a) and PHS (b) samples after the metallo
graphic procedures for further FE-SEM analyses. The equipment was set 
to operate with 15 kV acceleration voltage, 12 pA probe current and a 
working distance of approximately 10 mm. The semi-quantitative 
elemental analyses were undertaken by means of energy dispersive X- 
ray spectroscopy (EDS). The EDS analyses were performed in two 
different ways: local identification (point ID) and mapping. 

2.3. Depth profile local electrochemical measurements 

In-depth composition profiles were recorded by GDOES. The in
strument was equipped with a standard 4 mm diameter anode, a 

1 This paper is dedicated to the memory of Dr. sc. techn. Thomas Suter, who 
passed away on April 20, 2020. 
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polychromator with 28 acquisition channels, an RF-generator 
(13.6 MHz) and a Quantum XP software. The analysis conditions 
were: argonium pressure of 620 Pa and applied power of 35 W. The 
instrument was equipped with a 0.5 m polychromator with nitrogen 
purged optical path. The calibration was performed with 28 samples 
selected among setting up samples (SUS) and certified reference mate
rial (CRM) which were ground and polished before use. The different 
sputtering times to reach the different sublayers have been chosen based 
on the complete depth profile for each sample condition. The sputtering 
times established for the AR condition were: 50 s, 100 s, 250 s and 350 s. 
These sputtering times represent a depth of approximately 2.5 μm, 
7.5 μm, 12.5 μm and 17.5 μm, respectively. Moreover, a longer sput
tering was performed in order to reach the steel substrate. Otherwise, 
the sputtering times established for the PHS samples were: 70 s, 140 s, 
280 s and 400 s; which represent a depth close to 3 μm, 7 μm, 15 μm and 
21 μm respectively. Additional sputtering of 500 s and 1000s to reach 
the steel substrate were also carried out. The schematic experimental 

approach of the depth-profile local electrochemical measurements is 
shown in Fig. 2. Nevertheless, it is important to mention that it was used 
a different sample for each crater made. 

Localised anodic potentiodynamic polarisation measurements were 
carried out in the different craters obtained by GDOES for the AR and 
PHS samples using the electrochemical micro-cell technique. A capillary 
glass with an internal diameter of 800 μm was selected to perform the 
measurements. This corresponds to an area of the working electrode of 
5 × 10-3 cm2. This capillary size was chosen because it is large enough 
to obtain results, which are less influenced by changing the amount of 
precipitates and / or of defects in the area of investigation (as seen in 
Fig. 1), but small enough to have the ability to perform 3–4 measure
ments per crater [30]. The measurements were carried out with a cur
rent resolution in the order of 10 fA. The micro cell presented a 
three-electrode configuration: the sample under investigation as work
ing electrode, a Pt counter electrode and a Ag|AgCl|3 mol⋅L− 1 KCl 
reference electrode. The potentiodynamic polarisations were started 

Table 1 
Nominal chemical composition of 22MnB5 steel in terms of maximum % in mass fraction.  

Grade C Si  Mn P S Al B Ti + Nb Cr + Mo 

22MnB5 0.25 0.4  1.4 0.03 0.01 0.1 0.005 0.12 1 

Source: ArcelorMittal [36]. 

Fig. 1. optical microscopic images showing the conditions of the coating layer of (a) AR and (b) PHS, just after the metallographic procedures.  

Fig. 2. Schematic of the experimental approach used during the depth-profile local electrochemical measurements, showing the influence of the hot-stamping 
process on the 22MnB5 steel coated with hot-dip Al-Si. 
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after a short stabilization time without recording the open circuit po
tential (OCP). This was necessary to avoid leakage of solution from the 
micro capillary during the potentiodynamic polarisation tests [30]. The 
scan started at − 200 mV vs OCP (open circuit potential), with scan rate 
of 1 mV⋅s− 1 in 0.1 mol⋅L-1 NaCl solution. For each layer, at least three 
polarisation curves were recorded. Additionally, localised anodic 
potentiodynamic polarisations were recorded on the non-sputtered top 
surfaces of AR and PHS samples. Finally, to confirm the position of the 
craters made by GDOES, they were also sectioned after the potentio
dynamic polarisation and analysed by SEM. 

3. Results 

3.1. Coating characterisation 

The cross-section morphology of the as-received 22MnB5 steel 
coated with hot-dip Al-Si (10 % Si in mass fraction) and the EDS analyses 
are shown in Fig. 3. The coating comprises of two main layers (1 and 2) 
and a thin and discontinuous layer adjacent to the steel substrate (3). 
The first layer is often called the outer layer or free aluminium layer (FL) 
due to the high amount of aluminium present (Fig. 3 (c) - spectrum 1) 
[19,20]. In addition, two different precipitates are seen in this first outer 
layer. According to the EDS mappings in Fig. 3 (c), the precipitates 
consist of either Si or Fe-Al-Si. The second layer is known as interdif
fusion layer (IDL); the amount of iron increases in this layer due to the 
chemical diffusion which takes place during the hot-dipping process 
[19–23]. Moreover, the amount of silicon in the IDL is also near to the 
molten bath chemical composition (Fig. 3 (c) - spectrum 2). Neverthe
less, it has been reported that the IDL in hot-dip aluminized steels is 
actually composed of two sub layers: the upper and the lower interdif
fusion layer (UIDL and LIDL, respectively). This is clearly seen in the 
inset image in Fig. 3 (a), highlighting the layer 2 in which the two 
sublayers are present. The LIDL is characterised as the discontinuous 
thin layer (3) adjacent to the steel substrate; it comprises higher iron and 
lower silicon content in comparison with the UIDL (Fig. 3 (c) - spectrum 
3). 

