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A B S T R A C T   

Scanning Kelvin probe force microscopy was used to evaluate the effect of austenitisation temperatures during 
hot stamping on the local electrochemical behaviour of 22MnB5 steel coated with hot-dip Al-Si. A variation in 
the austenitisation temperature around 50 ◦C substantially altered the coating morphology as well as the local 
electrochemical behaviour of the system (coating/steel). Both coating layer and steel substrate became nobler as 
the austenitisation temperature increased. The former was due to the overall iron enrichment while the latter was 
related to the microstructural transformation during quenching. Therefore, the driving force for cathodic pro-
tection decreased as the austenitisation temperature increased.   

1. Introduction 

The widespread use of hot-stamped components in the automotive 
industry can be related to their advantages in terms of lightweight and 
crashworthiness ratio [1–3]. The hot-stamping technology allows the 
production of complex design components of ultra-high strength steels 
without the influence of springback effect [4–6]. The springback is a 
phenomenon related to the mechanical working of ultra or high-strength 
steels at room temperature [6–8]. This affects mostly the final design 
and dimensions of the formed component. Consequently, ultra or 
high-strength structural components have been produced by means of 
hot stamping [9]. The direct hot-stamping process consists of heating up 
the steel blank at austenitisation temperatures and then transferring it 
from the furnace to the press tool for simultaneous forming and 
quenching [6,8,10–12]. 

The boron-manganese steel, 22MnB5 grade, has been the most used 
in the industry for hot-stamping applications due to its high harden-
ability. This is an intrinsic property related to the steel composition, 
greatly influenced by carbon, manganese and boron content addition [4, 
5,8,13–15]. Before hot stamping, the steel has a ferrite-pearlite micro-
structure and tensile strength around 600 MPa; at the end of the process, 
the tensile strength may increase up to 1500 MPa, due to martensitic 

transformation which takes place during the quenching [4,6,9,15]. 
In order to avoid both steel oxidation and decarburisation, the sub-

strate is usually protected with a metallic coating before hot stamping 
[6,8]. The hot-dip aluminium-silicon (Si 10 % in mass fraction) is the 
main metallic coating applied for hot stamping [6,10,11,16]. The Al-Si 
system has already been used in exhaust systems due to its resistance 
to both corrosion and oxidation at high temperatures, due to the pres-
ence of a dense and stable oxide layer [17,18]. However, the 
thermo-mechanical process changes the coating morphology as a 
consequence of iron, aluminium and silicon diffusion which occurs at 
high temperatures [16,19,20]. 

The electrochemical behaviour of the hot-stamped steel coated with 
Al-Si coating has been evaluated by means of global and local electro-
chemical techniques [10,11,21,22]. The necessity for local in-
vestigations has been highlighted by the complexity of the system 
composed of several layers which present different intermetallic phases 
[21,22]. In a previous investigation, the effect of hot-stamping process 
on the electrochemical behaviour of 22MnB5steel coated with Al-Si (Si 
10 % in mass fraction) was evaluated by means of scanning Kelvin probe 
force microscopy (SKPFM). The results showed that the iron enrichment 
in the coating layer during austenitisation leads to the coating enno-
blement and reduction of the driving force for cathodic protection, as the 
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Volta-potential difference between the steel substrate and the coating 
layer greatly decreased [21]. However, the samples used in the referred 
work [21] were provided by a carmaker, therefore, the process param-
eters, such as austenitisation temperature, soaking time and cooling rate 
were not known. 

It is known that the coating morphology is highly influenced by the 
process parameters during hot stamping [16,19,20]. Windmann et al. 
[19,20] have shown that increasing the soaking temperature increases 
the growth of ductile intermetallic phases in the coating layer, as the 
iron diffusion is promoted. Nonetheless, little is known about the in-
fluence that these process parameters could have on the electrochemical 
behaviour of the system (coating/steel). Therefore, this work aims at 
correlating the effect of austenitisation temperatures during hot 
stamping on the morphology of the Al-Si coating with the local elec-
trochemical properties of this system. Samples of 22MnB5 steel coated 
with hot-dip Al-Si (Si 10 % in mass fraction) were prepared at different 
austenitisation temperatures, maintaining the soaking time constant. 
Microstructural analysis was carried out using field emission-scanning 
electron microscopy (FE-SEM) and energy dispersive X-ray spectros-
copy (EDS). Additionally, surface potential maps of the coatings’ cross 
sections were studied by means of scanning Kelvin probe force micro-
scopy (SKPFM). Despite the similarity with our previous work [21], this 
approach allowed a better understanding the galvanic interactions 
within the coating layer and between the coating and the metal substrate 
as function of the austenitisation temperature. 

2. Experimental 

2.1. Samples 

Blanks of 22MnB5 steel with a thickness of 1.4 mm and hot-dip 
coated with Al-Si (Si 10 % in mass fraction) were submitted to a hot- 
stamping process on laboratory scale. The coating has an average 
thickness of 25 μm per side and mass of 150 g ⋅ m− 2 double-sided [23]. 
The samples were heated up at different austenitisation temperatures 
(850 ◦C, 900 ◦C and 950 ◦C) for 8 min. The transfer time from the 
furnace to the press tool was lower than 7 s. The stamping tool was 
composed of a cooling system by water ducts with flow rate of 13 
L ⋅ min− 1 and the ducts temperature were maintained at 5 ◦C. The press 
tool had a clamping force of 79 t and a contact pressure was maintained 
at 70 MPa. There was no mechanical deformation of the specimens; 
there was only compressive strain, as they were kept flat. During hot 
stamping, the microstructure of the steel substrate is transformed from 
ferrite-pearlite into martensite. 

