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A B S T R A C T

Press-hardened steels are commonly protected with hot-dip Al-Si coating. Due to the electrochemical complexity
of this system, either before or after hot-stamping process, SKPFM was used to investigate the influence of the
thermo-mechanical process on the electrochemical behaviour of the galvanic coupling. The hot-stamping process
changed significantly the anodic/cathodic coupling of the coating/steel due to iron enrichment in the coating
layer. Hence, a concurrent mechanism was thoroughly established, i.e., while the press hardening enhances the
corrosion properties of the steel system (steel and metallic coating) through diffusion, at the same time it di-
minishes the cathodic protection of the Al-Si layer.

1. Introduction

Advanced high-strength steels (AHSS) and ultra-high-strength steels
(UHSS) are strategic materials for the automakers in body-in-white
(BIW) applications. The use of these materials allows that the auto-
motive industry attends the demands for lightweight structures, aiming
at reducing fuel consumption and at improving safety and crash-
worthiness properties. Due to the reduced thickness and the higher
tensile strength of AHSS and UHSS in comparison with conventional
steels, they have become the current trend for new vehicles [1–4].

When the strength increases, the plastic forming of metals may
decrease and a springback effect appears due to residual stresses.
Consequently, in order to improve the deformation of AHSS and UHSS,
the hot-forming process has been used [5]. Hot stamping is a thermo-
mechanical process where steel blank is heated for a few minutes up to
austenitization temperatures and then, transferred from furnace to a
press tool (die set). The design of the die consists of a water-cooling
system which allows that the steel blank is formed and quenched at the
same time [1,6–9]. As an industrial process, the soaking temperature
and the time as well as the transfer time and the cooling rate may vary
among manufacturers. In previous studies, it had been reported that the

process range for heating temperature is from 880 °C to 950 °C, the
soaking time varies from 3min to 13min, the transfer step may take 7 s
maximum and the cooling rate must be at least 27 K·s−1 [1,3,10–13].

The boron-manganese steel has been pointed out as the most sui-
table material for the hot-stamping process [1]. The 22MnB5 is a widely
used steel grade in automotive industries for hot-stamping applications.
Before the hot-forming process, the steel consists of a ferrite-pearlite
microstructure and shows a tensile strength about 600MPa. At the end
of the thermo-mechanical process, the steel microstructure may become
fully martensitic and the tensile strength reaches approximately
1500MPa [1,8,9,14,15]. Depending on the steel grade, the tensile
strength may reach 2000MPa [1]. Boron-manganese steel combined
with the hot-stamping process is known as press-hardened steel (PHS).
The production of PHS components has been increasing since early
2000 and the prediction is that, in the next few years, about 600 mil-
lions of PHS parts will be worldwide produced [16,17].

The press-hardened steel is commonly protected with metallic
coatings prior to hot-stamping process in order to avoid both, steel
oxidation and decarburization during the furnace heating and the
transfer step to the die press. The hot-dip aluminium-silicon (Al-Si)
coating is a widespread system used in steel for hot-stamping
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applications. The chemical composition of the coating comprises alu-
minium and about 10 % Si (in mass). This coating shows stability at
high temperature, good corrosion resistance and adhesion, either with
the steel substrate or the paint to be applied [1,12,15,18,19]. Never-
theless, even though several studies have been dedicated to hot-
stamping applications [3,6,12,18], there are still some open questions
concerning the corrosion behaviour of PHS.

The synergy of the barrier effect and the cathodic protection me-
chanism of metallic coatings guarantee the integrity of metallic com-
ponents in an economical and safe way [20]. Metallic coatings, such as
Mg, Zn and Al-based systems, might provide cathodic protection to the
steel substrate by galvanic coupling corrosion mechanism. In this me-
chanism, the cathodic protection is achieved by supplying the electrons
to the steel substrate (cathode). The driving force to provide cathodic
protection is the difference of (corrosion) potential between the anode
and cathode. In this scenery, the anode is known as sacrificial anode,
which is less noble than the cathode, and corrodes preferentially. The
higher the difference of potential, the higher the driving force for
cathodic protection [20–24].

The corrosion resistance of coated hot-stamped components has
been evaluated mostly by means of accelerated tests [3,6]. Allély et al.
[3] used different accelerated tests which resulted in different corrosion
products formed depending on the test conditions. The corrosion pro-
ducts formed can act as a protective barrier against corrosion. They also
concluded that the coating does not provide cathodic protection due to
the small potential difference between the coating and the steel sub-
strate, verified by means of electrochemical measurements. Dosdat
et al. [6] also compared the corrosion resistance of bare steel, PHS
coated with Al-Si and PHS protected with Zn-based coatings (galva-
nized and galvannealed), using accelerated tests. They highlighted that
the red rust criteria cannot be used to evaluate corrosion damages for
PHS due to the high amount of iron at the surface of the material, which
diffuses during the thermal cycle of hot stamping from the steel sub-
strate towards the coating. The authors showed that the PHS Zn-based
coated presented the highest cosmetic and cut-edge corrosion re-
sistance. However, in terms of perforation, both PHS Al-Si and Zn-based
showed a similar behaviour. Despite the results, Al-Si was pointed out
as the most suitable system for hot-stamping applications due to its
cost/efficiency ratio.