From Fig. 3 (a), a planar interface is observed between the steel 

substrate and the coating layer; it has been attributed to the effect of 
silicon addition. Moreover, silicon has an influence on the thickness of 
the LIDL which is a hard and brittle phase; the cracks seen in the 
interdiffusion layer were probably originated in the LIDL. The proposed 
mechanism, suggested in the literature, is that silicon occupies the va
cancies in the lattice of the corresponding phase for the LIDL, sup
pressing its growth and promoting the growth of the UIDL which is a 
ductile phase [2,3,22,38]. The exact stoichiometry of the two different 
phases formed in the IDL after hot-dipping process is still a subject of 
many controversies in the literature. These phase formation and growth 
are strongly dependent on the molten bath chemical composition and on 
the hot-dip process parameters [22,38,39]. 

Fig. 4 (a) shows the effect of hot stamping on the coating 
morphology. After the thermo-mechanical process, a more complex 
multi-layered structure is formed, mostly related to the diffusion of iron 
from the steel substrate into the coating layer [1–3,6,12,17,18]. The first 
highlight is related to the coating thickness which is higher than the 
specified one for the AS80 coating. The PHS condition has a coating 
layer around 25 μm thick. This increment is related to the diffusion of 
iron from the steel substrate towards the coating layer [2,3,17,18]. The 
coating on the PHS sample can be characterised by six different sub
layers. Nevertheless, according to the semi-quantitative analyses shown 
in Fig. 4 (b), layers 1 and 3 have similar composition, being enriched in 
aluminium and designated as Al-rich phases. The layers 2, 4 and 5 also 
show similarity in their chemical compositions being characterised as 
Fe/Si-rich sub layers, based on the spectra shown in Fig. 4 (b) and also 
the EDS mappings shown in Fig. 4 (c). As seen in Fig. 4 (a) the sublayers 
2 and 5 are continuous, except for the presence of damages often seen in 
PHS (see Fig. 1 (b)), such as cracks, which may cause their discontinuity. 
On the other hand, the sublayer 4 is discontinuous and often seen as 
islands morphology, similar to the small precipitates indicated by ar
rows as number 7. Fan et al. [18] have shown that changing the process 
parameters, such as austenitisation time, it promotes the formation of 
sublayers initially present as islands of precipitates. 

The IDL (Fig. 4 (a) - number 6) adjacent to the steel substrate is 
mainly composed of iron and little amounts of aluminium and silicon. 
Although, the spectrum number 6 in Fig. 3 (b) shows little amounts of 

Fig. 3. Cross section morphology of as-received 22MnB5 steel coated with hot-dip Al-Si (10 % Si in mass fraction): (a) scanning backscattered image showing the 
main different constituents in the coating layer and an inset image highlighting the interface between coating layer and steel substrate; (b) EDS elemental mapping 
for O, Al, Si and Fe; (c) EDS point ID representing the semi-quantitative composition of the areas highlighted in (a). 
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aluminium and silicon, the EDS mapping in Fig. 3 (c) shows that mainly 
the silicon content decreases gradually throughout the IDL. Moreover, 
voids are seen mainly in the IDL, indicating different diffusivity among 
the chemical elements [2]. It is important to point out that after hot 
stamping the Si and Fe-Al-Si precipitates are no longer seen in the 
coating. After the thermo-mechanical process, silicon is present in solid 
solution and its concentration varies among the sublayers [2,3]. How
ever, a high silicon content is seen in the Fe-rich layers: (Fig. 4 (a) - 
layers 2, 4 and 5). According to the literature, the number of sublayers as 
well as their chemical composition is strongly dependent on the auste
nitization conditions during hot stamping (e.g. soaking temperature and 
time) [3,38]. In both sample conditions, AR and PHS, the EDS spectra 
(point ID) show the presence of carbon and manganese. Manganese was 
present in the bulk composition of the steel. It is possible that it also 
diffused during hot stamping, while the carbon is a contamination 
arising from the samples’ preparation. Moreover, oxygen is seen in the 
EDS mappings for both conditions. It suggests the presence of an oxide 
layer at the outer surface which may play an important role on the 
corrosion mechanism. However, as seen at the top of the EDS oxygen 

map for PHS (yellow dashed line in Fig. 4 (c)), the concentration of 
oxygen is higher suggesting that the oxide layer formed on the outer 
surface after hot stamping is thicker than for as-received specimens, as 
also shown in previous studies [2,3,18]. This thicker oxide layer may 
play an important role in the corrosion behaviour of the PHS samples. 