After hot stamping, the specimens were cut into small samples 
suitable for electrochemical measurements and surface character-
isations. The hot dipped and heat-treated surface (30 × 30 mm 2) was 
cleaned in isopropanol and dried by a cold stream of air. Cross-section 
polished samples were prepared by hot mounting in Bakelite, grinding 
and polishing with 0.25 μm colloidal silica suspension as the final step. 
In this work, the samples before hot stamping were named as “AR” (as 
received) whereas the samples submitted to the press hardening were 
designated as “PHS” (press-hardened steel), as shown in Table 1. 

2.2. Cross-section characterisation 

The characterisation of AR and PHS sample cross-sections were 

carried out using a field emission-scanning electron microscope (FE- 
SEM). FE-SEM images were obtained in backscattering mode, using 15 
kV acceleration voltage of 30 pA probe current and a work distance of 10 
mm. The mappings of the chemical composition and the local quanti-
tative analyses (point ID) were obtained by means of energy dispersive 
X-ray spectroscopy (EDS). 

2.3. Electrochemical measurements and scanning Kelvin probe force 
microscopy 

Electrochemical tests were carried out using a three-electrode cell 
configuration consisting of an Ag|AgCl| 3 mol⋅L− 1 KCl as a reference 
electrode (RE), a platinum grid as counter electrode (CE) and the sample 
as working electrode (WE). The open circuit potential (OCP) was 
measured in aerated 5.0 % NaCl (in mass fraction) for 1 h. After OCP 
measurements, anodic polarisation curves were obtained, starting from 
200 mV below the OCP with a sweep rate of 1 mV⋅s− 1. All tests were 
carried out at room temperature and the working electrode surface was a 
circular region with 1 cm in diameter. At least three measurements were 
carried out for each sample condition. The average values and the 
standard deviation of open circuit potential (OCP), at t = 3600 s, and 
corrosion potential (E*) were calculated. 

The samples’ topographies, Volta-potential mappings and their 
respective Volta-potential line profile were recorded by scanning Kelvin 
probe force microscopy (SKPFM) with a commercial atomic force mi-
croscope (Park Systems XE-100). 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 N ∙ m− 1 to 5 N ∙ m− 1. Additionally, highly oriented pyrolytic 
graphite (HOPG) was used as a reference material for the calibration of 
the measured Volta potential for each sample. Topographic and corre-
sponding potential images were simultaneously gained using a dynamic 
mode with a single-pass methodology. This methodology is based on 
frequency modulation mode, in which distance-related artefacts are 
eliminated. The potential signal recorded was inverted in order to reflect 
the real relation between the Volta-potential values of the surface under 
investigation [17,24–26]. In the Volta-potential mappings the darkest 
contrast is related to the most anodic phase whereas the brightest 
contrast to the most cathodic one. Furthermore, the distribution of 
Volta-potential was represented by means of histograms. The histograms 
were constructed based on the Volta-potential map, correspondent to a 
scanned area of 40 × 40 μm 2 which corresponded to a mapping of 512 
pixels × 512 pixels. Each pixel represents a potential value. Therefore, 
each histogram is constructed with 512 × 512 values of potential. 
Finally, from the histograms is possible to calculate the average Volta 
potential of each constituent present in the sample, based on the 
following steps:  

1 Determining the limit of the potential for each constituent (e.g., 
coating layer) and then, separating the data (of the coating layer) 
related to potential and the number of counts;  

2 Sum of the counts;  
3 Multiply each value of potential by its corresponding number of 

count;  
4 Sum of the results from step 3;  
5 Divide the results of step 4 by the value of the sum of the counts (step 

2); the result is the average potential. 

3. Results and discussion 

3.1. Cross-section coating characterisation as function of different 
austenitisation temperatures 

Fig. 1 shows the effect of the different austenitisation temperatures 
on the Al-Si coating morphology while Fig. 2 shows the EDS data (Fig. 2 
(a)) and individual cross sectional mappings of the elements (Fig. 2 

Table 1 
Steel samples’ identification and their corresponding experimental conditions.  

Sample ID Condition 

AR 22MnB5 coated with hot-dip Al-Si (10 %Si in mass fraction) 
PHS850 AR condition heated at 850 ◦C for 8 min and hot stamped 
PHS900 AR condition heated at 900 ◦C for 8 min and hot stamped 
PHS950 AR condition heated at 950 ◦C for 8 min and hot stamped  
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(b–e)). The cross-section morphology of AR, before hot stamping, is 
shown in Fig. 1 (a). The coating consists of an aluminium matrix (spot 1) 
and some precipitates (spots 2 and 3). The precipitates are characterised 
as either Al-Fe-Si (2) or Si (3). In addition to this, there is also an 

interdiffusion layer present (region 4) which shows a similar composi-
tion as the ternary precipitates (spot 2). The interdiffusion layer (IDL) is 
composed of two sublayers known as upper interdiffusion layer (UIDL) 
and lower interdiffusion layer (LIDL) [17]. The LIDL is thin and bright, 

Fig. 1. Scanning backscattered electron images showing the cross-section morphologies of 22MnB5 steel coated with hot-dip Al-Si (10 % Si in mass fraction) in 
different conditions highlighting the different intermetallic phases present in: (a) AR; (b) PHS850; (c) PHS900; and (d) PHS950. 