The standard electrochemical measurements show the overall be-
haviour of the sample conditions in different corrosive media. However,
due to the complexity of the metallic coating system, either before or
after the hot-stamping process, local electrochemical measurements are
required in order to evaluate the effect of each sub layer at the cross
section on the corrosion resistance. Hence, this study aims at in-
vestigating the effect of the hot-stamping process on the electro-
chemical behaviour of 22MnB5 steel coated with hot-dip Al-Si (10 % Si
in mass nominal) by means of general and localized electrochemical
techniques, with a special focus on the influence of each sub layer of the
metallic coating on the corrosion behaviour.

2. Experimental

2.1. Samples

The industrial based samples in different conditions were evaluated
in this study. The details of samples are shown in Table 1.

The samples were cut-off from either the steel sheet or from a door
beam, a structural car component, cleaned in isopropyl alcohol and
dried in a cold stream of air. The samples’ cross-section thickness was
1.4 mm. The samples were prepared according to standard metallo-
graphic procedures, including mounting, grinding and polishing.

2.2. Electrochemical measurements

Electrochemical tests were performed using a three-electrode cell
which consists of an Ag|AgCl 3mol·L−1 KCl as a reference electrode
(RE), a platinum grid as a counter electrode (CE) and the sample as a
working electrode (WE). The open circuit potential (OCP) was mea-
sured in NaCl solutions with 5.0 % and 3.5 % (in mass) for 1 h. After
OCP measurements, anodic polarization curves were obtained, starting
from 20mV below the OCP using a sweep rate of 1mV·s−1. All tests
were carried out at room temperature and the working electrode sur-
face was a circular region with 1 cm of diameter. As received Al-Si and
PHS samples were also immersed in 3.5 % (in mass) NaCl solution for
120min. The samples were removed from the solution after 10min,
30min, 60min and 120min of exposure and then rinsed in deionized
water and dried in a cold stream of air.

2.3. Coating characterization and scanning Kelvin probe force microscopy

The characterization of as received Al-Si and PHS samples, top
surface and cross-section, was carried out using a field emission-scan-
ning electron microscope (FE-SEM). FE-SEM images were obtained in
secondary electron and backscattering modes and the mappings of the
chemical composition were undertaken by means of energy dispersive
X-ray spectroscopy (EDS). The microscope was set to operate with a
15 kV acceleration voltage, a 30 pA probe current and a work distance
of 10mm.

The Volta potential and topography analyses were carried out by
means of a scanning Kelvin probe force microscopy (SKPFM) technique
at a commercial atomic force microscope. These measurements were
performed under ambient conditions using rectangular conductive
cantilevers with a Pt/Ir coating, a resonant frequency of 50 kHz–70 kHz
and a spring constant of 1 Nm−1 to 5 Nm−1. Moreover, highly oriented
pyrolytic graphite (HOPG) was used as a reference material for the
calibration of the measured Volta potential. Topographic and corre-
sponding potential images were simultaneously obtained using a dy-
namic mode with a single pass methodology. The potential signal re-
corded was mathematically inverted (multiplied by -1) in order to
reflect the true relation of the Volta potential values and the surface
under investigation [25–28]. This procedure is done because during the
Volta potential acquisition a feedback voltage signal is applied to the tip
instead of the sample. Therefore, the signal recorded is the potential of
the tip minus the potential of the sample’s surface. Once the signal
inversion is done, the Volta potential maps will be in accordance with
the electrochemical nobility of the metals (galvanic series). For in-
stance, high potentials will indicate cathodic areas, whereas low po-
tentials will represent more anodic areas [29]. Furthermore, the dis-
tribution of Volta potential will be represented by means of histograms.
The histograms were constructed based on the Volta potential map,
correspondent to a scanned area of 40×40 μm2 which corresponds to a
mapping of 512 pixels × 512 pixels. Each pixel represents a potential
value. Therefore, each histogram is constructed with 512×512 of
potential. The intensity represents the count frequency.

3. Results and discussion

3.1. Coating characterization

3.1.1. Surface characterization
The surface morphologies of both, as received Al-Si and PHS sam-

ples, are shown in Fig. 1. According to Fig. 1(a) the morphology of the

Table 1
Identification and condition of the different samples evaluated.