The complexity of the Al-Si coating system, either before or after hot 
stamping, is well highlighted from the cross-section characterisations in 
Figs. 3 and 4. Considering the different phases present in both sample 
conditions, they will contribute to the corrosion process based on the 
different galvanic couples which are formed either among the different 
sublayers or between the coating and the steel substrate. For these 
reasons, the electrochemical behaviour of both systems, before and after 
hot stamping, was investigated on a localised scale. 

3.2. GDOES depth profile 

GDOES is used here as a tool for sample preparation for electro
chemical depth profiling with the micro cell, but of course it also gives 
valuable compositional data that shows the diffusion profile of the 

Fig. 4. Cross section morphology of press-hardened 22MnB5 steel coated with hot-dip Al-Si (10 % Si in mass fraction): (a) scanning backscattered image showing the 
main different constituents in the coating layer; (b) EDS point ID representing the semi-quantitative composition of the highlighted areas in (a); (c) EDS elemental 
mapping for O, Al, Si and Fe. 

Fig. 5. GDOES profiles for as-received 22MnB5 steel coated with hot-dip Al-Si. (a) sputtering time profile showing by dashed lines the craters obtained after 50 s, 
100 s, 250 s and 350 s of sputtering; (b) depth profile showing the craters obtained as a function of their depth and elemental chemical composition for Al, Si, Fe 
and O. 
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elements from the coating layer towards the steel substrate and vice- 
versa. The GDOES depth profiles for the AR sample are shown in 
Fig. 5. From the depth profile (Fig. 5 (b)), it is seen that the thickness of 
the coating layer is about 25 μm, mainly composed of aluminium, in 
agreement with the results shown in Fig. 3. The amount of aluminium 
decreases towards the steel substrate, while the iron content increases 
from the depth of 10 μm. The diffusion interface for the Al-Fe diffusion 
couple is approximately at 17 μm. At this depth, the composition of both 
aluminium and iron is about 45 % in mass fraction. The silicon profile 
shows that it is distributed in the whole coating layer. The distribution of 
silicon seen in the GDOES profile is also supported by the morphology of 
the cross section shown in Fig. 3 in which silicon is seen in the FL as 
randomly distributed precipitates. 

Based on the entire depth profile of the AR sample, it was possible to 
determine where the craters should be made to perform the local elec
trochemical measurements. Each crater was determined by the change 
in the slope shown in the depth profile. These results were essential in 
the choice of the sputtering times for the sample preparation (for the 
micro-cell analyses that are presented in the next section). Correlating 
Figs. 3 and 5 (b), it is possible to determine that the craters obtained for 
50 s, 100 s and 250 s of sputtering are regarding the FL (Fig. 3 (c) - 
spectrum 1). Additionally, the crater obtained after 350 s of sputtering is 
related to the IDL; most likely to the UIDL (Fig. 3 (c) - spectrum 2). It is 
possible that there is some residual elementary contribution of the 
adjacent layer in the UIDL crater. Additionally, a deeper sputtering was 
made in order to obtain a crater in the steel substrate (not shown in 
Fig. 5). The position of the craters was confirmed by SEM analysis of 
their cross-section. 

Fig. 6 shows the GDOES profiles for the PHS sample which were used 
as reference to determine where the craters should be made. The depth 
profile for the PHS sample, Fig. 6 (b), shows that the coating layer also 
has a thickness of around 25 μm. It is important to highlight that when 
the iron content increases (characterised by slight peaks in the iron 
profile - yellow line in Fig. 6 (b)) the amount of silicon also increases, 
while the aluminium content decreases (see line profiles in Fig. 6). Based 
on this, the different sublayers of the coating can be easily identified. 
Each crater determined in Fig. 6 can be correlated with the layers in 
Fig. 4. 

The craters obtained after a sputtering for 70 s and 280 s reached the 
layers 1 and 3 which are Al-rich layers (see Fig. 4 - spectra 1 and 3). The 
crater after 140 s of sputtering is correlated to layer 2 which is Fe/Si-rich 
(Fig. 4 - spectrum 2); and the crater obtained at 400 s of sputtering is 
correlated to the IDL (Fe-rich layer). Although Fig. 4 (b) - spectrum 6 
shows that the IDL consists of a low silicon content (1.3 % in mass 
fraction), the GDOES depth profile shows that the crater obtained after 
300 s of sputtering presents a high silicon content (about 10 % in mass 
fraction). Thus, it was established that the crater made in the IDL 

corresponds to the region with voids in the top section of the IDL (see 
Fig. 4 (a)), because at this position the silicon content is higher as sug
gested by the EDS mapping in Fig. 4 (c). In addition to the craters made 
in the coating layer, two extra craters were made in order to reach the 
steel substrate at 500 s and 1000s of sputtering (not shown in Fig. 6). As 
already mentioned, the position of the craters was also confirmed by 
their cross-section SEM analyses. 

3.3. Local anodic potentiodynamic polarisation using electrochemical 
micro cell as a function of depth 

Representative anodic potentiodynamic polarisation curves obtained 
in the craters made at different positions of the coating layer, on the steel 
substrate and on the surface of the sample for the AR material are shown 
in Fig. 7. These individual curves were selected out of the several 
measurements for each position (at least three). They are not average 
curves, but they do show the important electrochemical trends. Table 2 
shows the average values of corrosion potential (E*), the breakdown 
potential (EBD) and their corresponding standard deviations. 