Fig. 2. EDS analyses: (a) punctual identification for the positions highlighted in Fig. 1; and EDS elemental mappings for Al, Fe, Si and O of (b) AR; (c) PHS850; (d) 
PHS900; (e) PHS950. 
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adjacent to the steel substrate and enriched in iron (spot 5). 
Micro cracks can be identified in the IDL (Fig. 1 (a)) which are 

correlated with the formation of the LIDL, reported as a brittle phase 
(η-Fe2Al5) [17,26]. The silicon addition has been pointed out as an 
alternative to suppress the growth of the LIDL and to promote the 
growth of the more ductile UIDL, which consists of a mixture of in-
termetallics, such as θ-FeAl3 and τ5-Al7Fe2Si [17,18,24–26]. Moreover, 
the relatively smooth interface between the steel substrate and the 
coating layer is also an effect of the silicon content. In pure hot-dip 
aluminised steels, this interface shows a finger-like structure which 
can enhance the formation of cracks and coating delamination [17,18, 
26]. The EDS mapping for oxygen (Fig. 2 (b)) shows its enrichment at the 
top surface related to the native oxide layer. 

The effect of austenitisation at 850 ◦C for 8 min on the Al-Si coating 
layer is seen in Fig. 1 (b) and Fig. 2 (c) for the PHS850 sample. The 
backscattered electron image displays different contrasts for the present 
phases, indicating different compositions. The top coating (spot 6) 
consists of a ternary Al-Fe-Si phase being enriched in aluminium, while 
its underlayer (spot 7) is basically composed of Al-Fe phase, since the 
silicon content is very little, as shown in both point ID and EDS mappings 
analyses (Fig. 2 (a) and Fig. 2 (c)). Conversely, the highest silicon con-
tent is seen in the thin and bright layer (spot 8) which is a ternary Al-Fe- 
Si phase (Si about 14 % in mass fraction). This same phase is also seen as 
an island morphology (spot 11) close to the steel substrate. The silicon 
content significantly decreases towards the steel substrate, while the 
iron content increases. There is a thin layer (spot 10) at the interface 
between the coating layer and the steel substrate which has a high iron 
content. This can be considered as the interdiffusion layer for this 
sample condition. In general, the iron content gradually decreases from 
the steel substrate towards the coating top surface. The EDS maps (Fig. 2 
(c)) show the presence of an oxide layer at the coating top surface. This 
layer seems to be thicker than the one seen on the surface of the AR 
condition and might be related to the formation of thermal oxides due to 
the austenitisation of the samples during the hot-stamping process. 

Increasing the austenitisation temperature to 900 ◦C, but keeping the 
soaking time for 8 min, the coating presents three regions with different 
contrasts (Fig. 1 (c)), mostly related to the silicon content as seen in 
Fig. 2 (d). The coating matrix presents two different phases (spots 12 and 
13) which mainly differ in terms of silicon content; the dark contrast of 
the phase represented by spot 12 shows higher silicon content than the 
phase pointed out in spot 13. Comparing the silicon EDS maps in Fig. 2 
(c) and in Fig. 2 (d), it is seen that the thickness of the top layer enriched 
in silicon (6) seems to decrease (compared to the sample heated at 850 
◦C), being more concentrated at the outer surface (spot 12). Moreover, 
the silicon content in this phase (spot 12) increased from 8.8 % to 11.0 % 
(both % in mass fraction). Nevertheless, the highest silicon content (up 
to 15 % in mass fraction) is found in the brightest sublayer (spot 14), 
similar to the one presented in Fig. 1 (b) (spot 8). The effect of the higher 
austenitisation temperature is seen mainly in the thickness and in the 
morphology of the Fe/Si-rich sublayer (spot 14). The latter became 
thicker and the fraction rate of the islands decreased. Moreover, a deep 
crack is seen reaching the interface between the coating layer and the 
steel substrate. It is not possible to determine a clear interdiffusion layer. 
However, the interface between the coating and the steel (spot 15) 
presents a high iron content, aluminium and silicon in solid solution. 
Therefore, this region can be associated with the interdiffusion layer. 
Finally, an oxide layer is also observed at the coating top surface of the 
PHS900 sample as seen in the EDS map for oxygen in Fig. 2 (d). 