Sample Condition

22MnB5 steel 22MnB5 bare steel
as received Al-Si 22MnB5 steel coated with hot-dip Al-Si (10 % Si in mass)
PHS as received Al-Si submitted to the hot-stamping process
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coating surface of the as received Al-Si sample consists of a homo-
geneous matrix with some precipitates, which are randomly dis-
tributed. There is an inset image in the right showing the precipitates
with higher magnification. The coating matrix comprises a hypoeu-
tectic Al-Si chemical composition [30] and the precipitates were char-
acterized as either Si or Al-Fe by means of an EDS mapping as shown in
Fig. 2.

During hot-stamping processes, a chemical diffusion takes place and
the coating becomes enriched in iron due to its diffusion from the steel
substrate towards the coating layer [1,9,10,12,18]. Additionally, the
precipitates at the top coating surface are no longer seen. However,
cracks are observed at the PHS sample surface. These cracks, with
preferential orientation at the surface, might be correlated to the plastic
forming stage during the thermo-mechanical process, as seen in
Fig. 1(b). The inset of Fig. 1(b) shows the cross-section of the PHS
sample (further characterized in detail) with a crack present throughout

the coating layer. As can be seen, the crack does not reach the steel
substrate, but it is rather limited to the inter-diffusion layer. It is ex-
pected that the cracks will act as nucleation sites for localized corrosion
which increases the susceptibility of damage and failure of the samples.

3.1.2. Cross section
The cross section of the as received Al-Si sample and the corre-

sponding EDS mappings of qualitative chemical composition are shown
in Fig. 2. The thickness of the coating layer is around 30 μm; and it is
heterogeneous in terms of chemical composition. There are two sub
layers from the steel substrate to the top layer and two different pre-
cipitates in the coating matrix. The first layer, also known as an inter-
diffusion layer, is adjacent to the steel substrate and consists of an Al-
Fe-Si ternary phase. The second layer, which is thicker than the first
one, consists mainly of aluminium. This second layer is often named as
a free coating layer or an outer layer [25]. Moreover, different

Fig. 1. Scanning backscattered image showing the surface morphology of (a) as received Al-Si with the presence of precipitates (white contrast) and inset image in
the right showing the precipitates in higher magnification; (b) PHS sample showing cracks delimited by dashed yellow lines and a zoom-in cross-section image
attached in order to highlight the depth that the cracks may reach (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 2. Scanning backscattered images and EDS elemental mapping of the cross section of the as received Al-Si coated sample for O, Al, Si and Fe.

C.P. Couto, et al. Corrosion Science 174 (2020) 108811

3



precipitates are observed in the second layer some of which consist of
pure silicon and others are composed of Al-Fe.

The hot-dip aluminized steels (HDA) have been extensively char-
acterized [2,14,25,31–34]. However, there are many controversies re-
garding the characterization of the coating layer. The main reason is
due to the different processing parameters used during the hot dip. The
influence of the hot-stamping process on the coating morphology is
shown in Fig. 3. It is seen that the coating microstructure consists of
four sub layers with different chemical compositions. The layer, ad-
jacent to steel substrate, as well as the third layer, consists of a Fe(rich)-
Si-Al phase whereas the second and fourth layers are composed of an Al
(rich)-Fe-Si phase.

The EDS mapping from Fig. 3 shows an oxygen-rich region at the
sample’s surface. There is a lack in literature about the nature of the
oxide layer for PHS coated with Al-Si. Most of the studies have focused
on the effect of the formation of Fe-based oxides at the surface of bare
steel on the Al-Si coating adhesion, showing that it is detrimental [35].
Fan et al. [18] investigated the formation of thermal oxides on PHS
coated with Al-Si. They pointed out that the oxidation is very limited
due to the low diffusivity of oxygen throughout the coating layer. In
addition, Fan et al. [12] highlighted the influence of the oxide layer of
PHS on the resistance spot-welding (RSW) process, demonstrating that,
due to its small thickness and good electrical conductivity of the Al-Fe
phases, the PHS coated with Al-Si shows good welding properties. It is
essential a careful investigation concerning the nature of the oxide layer
formed after hot-stamping. Due to the iron enrichment during the

thermo-mechanical process, it is expected a mixture of Al and Fe-based
oxides. This oxide layer may play a role of protective barrier against
corrosion.