As can be seen in Fig. 7, except for the substrate, the shape of all the 
curves is very similar. A passive behaviour is seen in all of them and a 
sudden increase of the current is observed at a potential, known as the 
breakdown potential (EBD), specific for each curve, which represent the 

Fig. 6. GDOES profiles for press-hardened 22MnB5 steel coated with hot-dip Al-Si. (a) sputtering time profile showing by dashed lines the craters obtained after 70 s, 
140 s, 280 s and 400 s of sputtering; (b) depth profile showing the craters obtained as a function of their depth and elemental chemical composition for Al, Si, Fe 
and O. 

Fig. 7. Anodic potentiodynamic polarisation curves in 0.1 mol∙L− 1 NaCl so
lution acquired by means of electrochemical micro-cell as a function of the 
depth and also at the surface for as received 22MnB5 steel coated with hot-dip 
Al-Si (10 % Si in mass fraction). 
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breakdown of the passive film [19]. On the contrary, the substrate 
anodic potentiodynamic polarisation curve shows an active behaviour, 
characteristic of carbon steel in chloride media [19]. 

The passive behaviour of the coating layers is characteristic of Al- 
based alloys [40,41]. Additionally, De Graeve et al. [19] have re
ported that after sputtering by GDOES an oxide layer might be formed in 
the bottom of the craters which support the passive behaviour of the 
curves shown in Fig. 7. The UIDL has the highest average EBD (0.022 V vs 
Ag|AgCl|KCl sat.) followed by the surface’s average EBD (0.002 V vs Ag| 
AgCl|KCl sat.). The FL EBD values show a variation without a trend as a 
function of depth. 

According to Fig. 7 and Table 2, the surface presents higher average 
E* (-0.46 V vs Ag|AgCl|KCl sat.) than the three underlying FL which 
present low values independent of the depth. The difference between the 
average corrosion potentials (ΔE*) of the three curves in the FL is small; 
the highest ΔE* value is around 0.11 V (FL at 12.5 μm and FL at 2.5 μm). 
As the less noble layer, the FL layers could provide cathodic protection 
to its adjacent UIDL; especially the FL at 12.5 μm which presents the 
lowest value of E*. The steel substrate shows the noblest average E* 
(-0.36 V vs Ag|AgCl|KCl sat.). Therefore, the whole coating layer could 
provide cathodic protection to the steel substrate. However, the average 
potential difference between the UIDL and the steel substrate is only 
about 0.06 V, which is too low for the UIDL to behave as a sacrificial 
anode. This difference increases to 0.34 V if the comparison is made 
between the steel substrate and the FL at 12.5 μm. From this analysis, it 
is possible to establish the following galvanic series, considering the 
average values of E*: E* FL_12.5μm < E* FL_7.5μm ≈ E*FL_2.5μm < E*UIDL<

E*surface< E*steel. 
The qualitative analysis of the current density in the anodic branch 

(ia) indicates that the surface and the FL display a lower ia than the UIDL 
and the steel substrate. In particular, the steel substrate shows the 
highest ia, indicating high corrosion susceptibility in 0.1 mol⋅L-1 NaCl 
solution. 

Fig. 8 shows the most representative curves obtained by means of 
anodic potentiodynamic polarisation acquired at the surface and in the 
craters at different coating sublayers and in the steel substrate for the 
PHS. It is important to mention that, during the measurements, the Al- 
rich layers and the surface presented both passive and active behav
iour. Even the steel substrate showed a small passivity in one of the 
measurements. On the other hand, the Fe/Si-rich layer and the IDL 
presented only passive behaviour. The curves of Fig. 8 were selected 
among the curves (at least three) obtained for each position. For the Al- 
rich layer, only curves presenting active behaviour were selected 
because of the influence of iron enrichment as discussed further. The 
average values of E* and EBD, as well as their standard deviation values 
are summarised in Table 3. 

From Fig. 8, it can be seen that the hot-stamping process shifted the 
overall E* of the coating layer towards nobler values. Moreover, the ΔE* 
among the curves is very small. Based on Table 3, the average E* of the 
surface increased around 0.16 V after the thermo-mechanical process. 
The average E* values of the Al-rich layers are very similar to each other 

(-0.40 V and -0.41 V Ag|AgCl|KCl sat.). Furthermore, they are lower 
than the Fe/Si rich layer (-0.23 V vs Ag|AgCl|KCl sat.) and very close to 
the IDL (-0.32 V vs Ag|AgCl|KCl sat.) and the substrate (-0.38 V vs Ag| 
AgCl|KCl sat.). Therefore, Al-rich sublayers could play the role of 
sacrificial anode for the Fe/Si-rich layer and the IDL, but not for the 
substrate. For the steel substrate the Al-rich layers can only protect by 
forming a barrier. Based on the average values of E*, shown in Table 3, 
the following galvanic series is presented: E*Al-rich< E* steel< E*IDL<

E*surface< E*Fe/Si-rich. 
As already mentioned, the polarisation curves obtained from 

different samples in the Al-rich layers showed both passive and active 
behaviour. Moreover, the average EBD of the curves with passive 
behaviour had a high standard deviation. These results suggest a high 
heterogeneity of the exposed area on which the curves were obtained. 
This fact can be ascribed to the lack of the flatness (see Fig. 4) and of the 
depth heterogeneity of the Al-rich sublayers. The latter was verified in 
previous studies [2,3,18]. 