The coating morphology for the samples heated at 950 ◦C for 8 min 
(laboratory scale), is the most similar to the morphologies presented in 
previous investigations in which the samples were produced on an in-
dustrial large scale [21,22]. It consists of five sublayers which are either 
enriched in aluminium (sublayers 16 and 19) or in iron/silicon (sub-
layers 17, 18 and 20). It is important to highlight that the Fe/Si-rich 
sublayers have two different contrasts: the phase in spot 17 shows a 
darker contrast than the phase represented by spot 18, due to the higher 

silicon content in its composition. Moreover, this sample condition 
shows a clear interface between the coating layer and the steel substrate 
considered as the interdiffusion layer (21). According to the EDS 
semi-quantitative analysis (Fig. 2 (a)), this layer has a higher amount of 
iron. However, the elemental EDS map for silicon in Fig. 2 (e), shows 
that the silicon content is high at the interface between the coating layer 
and the steel substrate; and its content gradually decreases towards the 
steel substrate. Furthermore, a high-volume ratio of voids is seen in the 
coating layer. It is important to highlight that the cracks present are 
limited to the interdiffusion layer; and they do not reach the steel sub-
strate. The probably reason has been attributed to the thermal expansion 
coefficient of the interdiffusion layer which is similar to the one of the 
steel [27]. Similar to the other samples’ conditions, an oxide layer can be 
clearly seen at the surface as shown in Fig. 2 (e) (oxygen map). This 
oxide layer may play an important role on the corrosion mechanism as a 
protective barrier. However, further and dedicated research is necessary 
in order to fully understand the characteristics of the oxide layer. 
Additionally, manganese is often identified in the EDS point ID for most 
of the points analysed and presented (Fig. 2 (a)). This is one of the el-
ements that comprise the steel substrate composition. The austenitisa-
tion step during hot stamping may also promote its diffusion towards the 
coating layer. 

In general, these results show that variations in the austenitisation 
temperature during hot stamping can promote large changes in the 
morphology of the Al-Si coating. A schematic overview summarising the 
evolution of the Al-Si coating layer as function of different austenitisa-
tion temperatures in the hot stamping is seen in Fig. 3. This figure 
represents the AR sample being submitted to austenitisation tempera-
tures (Fig. 3 (a)). The austenitisation step in hot-stamping processes 
takes place at temperatures higher than the melting temperature of the 
eutectic Al-Si alloy (577 ◦C) [16]. Thus, the first phenomenon which 
takes place during hot stamping is the melting of the aluminium alloy 
coating matrix, but the intermetallic phases remain in the solid state 
[16], as represented in Fig. 3 (b). The high temperatures during the 
austenitisation step promote the diffusion of the elements, mainly iron, 
silicon and aluminium. The former precipitates become enriched 
(mostly in iron) and they are rearranged forming sublayers (Fig. 3 (c–e)). 
The high austenitisation temperatures enhance the growth of the sub-
layers enriched in iron and in silicon, as represented by Fig. 3 (c–e), in 
which the sample heated at 950 ◦C shows the thicker Fe/Si-rich sublayer 
and a clear interdiffusion layer. Additionally, the density of defects, 
inherent to the hot-stamping process, is also dependent on the austeni-
tisation temperature. Large cracks and voids were observed in the 
sample conditions heated at 900 ◦C and 950 ◦C. Cracks are a conse-
quence of the thermal expansion and low fracture toughness of some 
brittle intermetallics. However, cracks do not reach the steel substrate 
and they are limited to the interdiffusion layer. The thickness of the 
interdiffusion layer becomes thicker as the austenitisation temperature 
increases. On the other hand, the voids indicate the fast diffusion be-
tween the elements [5,20,27–29]. Both cracks and voids can be detri-
mental to the corrosion resistance of the material. 

Fan et al. [16] and Windmann et al. [19,20] have shown that the 
formation of intermetallics takes place in the first 2 min of the auste-
nitisation. Furthermore, successive metallurgical transformations occur 
enhanced by iron enrichment. Nevertheless, they are influenced by the 
other hot-stamping parameters, such as soaking time and the cooling 
rate. The latter may have an influence suppressing the formation of 
stable phases. Additionally, it is important to point out that the in-
termetallics might originate from metastable phases. For this reason, it is 
rather complicated to determine the most accurate phase and/or stoi-
chiometry by means of a semi-quantitative analysis because some of the 
intermetallics, mainly the ternaries of the τ-phases (from τ1 to τ9), 
present very similar composition [30]. 
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3.2. Electrochemical measurements of the coated systems as function of 
austenitisation temperature 

Fig. 4 (a) shows the OCP evolution during 1 h of immersion in 5% (in 
mass fraction) NaCl solution. The OCP values for both PHS900 and 
PHS950 decreased about 100 mV during the first 20 min of measure-
ment. This is likely related to the dissolution of the oxide layer in contact 
with the electrolyte [31]. Afterwards, the potentials were kept constant. 
The decrease seen in the OCP vs. time curves of the PHS900 and PHS950 
samples is rather smooth with the sole exception of a couple of spikes 
seen at random times. On the other hand, the PHS850 and the AR 
conditions show a small variation in OCP during the measurements, but 
both samples present a large number of spikes, depicted as fluctuations 
in the OCP value in a short period of time. This can be attributed to the 
formation of metastable pits at the sample surface, which is character-
istic of Al-Si alloys [32]. After 1 h of immersion the OCP of all the 
samples were stable. The average OCP values for each sample condition, 
as well as their standard deviations, are listed in Table 2. The OCP of the 
samples is shown to increase by increasing the austenitisation 

temperature. The AR sample displays the lowest average OCP (-0.715 V 
vs Ag|AgCl|KCl sat.) whereas the PHS950 sample shows the highest 
average OCP (-0.576 V vs Ag|AgCl|KCl sat.). Furthermore, the average 
OCP values of the PHS900 and the PHS950 are very similar, and the 
average OCP difference between these samples (PHS900 and PHS950) 

Fig. 3. Schematic overview representing the changes in the Al-Si coating morphology as function of temperature: (a) AR condition; (b) AR condition at austeni-
tisation temperatures showing the melted coating layer and the solid intermetallics; (c) coating morphology austenitised at 850 ◦C; (d) coating morphology aus-
tenitised at 900 ◦C; (e) coating morphology austenitised at 950 ◦C. 