As seen in Fig. 3, hot stamping of Al-Si coated 22MnB5 steel results
in large changes in the coating layer. Its thickness increased about
10 μm and the morphology changed due to iron diffusion from the steel
substrate towards the coating layer. It is important to point out that,
before hot stamping, silicon was seen as pure precipitates in the coating
matrix but, during the thermo-mechanical process, it was rearranged in
different sub layers. The influence of silicon addition in HDA steels,
used for hot-stamping applications, was intensively discussed by
Windmann et al. [2,14]. Silicon plays an important role on the forma-
tion of Fe-Al intermetallic compounds. The transformation of these
compounds has a direct relationship with the hot-dip parameters, such
as soaking time and temperature during the austenitization step on hot
stamping. The formation of Al13Fe4 (θ-phase) is attributed to the silicon
amount [31,36]; the higher the addition of silicon, the more pro-
nounced the formation of ternary Al-Fe-Si intermetallics and the more
reduced the rate formation of Al13Fe4. In addition, as other authors
pointed out, silicon suppresses the formation of Al5Fe2 (η-phase), oc-
cupying the vacancies in its lattice [31,36].

Despite the contradictions regarding the most accurate stoichio-
metry for those intermetallic compounds formed in press-hardened
steel, there is an agreement that the number of sub layers formed is
strongly dependent on the process parameters (soaking time and tem-
perature). Moreover, it is known that the formed sub layers are either

Fig. 3. Scanning backscattered images and EDS elemental mapping of the cross section of PHS sample condition for O, Al, Si and Fe.

Fig. 4. Schematic of the changes on Al-Si coating morphology due to the chemical diffusion as a function of hot-stamping parameters illustrating the formation of
intermetallic sub layers.
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enriched in iron or in aluminium [2,12,14], in accordance with the
results showed in Fig. 3. Fig. 4 summarizes the changes on the coating
morphology due to chemical diffusion which takes place during hot
stamping.

Voids and micro cracks are also observed in the cross section of the
PHS sample (Fig. 3), both related to the fast chemical diffusion during
the hot-stamping process. The Kirkendall effect is very often pointed
out in the literature as the reason for a void formation which is a
consequence of the diffusivity difference of two atoms. The Kirkendall
voids play a crucial role in crack initiation and it has been reported that
the number of voids increases as the soaking time is prolonged. The
cracks are also a consequence of the low fracture toughness of the sub
layers which means that the sub layers formed after hot stamping are
brittle, especially the ones enriched of aluminium [2,36–39].

3.2. Electrochemical measurements

Fig. 5 shows the evolution of OCP for 1 h of immersion in a 5.0 %
NaCl solution (% in mass) and the anodic polarization curves obtained
by linear sweep voltammetry (LSV) technique, after OCP measure-
ments. According to Fig. 5(a), after 1 h of immersion, the OCP of all
samples were stable. The OCP variation of the 22MnB5 steel sample,
from the beginning to the end of measurements, was about 120mV
(versus Ag|AgCl 3mol·L−1 KCl). Nevertheless, for the as received Al-Si
and the PHS samples, these differences were around 10mV and 60mV,
respectively. Considering the coated samples, as received Al-Si and
PHS, the difference in OCP was initially about 220mV, but after 1 h of
test, the difference decreased to 170mV. Despite the small variation in
the OCP of the as received Al-Si sample, it shows the noisiest potential
evolution among the tested conditions. This is a characteristic of me-
tastable pits which consists of continuous localized breakdown and
repassivation of the oxide layer. This behaviour is often observed in Al-
Si systems in a chloride media [40]. The OCP of PHS sample is higher
than that corresponding to the as received Al-Si one, suggesting that the
driving force for cathodic protection might decrease after hot stamping.
After 1 h of measurement, the OCP of the as received Al-Si sample had
stabilized at around −730mV, while that of the PHS sample stabilized
at approximately -560mV (both vs Ag|AgCl 3mol·L−1 KCl). None-
theless, the bare 22MnB5 steel sample presents OCP stable values be-
tween that of the PHS and of the as received Al-Si coated steel. This
suggests that the Al-Si coating increases the susceptibility to corrosion
of the steel exposed at the pores. The LSV results, Fig. 1(b), show that
after hot stamping the corrosion potential (E*) of Al-Si coated steel is
shifted to nobler values. Concerning the corrosion potential, the gal-
vanic series can be determined as follows: E*as received< E* 22MnB5

steel < E* PHS.
The galvanic series suggests that, in terms of cathodic protection,

only the Al-Si coating, before hot stamping, could behave as a sacrificial

anode to the steel substrate. It is important to point out that these
electrochemical measurements were performed at the surface of the
samples. From the microscopic characterization, Figs. 1(a) and 2, it was
shown that, before hot stamping, the coating matrix is mainly com-
posed of aluminium which is less noble than iron, according to the
galvanic series [20–24]. After the thermo-mechanical process, the top
layer surface of the coating is enriched with iron due to the chemical
diffusion during hot stamping. Thus, iron enrichment of the coating
layer might be the reason for the nobler potential of the PHS sample
when compared with the as received Al-Si. However, the iron enrich-
ment does not justify the reason why the OCP of the PHS is higher than
the bare steel. In this case, it could be attributed to the presence of an
oxide layer formed during the hot stamping process as evidenced in
Fig. 3. This oxide layer might play an extra role on the protection
barrier mechanism, shifting the open circuit potential to nobler values.