Comparing Tables 2 and 3, it can be verified that after hot stamping 
there was a shift towards nobler values of all coating sublayers. The Fe/ 
Si-rich layer has the highest average EBD (0.270 V vs Ag|AgCl|KCl sat.), 
while the Al-rich layers have an average EBD in the range from 0.104 V to 
0.149 V vs Ag|AgCl|KCl sat.). Based on the average values, the EBD 
sequence can be drawn as: EBD - Al-rich ≈ EBD - IDL < EBD - surface < EBD - Fe/ 

Si-rich. Concerning ia, the qualitative analysis shows that the surface and 
the Fe/Si-rich layers presented the lowest ia in the passive range of the 
polarisation curve. On the other hand, the Al-rich layers and the steel 

Table 2 
Average E*, EBD, and their corresponding standard deviations, determined from 
anodic potentiodynamic polarisation curves in 0.1 mol∙L− 1 NaCl at the surface 
and different depths in the AR sample.  

AR sample 

E* (V vs Ag|AgCl|KCl sat.) EBD (V vs Ag|AgCl|KCl sat.) 

Average Standard 
deviation 

Average Standard 
deviation 

Surface − 0.46 0.02 0.002 0.012 
FL_2.5 μm − 0.59 0.03 − 0.192 0.054 
FL_7.5 μm − 0.62 0.05 − 0.364 0.033 
FL_12.5 μm − 0.70 0.02 − 0.205 0.035 
UIDL_17.5 μm − 0.42 0.04 0.022 0.028 
Steel substrate a − 0.36 0.08 – –  

a ferrite/pearlite microstructure. 

Fig. 8. Anodic potentiodynamic polarisation curves in 0.1 mol⋅L− 1 NaCl solu
tion acquired by means of electrochemical micro-cell in different positions of 
coating layer and steel substrate for as press-hardened 22MnB5 steel (PHS) 
coated with hot-dip Al-Si. 

Table 3 
Average E*, EBD, and their standard deviation values, determined from anodic 
potentiodynamic polarisation curves in 0.1 mol∙L− 1 NaCl at the surface and 
different depths in the PHS sample.  

PHS sample 

E* (V vs Ag|AgCl|KCl sat.) EBD (V vs Ag|AgCl|KCl sat.) 

Average Standard 
deviation 

Average Standard 
deviation 

Surface − 0.30 0.08 0.165 0.334 
Al-rich_3 μm − 0.40 0.05 0.149 0.120 
Fe/Si-rich_7 μm − 0.23 0.06 0.270 0.181 
Al-rich_15 μm − 0.41 0.08 0.104 0.072 
IDL_21 μm − 0.32 0.03 0.148 0.075 
Steel substrate 

b 
− 0.38 0.07    

b martensite microstructure. 
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substrate have the highest ia indicating their high corrosion suscepti
bility in 0.1 mol∙L− 1 NaCl. 

The results indicate that the hot-stamping process has a large influ
ence on the electrochemical behaviour of the Al-Si coating. On the other 
hand, even though the steel substrate had changed its microstructure 
from pearlite-ferrite into martensite, due to the thermo-mechanical 
process, the electrochemical behaviour of the steel in terms of average 
E* and ia was not affected by the hot-stamping process. 

4. Discussion 

4.1. GDOES as a sample tool preparation 

In general, it is possible and relatively simple to correlate the surface 
of the craters with the different sublayers in the coatings identified by 
FE-SEM / EDS analyses. However, one of the drawbacks of using GDOES 
as a sample preparation technique is the difficulty of sputtering the 
rough interfaces and exposing the entire surface of the thin sublayers 
[19,20,42]. Consequently, there will be an influence of other phases 
exposed together with the desired phase on the electrochemical results. 
This was probably the case for the crater in the UIDL for the AR sample, 
and the craters in the Al-rich sublayers and in the IDL for the PHS 
condition. The UIDL (AR) may also experience the influence of the LIDL 
which is very thin. This was further confirmed by the craters’ 
cross-sections (not shown). However, a clear distinction / trend was 
obtained in the general electrochemical behaviour of the different sub
layers analysed. It is important to highlight that the sputtering of the 
PHS sample sublayers was more difficult. This is due to the difference in 
hardness among the phases (layers) and the non-uniform morphology of 
the sublayers [2,18]. Another drawback can be related to the oxide 
layers on the bottom of the craters. As already mentioned, De Graeve 
et al. [19] have reported that the sputtering may lead the formation of 
oxide layer on the bottom of the craters. However, a thin oxide layer will 
always be present, mainly in the Al-rich sublayers, as the sputtering 
changes the surface characteristics. Therefore, a long interval between 
the procedure of making the crater by GDOES and carrying out the 
electrochemical measurements may cause the thickening of the oxide 
layer on the bottom of the craters. 