Fig. 4. Electrochemical measurements for AR, PHS850, PHS900 and PHS950 in 5 % NaCl solution (in mass fraction): (a) open circuit potential evolution for 1 h; (b) 
anodic polarisation curves obtained by means of linear sweep voltammetry. 

Table 2 
Average OCP, E*and their corresponding standard deviation values for AR, 
PHS850, PHS900 and PHS950 samples measured in 5% NaCl solution (in mass 
fraction).  

Sample 
condition 

OCP at t = 3600 s (V vs Ag| 
AgCl|KCl sat.) 

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

Average Standard 
deviation 

Average Standard 
deviation 

AR − 0.715 0.008 − 0.701 0.004 
PHS850 − 0.598 0.023 − 0.593 0.020 
PHS900 − 0.583 0.008 − 0.584 0.008 
PHS950 − 0.576 0.007 − 0.578 0.007  
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and the PHS850 is only about 20 mV. Although only a little difference is 
observed between the OCP values of the PHS samples, there is a trend in 
which the potential shifts towards nobler values by increasing the aus-
tenitisation temperature. The ennoblement of the coating layer for PHS 
samples was attributed in previous studies to the iron and silicon 
enrichment [10,21]. Nevertheless, the formed thermal oxide layer dur-
ing heat treatments may also have an influence on the shifting of the 
OCP for the PHS samples. According to the oxygen maps shown in Fig. 2 
(b–e), the oxide layer at the top coating surface of the PHS samples 
appears to be thicker than one at the top coating of the AR sample. 
Previous investigations have shown that the PHS surface consists of a 
mixture of iron and silicon oxides [10,20]. Therefore, the oxide layer 
may play a role as a protective barrier to the under-layers, increasing 
also the OCP values. 

Fig. 4 (b) shows the characteristic anodic polarisation curves ob-
tained just after the OCP measurement for each sample condition. An 
active behaviour is identified in all anodic polarisation curves. This 
behaviour is related to the high chloride content in the electrolyte (5% 
NaCl in mass fraction) which inhibits the re-passivation of the oxide 
layer [33]. On the other hand, a previous investigation in a less 
concentrated electrolyte (NaCl 0.1 mol⋅L− 1) has shown that the surface 
(oxide layer) of both sample conditions AR and PHS presented a passive 
behaviour [22]. Table 2 also displays the average values of the corrosion 
potential E* and their standard deviations. 

According to Table 2, the values of E* show the same trend as that of 
the OCP: the AR sample presented the lowest average E*, while the 
sample heated at the highest austenitisation temperature (PHS950) 
shows the highest value of E*. The average E* difference among the 
austenitised samples is very small; the highest difference is 17 mV be-
tween the PHS850 and PHS950 samples. This difference increases to 107 
mV when the AR and PHS950 samples are compared. 

The AR sample presents the highest current density in the anodic 
branch (ia) which indicates the high susceptibility of this condition to 
corrosion in high chloride media (5 % NaCl in mass fraction) [33]. 
Moreover, an interesting difference among the anodic polarisation 
curves of the samples analysed is related to the current increment. For 
the AR sample the current increases quickly while for the PHS samples 
there is a relatively slower increase (see Fig. 4 (b)). This behaviour is 
likely to be related to the sublayers in each sample condition. As the PHS 
samples have the sublayers enriched in iron and silicon, this may have 
an influence on the current increment, because these sublayers have 
been pointed out as nobler than the Al-rich sublayers [21,22]. 

3.3. Scanning Kelvin probe force microscopy analysis 

Fig. 5 shows the topography (a) and Volta-potential map (b), as well 
as a specific Volta-potential line profile (c) for the AR sample. From the 
topographical map (Fig. 5 (a)), it is possible to distinguish the coating 
layer from the steel substrate and individual precipitates in it. For the 
steel substrate, even some grain boundaries of the pearlite-ferrite 
microstructure are observed. The precipitates in the coating layer 
reveal a slightly higher topographical contrast. 

From the Volta-potential map (Fig. 5 (b)), the interdiffusion layer can 
be identified at the interface of the coating layer/steel substrate. This 
region is not clear in the topography map (Fig. 5(a)). The Z-scale shows 
that the Volta potential varies approximately from -660 mV to -60 mV 
(vs HOPG). The darkest contrast is attributed to the free aluminium layer 
(see Fig. 1 (a) and Fig. 2 (b) - Al map), indicating that it is the less noble 
phase of the system. The precipitates and the interdiffusion layer behave 
cathodically versus the aluminium matrix. On the other hand, the steel 
substrate shows the brightest contrast, related to the noblest Volta 
potential. 

Fig. 5. Cross-section image of AR sample measured using SKPM: (a) topographic map; (b) Volta-potential map; (c) Volta-potential line profile for the line indicated 
in (b). 
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The Volta-potential line profile (Fig. 5 (c)), corresponding to the 
highlighted red line in Fig. 5 (b), indicates that the average Volta- 
potential difference between the steel substrate and the coating layer 
is approximately 360 mV. Moreover, the Volta potential of the pre-
cipitates in the coating layer is from 30 mV to 100 mV higher than the 
aluminium matrix. The average Volta potential of the interdiffusion 
layer is around - 230 mV (vs HOPG) which is 115 mV lower than the 
average Volta potential of the steel substrate. 