Fig. 5(b) shows that all tested samples present an active behaviour.
In terms of corrosion current, the as received Al-Si sample shows the
lowest one. However, the current increases quickly in this sample
condition in comparison with the others. According to Fig. 5(b), all the
anodic curves stabilize in values very close to each other (0.06 A cm−2),
likely to the steel substrate exposure for those coated samples. More-
over, the anodic polarization curve for PHS sample condition increases
slowly in comparison with the others. This could be due to the presence
of Fe(rich)-Si-Al sub layers which might present a higher corrosion
resistance than the other phases present. Another hypothesis is the
presence of the oxide layer. After hot stamping, the corrosion potential
is shifted to nobler value; however, the corrosion current is lower than
the as received Al-Si sample. This is in agreement with the increase of
OCP and, consequently, the decrease for cathodic protection.

The electrochemical results showed in Fig. 5 are slightly different
from those presented by Allély et al. [3]. In their investigation, the PHS
and 22MnB5 steel samples stabilized at similar OCP values (−770mV
vs SCE), after 1 h of measurement in a 5.0 % NaCl (% in mass) elec-
trolyte. Hence, the OCP of as received Al-Si sample of the present work
was about 100mV lower. In terms of the corrosion potential, the gal-
vanic series presented by them showed that the 22MnB5 bare steel
presented the highest corrosion resistance, while the as received Al-Si
sample condition showed the lowest. The controversies on the results
can be probably explained by the process parameters used during hot
stamping. As already mentioned, these parameters vary among manu-
facturers, influencing the diffusion of the chemical elements and, con-
sequently, the coating morphology.

Several LSV measurements were carried out and Table 2 shows the
average values of the corrosion potential as well as the standard de-
viation for the three conditions evaluated in two different solutions.

From the electrochemical results, it is seen that there is a negligible
potential difference between the 22MnB5 uncoated and as received Al-
Si coated. It means that there is no driving force for the Al-Si coating to

Fig. 5. Electrochemical tests in a 5 % NaCl solution (% in mass): (a) evolution of OCP for 1 h; (b) linear sweep voltammetry for the as received Al-Si, bare 22MnB5
steel and hot-stamped PHS samples.
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provide cathodic protection to the steel substrate [3,6]. Allély et al. [3]
pointed out that the minimum potential difference necessary to provide
cathodic protection is 50mV. Panossian et al. [41] found out that only
in atmospheres with high chloride concentrations, Al and Al-Si coatings
offer cathodic protection to steel substrates since the coatings passive
properties are lost due to Cl− ions. However, in chloride free atmo-
spheres, or with very low ion concentrations, Al and Al-Si coatings
preserve their passive properties due to the oxide layer on the metal
surface.

It is important to highlight that in this case, the comparisons can be
made only between the as received Al-Si condition and the 22MnB5
steel sample, because they have similar pearlite-ferrite steel micro-
structure, while the PHS condition has a fully martensitic micro-
structure. The difference of microstructure might also affect the elec-
trochemical behaviour of the material. Kadowaki et al. [42] showed
that martensite presents higher pitting corrosion resistance than ferrite
and pearlite due to the presence of interstitial carbon. Interstitial
carbon prevents both initiation and propagation of pitting. Moreover,
they pointed out that iron carbides (Fe3C - cementite) act as cathodic
sites, increasing localized corrosion susceptibility.

3.2.1. Immersion test
In order to understand the influence of hot stamping on corrosion

initiation, immersion tests were performed in a 3.5 % NaCl (% in mass)
solution for 2 h. Fig. 6 shows the surface of the as received Al-Si coated
and PHS samples before and after 2 h of immersion.