4.2. Electrochemical depth profile of the 22MnB5 steel coated with hot- 
dip Al-Si (Si 10 % in mass fraction) 

As shown in Fig. 7 and Table 2, the high average E* of the outer 
surface is likely attributed to the native oxide layer which is charac
teristic of Al-based alloys [40]. This thin oxide layer contributes for the 
passive behaviour of the surface. If a damage occurs at the surface and 
exposes the coating, the FL could provide cathodic protection to the 
UIDL. Moreover, the E* seems to decrease as a function of depth in the 
FL. However, a trend correlating E* as a function of depth cannot be 
established because it is probably more related to the influence of the 
precipitates, as shown in Fig. 3 (a). The higher average E* of the UIDL in 
comparison with the FL might be justified by the amount of silicon and 
iron present in it. According to the galvanic series, aluminium is less 
noble than iron and silicon [43]. However, the steel substrate showed 
the highest E*. This suggests that the steel substrate could be protected 
by the coating by means of cathodic protection, but, as already 
mentioned, the driving force (the potential difference) may not be 
enough for the coating to corrode preferentially instead of the steel. The 
average ΔE* between the UIDL and the steel substrate is only 0.06 V. 
Allély et al. [4] have pointed out that the minimum driving force 
necessary for providing cathodic protection is a potential difference of 
0.05 V. 

The predominance of the passive behaviour seen in Fig. 7 might also 
be related to the thickening of the oxide layer inside the craters made by 
means of GDOES. Nevertheless, this passive layer may breakdown from 
a specific potential for each sublayer (EBD). The lower EBD of the FL is 

related to the presence of precipitates which lead to the formation of a 
flawed oxide film and, thus, galvanic couples with the aluminium matrix 
[19,28]. As the precipitates act as cathodic sites, the surrounding 
aluminium matrix will start to corrode, promoting localised corrosion 
[19,35]. This was experimentally confirmed in our previous work, in 
which the same samples were evaluated by means of SKPFM technique 
[23]. The corrosion morphology of the specimens after immersion in 
NaCl solution (3.5 % in mass fraction) revealed that the attack in the AR 
samples was characterised by pitting corrosion initiated around the 
precipitates [23]. Conversely, the UIDL shows the higher EBD, which is 
related to the homogeneity in terms of layer composition [19], con
sisting of iron and silicon. 

The corrosion mechanism of the Al-Si (10 % Si in mass fraction) 
coating/steel substrate system, before hot stamping, can be summarised 
according Fig. 9. (I) The native oxide layer at the surface acts as a pro
tective barrier and shows low ia (II) In the case of damages at the native 
oxide layer the FL is exposed; its corrosion occurs localised around the 
precipitates. (III) If damage reaches the UIDL, the FL will be corroded 
preferentially behaving as a sacrificial anode to the UIDL as it presents 
the lowest average E*. Moreover, the FL does have an ia as low as the top 
oxide layer, which means that, despite it corrodes at low potential, its 
corrosion susceptibility (in 0.1 mol∙L− 1 NaCl) is also low. As long as the 
steel substrate is not exposed, the UIDL will protect the steel substrate by 
means of a barrier mechanism and not by cathodic protection because of 
the small potential difference among them. (IV) In case of steel exposure 
by severe damages in the coating, the steel substrate would corrode like 
the UIDL (in terms of corrosion potential) with a high corrosion rate due 
to its highest ia indicating the high corrosion susceptibility of the steel 
substrate in this media (0.1 mol∙L− 1 NaCl). As the UIDL shows an ia 
higher than the FL and the surface, it can be suggested that the corrosion 
susceptibility of the sublayers seems to be closely related to the amount 
of iron in them. 

The electrochemical behaviour of Al-Si coatings has been evaluated 
before using the same approach of depth profiling. De Graeve et al. [19] 
evaluated the influence of silicon content by means of GDOES combined 
with electrochemical micro cell. The authors have shown, considering 
the E*, that the FL would corrode preferentially compared to the steel 
substrate and the IDL, but the steel would be protected mainly by barrier 
mechanism provided by the IDL (as the IDL had higher E* than the 
interstitial free steel). Additionally, they were able to investigate the 
electrochemical behaviour of the LIDL which presented the noblest 
value of E*. Lemmens et al. [20] investigated the addition of 1 % of 
silicon (in mass fraction) in hot-dip aluminized steels using GDOES 
combined with scanning vibration electrode technique (SVET). The 
methodology employed has provided insights about the current distri
bution of the different coating sub layers in 0.05 mol∙L− 1 NaCl. In 
general, the authors pointed out that the FL presented a very low ac
tivity. However, the silicon addition promoted irregular anodic distri
bution in the FL which is attributed to the presence of precipitates. 
Conversely, cathodic currents were measured for the UIDL, LIDL and the 
steel substrate. The highest cathodic current was measured in the LIDL. 
These findings are in agreement with the work of Vu et al. [44] who have 
analysed the sacrificial behaviour in cut-edge steel coated with Al-Si 
exposed in chloride media by means of in situ current and pH mea
surements. The authors have shown that in chloride media the corrosion 
of the coating starts locally which results in both local activation and 
depassivation of the coating. Consequently, the coating behaves sacri
ficially versus the steel [44]. In the present study, a further step has been 
considered, the Al-Si system was submitted to a hot-stamping process, 
which greatly influences the structure and composition of the metallic 
coating and, therefore, the electrochemical relation between the 
different sublayers. 