Fig. 6 shows the topography (a) and Volta-potential map (b) of the 
cross section of the PHS850 sample. From Fig. 6 (a), the thin sublayer 
and the intermetallics presented as an island morphology show higher 
topography than the overall coating layer which consists of different 
compositions along its thickness (see Fig. 1 (b) and Fig. 2 (a) - spots 6 
and 7). 

The Volta-potential map in Fig. 6 (b) shows the trend of the Volta 
potential increasing towards the steel substrate. Three different con-
trasts are seen in the coating layer. Correlating with Fig. 1 (b), the 
darkest contrast is regarding the top layer which consists of an Al-Fe-Si 
phase enriched in aluminium (more than 55 % in mass fraction). The 
thin Fe/Si-rich sublayer, highlighted in Fig. 6 (a), shows the brightest 
contrast of the coating layer. The contrast difference between the Fe/Si- 
rich sublayer, the intermetallics as islands and the Al-Fe sublayer is not 
very pronounced, indicating a small Volta-potential difference among 
them. Nonetheless, the cathodic behaviour of the steel is kept, indicated 
by its brightest contrast. The SKPFM results (both topography and Volta 
potential) show an interdiffusion layer in the sample which is nobler 
than the coating layer, but less noble than the bulk steel substrate. This 
interdiffusion layer was not easily distinguished in the backscattered 
electron image (Fig. 1 (b)), but it was assumed as spot10 in that same 
image. 

Fig. 6 (c) shows the Volta-potential line profile corresponding to the 

highlighted line in Fig. 6 (b). A gradient in the potential values is seen 
decreasing from the steel substrate to the outer surface of the coating. 
This can be probably related to the diffusion of iron into the coating and 
aluminium towards the steel substrate. Moreover, the line profile shows 
a great decrease in the driving force for cathodic protection (compared 
to the AR sample) between the coating and the steel matrix since the 
average Volta-potential difference between the coating layer and the 
steel substrate is around 100 mV. The heat treatment changed the 
average Volta potential of both the coating layer and the steel substrate, 
as they became nobler than the AR condition. The Volta-potential values 
of the different sublayers of the coating are distributed in a range of 
approximately 60 mV. Moreover, a slight peak is seen around the po-
sition x = 15 μm, with a potential value of approximately − 155 mV (vs 
HOPG) which may be attributed to the Fe/Si rich sublayer. The inter-
diffusion layer shows an average Volta potential of around -115 mV (vs 
HOPG), only 30 mV lower than the average Volta potential of the steel 
substrate. 

Increasing the austenitisation temperature to 900 ◦C for 8 min, the 
Volta-potential of the coating/steel system significantly changes, as seen 
in Fig. 7. 

From the Volta-potential map, Fig. 7 (b), it is seen that the Fe/Si-rich 
sublayers in the coating are slightly brighter than the overall coating. 
Additionally, a brighter and thin interdiffusion layer is seen at the 
interface between the coating and the steel. The steel substrate remains 
as the noblest phase in the system, indicating that it could be protected 
by cathodic protection provided by the coating layer. However, ac-
cording to the Volta-potential line profile in Fig. 7 (c), for the high-
lighted line in Fig. 7 (b), the Volta-potential difference between the 
coating layer and the steel substrate decreases to 85 mV in comparison 
with the previous PHS850 sample. The Volta-potential values of the 
different sublayers of the coating are distributed in a range of 

Fig. 6. Cross-section image of PHS850 sample measured by means of SKPM: (a) topographic map; (b) Volta-potential map; (c) Volta-potential line profile for the line 
indicated in (b). 
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approximately 20 mV. Additionally, the Volta potential of the interdif-
fusion layer is around − 180 mV (vs HOPG). However, this is difficult to 
determine as the interdiffusion layer is seen as a very thin interface. 
Nonetheless, these results show that increasing the austenitisation 
temperature, the coating layer becomes nobler and the Volta potential of 
the steel substrate also increases. 

Fig. 8 shows the topographical map (a), the Volta-potential map (b) 
and a Volta-potential line profile of the PHS950 sample. The different 
sublayers of the coating can be clearly distinguished in the topography 
map of the cross section (Fig. 8 (a)). 

The Volta-potential map, Fig. 8 (b), shows the brightest contrast 
(white) at the top surface which can probably be attributed to the 
thermal oxide layer, highlighted in Fig. 2 (e) - oxygen map. The coating 
layer shows different contrasts: the Al-rich sublayer shows the lowest 
Volta potential, indicated by the darkest contrast, while the Fe/Si-rich 
sublayer shows brighter contrast than the Al-rich sublayer. Moreover, 
as also seen in Fig. 1 (d), the Fe/Si-rich sublayer shows two different 
contrasts, indicating that one phase is nobler than another. The inter-
diffusion layer can be considered as the region highlighted by a rect-
angle, in which the Volta potential is the highest, except for the oxide 
layer at the top coating surface. According to the EDS mapping (Fig. 2 
(e)), even though the interdiffusion layer has a high amount of iron in it, 
its top is enriched in silicon which justifies the highest potential. Addi-
tionally, the silicon content decreases from the coating towards the steel 
substrate, while the iron content is maintained. For this reason, the 
interdiffusion layer and the steel substrate show similar Volta-potential 
values. 