Fig. 6(a) shows the surface of the as received Al-Si coated sample
and it is in agreement with the results previously presented in Fig. 1(a).
The coating surface consists of an aluminium matrix with some Si and
Al-Fe precipitates randomly distributed. After 2 h in chloride media,
localized corrosion was observed at the sample surface, as shown in
Fig. 6(b). The coating dissolution started around the precipitates which
are either Si or Fe-Al precipitates and behave cathodically versus the
matrix. These results are in agreement with those previously published
[25]. However, for the PHS sample, Fig. 6(c) and (d) show no localized
corrosion at the surface after hot stamping. However, red rust was seen
at the surface of the sample using optical microscopy. As Dosdat et al.
[6] pointed out the appearance of red rust is rather related to the high
amount of iron at the top coating layer than to the coating damage. The
suggested higher resistance to localized corrosion for the PHS sample
might be attributed to the fact that the outer layer of the coating is
composed of a homogeneous Fe-Al matrix without precipitates. It is
important to notice that, even though cracks were seen in the PHS
sample condition, they do not seem to play an active role in the cor-
rosion process. Despite the presence of these cracks in the coating, the
PHS presents the noblest potential and no localized corrosion.

3.3. Scanning Kelvin probe force microscopy

The scanning Kelvin probe force microscopy has been very often
reported as a useful technique to evaluate the effect of alloy elements
on the formation of intermetallic phase and its influence on corrosion

mechanism [26,43–48]. As shown in Fig. 2 and in Fig. 3, both coated
samples (as received Al-Si coated and PHS) consist of different inter-
metallic phases with different properties. This layered structure might
play a crucial role on the corrosion mechanism.

The topographic map, the Volta potential map and a randomly
chosen line profile across the coating for the as received Al-Si sample
condition are shown in Fig. 7. From the topographic map, Fig. 7 (a), it is
difficult to distinguish the two different layers present in the coating.
However, these two layers and the precipitates can be easily dis-
tinguished in the Volta potential map (Fig. 7(b)). In addition, the Volta
potential map shows the cathodic behaviour of the steel substrate
versus the coating when exposed to air. The brighter contrast of the
interdiffusion layer and the precipitates indicates that they are nobler
than aluminium coating matrix which is in agreement with previously
reported studies [25,26].

The Volta potential line profile, Fig. 7(c), shows that there is a high
potential difference between the steel substrate and the coating layer;
this difference is around 350mV with the steel substrate being nobler
than the coating layer which means that the coating could provide
cathodic protection to the steel substrate. As already mentioned, the
cathodic behaviour of Al-Si coatings depends on the concentration of
chloride ions in the environment [41]. The Volta potential decreases
across the coating layer which may be attributed to the decrease of iron
content from the interdiffusion layer, grey highlight in Fig. 7 (c), to-
wards the outer layer. Moreover, the potential varies in the coating
layer due to the presence of different Fe-Al and Si precipitates char-
acterized in Fig. 2. Both Volta potential map and line profile prove that
the precipitates behave cathodically in comparison with the coating
aluminium matrix. The precipitates act as cathodic sites where oxygen
reduction reaction takes place. As already mentioned, the coating dis-
solution starts around these cathodic precipitates resulting in localized
corrosion.

The histogram plot of the Volta potential map, from the cross sec-
tion of the as received Al-Si sample, Fig. 7(b), is seen in Fig. 8. The
histograms represent a multimodal Gaussian distribution. The peaks in
the histograms might be correlated to different constituents at the area
measured by means of SKPFM. Moreover, it is possible to evaluate the
contribution of every different constituent on the Volta potential
[46,49,50].

Fig. 8 shows that three different constituents contribute to the Volta
potential distribution. The sharpest peak seen at the highest potential
region, with an average value around −138mV vs HOPG, is related to
the steel substrate. The corresponding shape of the peak might be re-
lated to the major presence of iron in the steel substrate. If different
constituents with different electrochemical activity are present around
the same potential region, the peaks tend to be broader. The inter-
diffusion layer, which is composed of Fe-Al, presents a quite symmetric
peak due to its composition homogeneity. The intensity is lower be-
cause it is a thinner layer in comparison with the steel substrate and the
coating matrix, as clearly seen in Figs. 2 and 7(b). The potential of this
interdiffusion layer has an average value around −263mV vs HOPG.
The peak corresponding to the Al-Si coating matrix is broader than the
others, showing clear variations in Volta potential. The average po-
tential value of the coating matrix was around −488mV vs HOPG.
Moreover, a tail-like shape, in the left side of this broader area, was
observed. The findings from the histogram in Fig. 8 are in accordance
with those previously reported by Sarvghad-Moghaddam et al. [49].
They have attributed the presence of precipitates in the Al matrix as the
cause of the deviation in the Volta potential. In addition to this, the tail-
like shape might be related to the aluminium signal, which is a less
noble phase than the precipitates. As shown in the Volta potential line
profile (Fig. 7(c)), the histogram (Fig. 8) confirms that the steel sub-
strate has the noblest Volta potential, while the aluminium has the
lowest one. The interdiffusion layer presents an intermediate potential,
however, the Volta potential is shifted towards the Volta potential of
the steel substrate due to the high amount of iron in this layer.