4.3. Influence of hot stamping on the electrochemical depth profile 

Comparing the results from Figs. 7 and 8, the evaluation of the 
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influence of the hot-stamping process on the corrosion mechanism was 
possible. The first highlight is regarding the overall shift of E* and EBD 
towards nobler values. These results are in agreement with a previous 
study which evaluated the effect of hot stamping using SKPFM [23]. An 
increase on the (Volta) potential of the coating layer was seen after hot 
stamping, as well as a minimal potential difference among the sublayers 
and a decrease in driving force for cathodic protection [23]. Although 
SKPFM and the electrochemical micro cell present different principles, 
the present investigation has indicated a similar trend among the coat
ing’s sublayers. 

During hot stamping, iron diffuses from the steel substrate towards 
the coating. Thus, the whole coating layer becomes enriched in iron, and 
the coating presents a multi-layered structure. Even the surface becomes 
enriched in iron as shown in previous studies [4,9]. Allély et al. [4] have 
reported the presence of a mixture of oxides composed of iron, 
aluminium and silicon as corrosion products on the surface of PHS 
coated with Al-Si. The presence of iron and silicon on the surface might 
be the reason for the increase of the surface’s E*. Moreover, the oxide 
layer formed after hot stamping (thermal oxides) may be thicker than 
the native aluminium oxide layer, enhancing the passive behaviour and 
being the probable reason for a higher EBD. As the average E* of the 
surface (oxide layer) is higher than that of the Al-rich phases, the 
possible protection mechanism is only by barrier protection. Among all 
the sublayers in the coating, the Al-rich phases presented similar average 
E* as the steel substrate (around -0.40 V vs Ag|AgCl|KCl sat.). This could 
be due to the high amount of iron found in these layers after hot 
stamping. These layers could provide some cathodic protection to the 
Fe/Si-rich layer, but there is just a small driving force for that (only 
0.16 V). The Fe/Si-rich layer presents the noblest average E* (-0.23 V vs 
Ag|AgCl|KCl sat.), though, it is only 0.09 V higher than the IDL. 

The reason for the shift towards nobler potential values could be 
related to the silicon influence. According to the depth profile presented 

in Fig. 6, the silicon content is relatively higher in the Fe/Si-rich layer 
than in the IDL. The presence of silicon might be also the reason for the 
highest EBD of the Fe/Si-rich layer. As the precipitates are no longer seen 
in the PHS condition, the overall EBD shifted towards more positive 
values for those curves presenting a passive behaviour. Previous studies 
have found that the addition of silicon in steel leads to the decrease of 
iron oxidation rate at high temperatures [45]. This mechanism is related 
to the formation of a silicon oxide at the surface which inhibits the 
diffusion of iron throughout the surface, consequently avoiding its 
oxidation [45]. This effect could be related to the passivation of the 
sublayers presenting a high silicon content in PHS (Fe/Si-rich layers). 
However, further and dedicated research is necessary in order to fully 
understand the effect of Si in the passivity of these Fe-Si intermetallic 
phases. 

The hot stamping changed the electrochemical behaviour of the 
coating layer but did not change the electrochemical behaviour of the 
steel substrate even considering the microstructure transformation from 
pearlite-ferrite to martensite. Although one of the curves regarding the 
steel substrate for PHS sample shows a small passivity range, this 
behaviour is not a trend. However, it is an important observation since 
this is mostly related to the thickening of the oxide layer on the bottom 
of the crater. In a previous study, using the SKPFM local technique, the 
authors have noticed that the Volta potential of the steel substrate is 
slightly shifted to nobler values after hot stamping [23]. The martensite 
transformation is a known process to provoke residual stress on the 
material, and the Volta potential is very sensitive to any change in the 
sample surface [46]. The effect of phase transformation on the steel 
substrate should be more pronounced in terms of Volta-potential dif
ference than any other potential measured by means of conventional 
electrochemical techniques (e.g. corrosion potential) [23]. 

As already mentioned, during the micro-cell measurements, the Al- 
rich layers and the surface presented both passive and active 