The Volta-potential line profile in Fig. 8 (c) shows that the top layer 
(oxide layer) has the highest Volta potential around -60 mV (vs HOPG). 
The Volta-potential value, of the different coating sublayers, varies in 
the range from approximately − 125 mV (Fe/Si-rich sublayers) to -160 
mV (Al-rich sublayers) vs HOPG. Moreover, the average Volta-potential 

difference between the coating layer and the steel substrate is around 60 
mV. This indicates the ennoblement of both the coating layer and the 
steel substrate. Additionally, Fig. 8 (c) shows that the Volta potential of 
the steel substrate and the interdiffusion layer is very similar, around 
− 90 mV (vs HOPG). 

Fig. 9 shows the histograms constructed from the Volta-potential 
values obtained in the scanned areas. These histograms show the 
contribution of the different constituents on the Volta-potential maps 
[34–36]. For the AR sample, Fig. 9 (a), three different areas can be 
clearly distinguished: the Al matrix, the interdiffusion layer and the steel 
substrate. The coating layer shows a broad potential range which is 
related mostly to the presence of precipitates within it; while the peak 
observed at the lowest potential is attributed to the aluminium signal 
[35]. The interdiffusion layer shows a relatively sharp peak due to its 
homogeneity. Nonetheless, it is the steel substrate which shows the 
sharpest peak. However, the potential contribution of the steel substrate 
is not only composed of one peak due the pearlite-ferrite microstructure. 
From the histogram, it is possible to estimate the average Volta-potential 
value of each region. It is important to highlight that these average 
values can be, sometimes, slightly different from those presented in the 
Volta-potential line profiles for each sample, because those were related 
to the specific line randomly chosen in the Volta-potential map. From 
the histograms, the average values are related to the whole scanned 
area. Thus, the average Volta-potential value of the Al coating matrix, 
the interdiffusion layer and the steel substrate are - 480 mV, − 250 mV 
and − 140 mV (vs HOPG), respectively. 

Fig. 9 (b) shows the histogram of the Volta-potential values for the 
PHS850 sample. The coating layer is presented by two main peaks due to 
the different composition across the coating. The first peak around − 180 
mV (vs HOPG) can be attributed to the top layer enriched in aluminium 
and the second peak, around -160 mV (vs HOPG), may be related to the 
Al-Fe phase in which the amount of iron is around 40 % (in mass 

Fig. 7. Cross-section image of PHS900 sample measured by means of SKPM: (a) topographic map; (b) Volta-potential map; (c) Volta-potential line profile for the line 
indicated in (b). 

C.P. Couto et al.                                                                                                                                                                                                                                



Corrosion Science 190 (2021) 109673

9

fraction). The contribution of the Fe/Si- rich sublayer and the in-
termetallics cannot be precisely highlighted in the histogram as they are 
very thin, and the relative number of counts is very limited. Finally, the 
contribution from the steel substrate can be seen with an average Volta- 
potential of around -85 mV (vs HOPG). 

The corresponding histogram for the PHS900 sample is shown in 
Fig. 9 (c). It presents two sharp peaks: the first at lower Volta potential 
regarding the coating layer and the second, at higher potentials, repre-
senting the steel substrate. It can be explained by correlation with Fig. 7 
(b) which shows that the Volta potential is approximately the same 
throughout the whole coating layer, except for the Fe/Si-rich sublayers 
and the interdiffusion layer. Nevertheless, as the two latter show very 
thin thickness, they do not show a representative contribution in the 
histogram. 

Fig. 9 (d) shows the histogram of the PHS950 sample. The broader 
area corresponds to the coating layer, as it is composed of different 
sublayers. The Al-rich sublayers can be characterised as the sharp peak 
seen at low potentials (around − 150 mV vs HOPG), whereas the Fe/Si- 
rich sublayers show an average potential around - 125 mV(vs HOPG). 
From Fig. 9 (by looking at the separation between the peaks) it is clear 
that the Volta-potential difference between the coating layer and the 
steel substrate decreases as the austenitisation temperature increases. 
Moreover, the shift towards nobler values is seen both for the coating 
layer and for the steel substrate. Finally, the noblest Volta potential (-60 
mV vs HOPG) is attributed to the thermal oxide layer shown in Fig. 2 (e) 
and Fig. 8 (b). 

As shown by means of the Volta-potential maps and the histograms, 
there is an ennoblement of the steel substrate after the thermo- 
mechanical process which can be attributed to the microstructural 
transformation from pearlite-ferrite (AR condition) into martensite (PHS 
samples). Fig. 10 shows the average Volta-potential value of the bulk 
steel substrate for each sample condition. The Volta potential of the bulk 