Table 2
Average corrosion potential obtained from DC anodic polarization curves of
22MnB5 steel, as received Al-Si and PHS samples condition in NaCl solution
(5.0 % and 3.5 % in mass).

Samples
condition

E* (V vs Ag|AgCl 3mol·L−1)
in 5 % NaCl (% in mass)

E* (V vs Ag|AgCl 3mol·L−1) in
3.5 % NaCl (% in mass)

Mean
value

Standard
deviation

Mean
value

Standard
deviation

22MnB5 steel −0.68 0.03 −0.67 0.03
as received Al-Si −0.70 0.04 −0.68 0.01
PHS −0.56 0.03 −0.54 0.05
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Fig. 9 shows the topographic map (a), the Volta potential map (b)
and the Volta potential line profile (c) for a randomly chosen line from
the Volta potential map. From the topographic map, Fig. 9(a), it is not
clear the difference between the steel substrate and the coating layer.
However, correlating the topographic map with the Volta potential
map, Fig. 9(b), it is possible to distinguish a brighter contrast line which
indicates the transition from the steel substrate to the coating layer. It is
characterized as the interdiffusion layer, preferential site for Kirkendall
voids formation [36]. From the Volta potential map, the cathodic be-
haviour of the steel substrate versus the coating layer is seen. Moreover,
it is possible to differentiate the sub layers which comprise the coating.
Correlating Figs. 3 and 9(b), it is seen that the brighter sub layers are
corresponding to the Fe(rich)-Si-Al phases. Nevertheless, the contrast
difference among the sub layers in the coating are not much pro-
nounced. This indicates that there is no a high Volta potential difference
among the sub layers, which is clear in Fig. 9(c), Volta potential line
profile. In addition to this, according to Fig. 9(c) the Volta potential
difference between the steel substrate and the coating greatly decreases
after the hot-stamping process. This is associated with the iron diffusion

during the hot-stamping process. After the thermo-mechanical process,
the Volta potential difference between the steel substrate and the
coating layer is approximately 66mV. In addition, the potential dif-
ference among the sub layers in the coating is small, as already in-
dicated by the contrast difference in Fig. 9(b).

The Volta potential decreases from the interface between the steel
substrate and the coating layer (yellow highlight in Fig. 9(c)) due to the
reduction in the amount of iron from the steel substrate towards the
coating. The grey highlighted areas can be correlated to those Fe(rich)-
Si-Al layers showed in Fig. 3 (sub layers 1 and 3). Due to the presence of
iron and silicon, these layers show a slightly higher Volta potential in
comparison with the other layer that is an Al(rich)-Fe-Si layer. As al-
ready mentioned, iron and silicon behave cathodically in comparison
with aluminium which justifies the lower potential of the Al-rich sub
layer. Due to the small differences of Volta potential among the sub
layers, it is hard to establish an accurate potential difference. However,
in order to evaluate the contribution of the sub layers, in terms of Volta
potential, the histogram of the Volta potential map for the PHS sample
is plotted in Fig. 10.

Fig. 6. Scanning secondary electron images of the surface before and after immersion in NaCl 3.5 % (a) as received Al-Si coated before immersion; (b) as received Al-
Si coated after 2 h of immersion; (c) PHS before immersion; (d) PHS after 2 h of immersion.

Fig. 7. Cross-section of 22MnB5 steel coated with hot-dip Al-Si prior hot-stamping process: (a) topographic map; (b) Volta potential map; (c) Volta potential line
profile.
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Three different constituents are seen in the histogram (Fig. 10),
which has a clear influence on the Volta potential distribution. The steel
substrate and the Al(rich)-Fe-Si layer, which are the most abundant
phases in the potential map shown in Fig. 9(c), can be identified as the
two largest peaks in the histogram of Fig. 10. This is a consequence of
the major influence of iron in the steel substrate and aluminium in the
Al(rich)-Fe-Si layer. Additionally, they have the higher contribution on
the Volta potential distribution due to their total area size in the sample
cross section, as shown also in Fig. 3. The potential of the steel substrate
is around −85mV vs HOPG, while the average potential of the Al
(rich)-Fe-Si layer (layer 2 in Fig. 3) is approximately −154mV vs
HOPG. However, the Fe(rich)-Si-Al sub layer is thinner and dis-
continuous, being probably the reason why the peak corresponding to
Fe-rich phases is less sharp and much smaller than the others. More-
over, this phase has lower contribution on the Volta potential dis-
tribution than the others. The steel substrate shows a higher Volta
potential than the two different sub layers in the coating. From the
histogram, it is seen that the Volta potential of the two sub layers are
close. The Volta potential difference between the Fe(rich)-Si-Al layer
and the Al(rich)-Fe-Si layer is around 16mV.