Fig. 9. Schematic diagram of the proposed 
corrosion mechanism for 22MnB5 steel coated 
with hot-dip Al-Si (Si 10 % in mass fraction) 
showing: (I) initial condition of the system, 
absent of defects at the surface in which the 
native oxide layer acts as a protective barrier; 
(II) damage at the surface and the beginning of 
the corrosion process of the coating matrix (free 
layer) localised around the precipitates; (III) 
damage reaches the interdiffusion layer and the 
coating matrix plays a role of sacrificial anode, 
corroding preferentially; (IV) the steel substrate 
is exposed and it corrodes similarly to the 
interdiffusion layer; moreover, the corrosion 
process of the coating matrix increases.   
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behaviour. The probable reason for the active behaviour of the Al-rich 
phases could be the iron enrichment which is around 45 % (in mass 
fraction), as seen in Fig. 4(b) spectra 1 and 3. The iron enrichment can 
also be the reason why the Al-rich layers presented the highest ia, similar 
to the steel substrate. Conversely, for the curves showing passive 
behaviour during the measurements, it could be because of the thick
ening of oxides on the bottom of the craters in the Al-rich sublayers, due 
to the different intervals between making the crater by GDOES and 
carrying out the electrochemical measurements. Another hypothesis for 
the active behaviour of the Al-rich phases as well as the surface could be 
the presence of micro cracks. On the contrary, during the micro-cell 
measurements, the acquired curves for the IDL and the Fe/Si-rich 
layer showed only passive behaviour. Despite the open discussion 
about the most appropriate stoichiometry for each sublayer in PHS 
coated with Al-Si, there is a consensus that the Al-rich layers are harder 
and brittle whereas the Fe/Si-rich layers and the IDL are more ductile 
[18,23,24,47]. This might contribute to the density of cracks as well as 
their formation and propagation. Fan et al. [18] have shown that the 
cracks initiate from the surface and they are limited at the IDL. The 
authors have pointed out two reasons for the formation and propagation 
of cracks: the thermal expansion and the difference on mechanical 
properties between the sublayers. Therefore, the initial cracks do not 
reach the steel substrate as the IDL has a similar thermal expansion 
coefficient to the steel substrate, due to the high iron content in its 
composition [24]. Furthermore, the predominant passive behaviour and 
the enhancement of the EBD of the Fe/Si-rich layer and the IDL could be 
attributed to the presence of silicon. 

Concerning the ia either for AR and PHS samples, they show low 
order of magnitude from 10− 8 A cm-2 to 10-6 A cm-2. These are expected 
current density ranges for curves presenting a passive behaviour. 
However, for those curves where the active behaviour is predominant, a 

higher order of magnitude would be expected, such as 10-5 A cm -2. The 
latter corresponds to the limiting current density of the oxygen which 
determines the Fe and also Al corrosion rate in aerated solution [48]. 
Thus, the relatively low order of magnitude of ia for those curves pre
senting active behaviour (10-6 A cm-2) could be another indication of the 
influence of the oxide layer on the bottom of the craters. 

From the results presented, the following protection mechanism for 
coated PHS, considering the 0.1 mol∙L− 1 NaCl as an electrolyte is pro
posed in Fig. 10. (I) Damages (cracks) are already seen from the surface 
throughout the whole coating layer. The surface consists of a thermal 
oxide layer thicker than the native oxide layer from the AR condition. 
(II) The presence of damages enhances the corrosion process: the oxide 
layer at the surface acts as a protective barrier to the Al-rich layer; the 
surface will corrode at relatively high potentials, exhibiting low ia. The 
Al-rich layer, independent of the depth, could play the role of sacrificial 
anode for the Fe/Si-rich and/or the IDL, corroding preferentially and 
exhibiting high corrosion rates. Finally, the steel substrate will be pro
tected by only barrier mechanism. (III) In case of severe damage and the 
exposure of the steel substrate, the latter will corrode as much as the Al- 
rich layers due to their similar E* and ia. 

5. Conclusion 

The effect of the hot-stamping process on the electrochemical 
behaviour was systematically evaluated using a depth profiling 
approach combining GDOES and an electrochemical micro cell. The 
main findings are summarised as follows:  

i After hot stamping, the coating becomes a multi-layered structure 
highly influenced mostly by iron diffusion into the coating. The iron 

Fig. 10. Schematic diagram showing the pro
posed corrosion mechanism for press-hardened 
22MnB5 steel coated with hot-dip Al-Si from: 
(I) initial condition of the system which already 
shows several damages at the surface and in the 
coating layer; (II) as the oxide layer plays a role 
of protective barrier, the coating sublayers start 
to corrode, but the corrosion of the Al-rich 
sublayers is more pronounced as they could 
behave as sacrificial anode to the Fe/Si-rich 
layer and the IDL; (III) the coating layer pro
vides a barrier protection to the steel substrate; 
when it is exposed it corrodes as much as the Al- 
rich sublayers due to their similar corrosion 
potential and corrosion rate.   
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enrichment is the reason for the overall increase of corrosion po
tential of the coating layer.  

ii The increased potential of the surface is attributed to the formation 
of an oxide layer (thermal oxides), thicker than the native aluminium 
oxide layer, probably containing also silicon and iron oxides.  

iii Silicon precipitates are no longer seen after hot stamping. The 
presence of silicon in solid solution was attributed as the reason for 
the predominant passive behaviour of the Fe/Si-rich layer and the 
IDL. Moreover, the high silicon content in the Fe/Si-rich layer has 
been indicated as the reason for its highest corrosion and breakdown 
potential.  

iv The predominant active behaviour of the Al-rich layers was mainly 
related to the iron enrichment. Whereas the passive behaviour can be 
attributed to the formation of an oxide layer on the bottom of the 
craters made by GDOES. The presence of micro cracks may also affect 
the electrochemical behaviour of both the Al-rich phases and the 
surface.  

v The hot-stamping process did not change the electrochemical 
behaviour of the steel substrate. However, it did change the elec
trochemical behaviour of the coating layer, which became nobler. 
Thus, after hot stamping the steel can be protected only by barrier 
protection. 
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