steel substrate of each sample was measured at least three times. Thus, 
the box plots shown in Fig. 10 represent the merging of all the mea-
surements. This indicates a good reproducibility for each sample con-
dition, even considering the slight scatter. The Volta-potential values of 
the steel in the various PHS conditions are all in the same range; at least 
25 % of potential measured are equals. Interestingly, the average Volta- 
potential of the steel substrate in the PHS samples is around 46 mV 
higher than the steel substrate in the AR condition. This is in good 
agreement with the value reported in our previous work (approximately 
53 mV) [21]. The steel ennoblement is probably related to the micro-
structural transformations from pearlite-ferrite into martensite. The 
works of Sarkar et al. [37] and Fushimi et al. [38] show that martensite 
has higher corrosion potential than ferrite, which is in perfect agreement 
with our SKPFM results. In a dual-phase steel, ferrite acts as anode and 
the martensite plays the role of a cathode. On the other hand, even 
though martensite was shown to be nobler than ferrite, in earlier studies 
martensite was also reported to have a relatively higher corrosion rate 
compared to ferrite. According to Fushimi et al. [38] the electrochemical 
behaviour of the martensite is related to its supersaturated structure in 
carbon, as well as the residual stress involved during its microstructural 
transformation. The latter can alter the electronic properties of the steel 
matrix. This influences the Fermi level and, consequently, the work 
function of the material. 

Fig. 11 summarises the average Volta potential of the coating layer, 
the steel substrate and the difference between them. This difference 
clearly decreases as the austenitisation temperature increases, which is 
an important overall observation. 

As seen in Fig. 11, the higher the austenitisation temperature the 
lower the Volta-potential difference between the coating layer and the 
steel substrate. Among the austenitised samples, the PHS850 shows the 
highest Volta-potential difference between the coating and the steel 
substrate (100 mV). Moreover, as seen in Fig. 6 (c), the Volta potential 

Fig. 8. Cross-section image of PHS950 sample measured by means of SKPM: (a) topographic map; (b) Volta-potential map; (c) Volta-potential line profile for the line 
indicated in (b). 
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increases gradually towards the steel substrate for this sample condition. 
This could contribute to the reduction of galvanic-coupling effects be-
tween the steel substrate and the coating layer. The overall coating 
ennoblement is mainly related to iron enrichment. However, silicon 
plays a significant role as well, as it forms a solid solution with iron, 
shifting the Volta potential of the Fe/Si-rich sublayers towards nobler 
values [22]. On the other hand, the steel substrate becomes nobler due 
to the phase transformations. 

The results presented here highlight the high dependence of the 

morphology and local electrochemical behaviour of the coating/steel 
system on the austenitisation temperature. Increasing the austenitisa-
tion temperature causes large changes in the coating morphology, 
highlighted by its complexity due to the different intermetallic phases 
formed. Consequently, the electrochemical behaviour alters as the sys-
tem (coating/steel) becomes nobler. Both global (E* and OCP) and local 
electrochemical measurements show the same trend in which the po-
tential of the system increases as function of the austenitisation 

Fig. 9. Histograms based on the Volta-potential map highlighting the contribution of different phases for: (a) AR; (b) PHS850; (c) PHS900; (d) PHS950.  

Fig. 10. Average Volta potential of the steel substrate as function of different 
austenitisation temperatures. 

Fig. 11. Average Volta-potential of the coating layer, the steel substrate, and 
the difference between them (ΔΨ) for each sample condition: AR, PHS850, 
PHS900 and PHS950. 

C.P. Couto et al.                                                                                                                                                                                                                                



Corrosion Science 190 (2021) 109673

11

temperature. In general, the driving force for cathodic protection is 
influenced by changes in austenitisation temperature, which is shown by 
variations in the Volta-potential difference between the steel substrate 
and the coating layer. Finally, as main contribution it can be said that 
hot-stamping austenitisation temperatures greatly alters the structure- 
composition of the coating and consequently changes the corrosion 
properties of the system. 

4. Conclusion 

The effect of different austenitisation temperatures on the electro-
chemical behaviour of Al-Si coatings (10 % Si in mass fraction) was 
evaluated for press-hardened steels on laboratory scale. The main 
findings can be summarised as follows: 

i This work demonstrates that small changes in austenitisation tem-
perature (50 ◦C) during the hot-stamping process can result in great 
variations in the Al-Si coating morphology and consequently alter 
the (local) electrochemical behaviour of the system (coating/steel).  

ii The hot-dip Al-Si coating becomes a multi-layered system as the 
austenitisation temperature increases. The increase in austenitisa-
tion temperature accelerates the diffusion of iron into the coating 
and promotes the formation of either binary or ternary intermetallic 
phases. The presence of cracks and voids is also related to higher 
austenitisation temperatures.  

iii Corrosion potential in NaCl solution (5% in mass fraction) shifts to 
nobler values by increasing the austenitisation temperature. This is 
attributed to the iron enrichment in the coating and the formation of 
thermal oxides. However, a small difference was seen between the 
heated (and hot stamped) samples.  

iv The Volta-potential difference between the coating layer and the 
steel substrate, and therefore the driving force for cathodic protec-
tion, decreases as the austenitisation temperature during the hot- 
stamping process increases. Both coating layer and steel substrate 
become nobler after the thermo-mechanical process: the first one due 
to the iron enrichment into the coating layer, and the second due to 
the phase transformation of the steel substrate from pearlite-ferrite 
to martensite. 
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[19] M. Windmann, A. Röttger, W. Theisen, Formation of intermetallic phases in Al- 
coated hot-stamped 22MnB5 sheets in terms of coating thickness and Si content, 
Surf. Coatings Technol. 246 (2014) 17–25, https://doi.org/10.1016/j. 
surfcoat.2014.02.056. 
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