The hot-stamping process also changes the potential of the steel
substrate and it might be correlated with the microstructure transfor-
mation during the thermo-mechanical process. Several SKPFM mea-
surements were performed for both, as received Al-Si coated and PHS
samples using HPOG as reference material. Fig. 11 shows the average
Volta potential difference between the as received Al-Si coated and PHS
steel substrates, with respect to HOPG. The difference is about 53mV.
Before hot stamping the steel substrate shows a ferrite-pearlite micro-
structure and its Volta potential is around -150mV vs. HOPG. In the end

of the thermo-mechanical process, a fully martensitic transformation
takes place and the Volta potential of the martensite increases to ap-
proximately −90mV vs. HOPG.

As the Volta potential is greatly influenced by any change in the
sample surface and residual stress [28], it is possible to assume that the
influence of different microstructures should be more noticeable in
terms of Volta potential difference than corrosion potential difference,
for instance. Moreover, related to the martensite transformation which
results from the diffusionless transformation of austenite, implying,

Fig. 8. Histogram of the distribution of Volta potential, based on the cross
section Volta potential map of the as received Al-Si coated sample, showing the
contribution of the three main areas: steel substrate, interdiffusion layer and Al-
Si coating matrix.

Fig. 9. Cross-section of hot-stamped 22MnB5 steel coated with hot-dip Al-Si (a) topographic map; (b) Volta potential map showing the different sub layers present in
the coating; (c) Volta potential line profile.

Fig. 10. Histogram of Volta potential distribution, based on the cross section
Volta potential map, of the PHS sample, showing the contribution of the steel
substrate and the two different sub layers: Fe(rich)-Si-Al and Al(rich)-Fe-Si.

Fig. 11. Average Volta potential difference between as received Al-Si and PHS
steel substrates measured versus the reference material.
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very often, in residual stress on the material [51]. As already reported,
the corrosion resistance of martensite is superior to the ferrite-pearlite
structure due to the influence of interstitial carbon [42].

The Volta potential is often related to the corrosion potential. Many
authors cite the study of Schmutz et al. [52] who found a linear re-
lationship between the Volta potential and the corrosion potential for
different metals. However, it is known that this behaviour has a strong
dependence on the electrolyte [25]. In any case, the electrochemical
measurements (Fig. 5) and the SKPFM results (Figs. 7 and 9) are in good
agreement. The electrochemical results showed that the PHS presented
nobler behaviour. In addition to this, from the SKPFM analysis, it is
shown that the hot-stamping process enhances the Volta potential of the
steel substrate and the coating layer. This might be attributed to a sy-
nergistic contribution, the microstructure transformation from ferrite-
pearlite into martensite, and the iron diffusion from the steel substrate
towards the coating layer.

Regarding cathodic protection, even though the coating layer of
both samples, as received Al-Si coated and PHS, are less noble than
their steel substrates, it has been shown that it depends on the en-
vironmental conditions and potential differences (either open circuit or
corrosion potential) [3,41]. From the presented results, it is possible to
assume that the hot-stamping process clearly decreased the driving
force for cathodic protection of the substrate.

4. Conclusion

The hot-stamping process changes the coating morphology and,
consequently, the electrochemical behaviour. The main findings can be
summarized as follows:

1) After the thermo-mechanical process related to hot stamping, the
coating layer became enriched in Fe and different sub layers were
formed: Al(rich)-Fe-Si and Fe(rich)-Si-Al. Precipitates are no longer
seen, decreasing the susceptibility for localized corrosion.

2) Electrochemical measurements showed that the PHS sample pre-
sented the noblest open circuit potential and corrosion potential and
it presented the highest resistance to anodic polarization.

3) The local Volta potential showed that before hot stamping the
pearlite-ferrite steel substrate is nobler than the coating layer. The
coating consists of an interdiffusion layer enriched of iron and an
aluminium matrix with Si and Al-Fe precipitates. The SKPFM results
pointed out that the interdiffusion layer and the precipitates behave
cathodically to the aluminium matrix.

4) After hot stamping, this Volta potential difference between the
coating layer and steel substrate decreased from 350mV to 66mV.
Besides the iron enrichment in the coating layer, the steel substrate
was transformed into a fully martensite microstructure. The iron
enrichment in the coating layer and the martensite are the reasons
why the Volta potential difference decreased after hot stamping.
SKPFM results showed a small difference in Volta potential among
the sub layers in the PHS sample condition.

5) A concurrent mechanism was thoroughly established, i.e., while the
press hardening enhances the corrosion properties of the steel
system (steel and metallic coating) through diffusion, at the same
time it diminishes the cathodic protection of the Al-Si layer.
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