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INFLUENCE OF HEAT TREATMENT ON THE MICROSTRUCTURAL CHANGES OF 22MnBS STEEL
WITH AN OXIDATION-RESISTANT Al-Si COATING

This study investigates the influence of heat treatment parameters during the industrial hot stamping process on the micro-
structure and phase composition of Al-Si coatings applied to 22MnBS5 steel. The Al-Si coating effectively protects the steel substrate
against high-temperature oxidation and reduces the risk of stress-corrosion cracking. Extended austenitization promoted Fe-Al
interdiffusion and phase transformations at the coating-substrate interface. Prolonged dwell times facilitated the formation of more
ductile FeAl intermetallic phases, although the number of Kirkendall voids also increased. At the same time, austenite grain growth
was observed in the substrate, which may adversely affect the mechanical properties of the steel.
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1. Introduction

Steels used for automotive body components are often sub-
jected to the hot stamping process, which allows the production
of high-strength parts with tensile strength exceeding 1500 MPa.
Such materials are commonly referred to as press-hardening
steels (PHS), with typical examples being 22MnBS5 and 38MnB5
grades containing increased boron content [1-3]. A key issue for
22MnBS5 steel used in hot stamping is its resistance to oxida-
tion and corrosion under high-temperature conditions as well
as during service.

Al-Si coatings provide effective protection against oxi-
dation and decarburization during austenitization by forming
intermetallic layers and a continuous Al,O5 film [4,5]. At the
same time, they reduce the susceptibility of stamped components
to stress-corrosion cracking and hydrogen embrittlement, which
is a significant advantage over other coating systems such as
zinc-based ones [6,7].

The hot stamping process produces components of
increased safety and high strength, which results from the
martensitic microstructure formed during rapid cooling in the
water-cooled steel die after plastic deformation under the press.
A schematic diagram of a typical industrial hot stamping line
is shown in Fig. 1. The quenching process requires austenitiza-
tion of the steel sheets before forming at temperatures of 900°C

or higher. Previous studies have indicated that austenitization at
this temperature ensures a favorable balance between strength
and ductility [5].

Blanking tool

Roller furnace

Austenitic blank \ %/

Water-cooled
forming tool

Fig. 1. Schematic diagram of an industrial hot stamping line (adapted
from [1])

In the commonly used production lines equipped with
continuous furnaces without protective atmospheres, coated
sheets are necessary to prevent high-temperature oxidation of
the steel surface during heating. Although the heat treatment
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time is usually short (5-10 min), oxidation and decarburiza-
tion of uncoated steel can significantly reduce the mechanical
strength of thin-walled components (1-2 mm). Moreover, the
corrosion-resistant coating also improves the durability of the
final products during service.

In industrial practice, the coatings are mainly AlSi10 layers
deposited by hot dipping. The use of zinc-based coatings is not
possible because of the low boiling point of zinc [7]. The param-
eters of the austenitization process must ensure the formation of
a fully homogeneous austenitic structure, which in turn leads to
the desired martensitic structure after rapid cooling in the press.

During heating, phase evolution occurs within the coating
due to intensive diffusion of iron, aluminum, and silicon [8,9].
The formation of Fe-Al and Fe-Al-Si intermetallic phases en-
sures adequate high-temperature corrosion resistance. A properly
developed intermetallic layer provides durable oxidation resist-
ance, eliminating the need for phosphating before applying paint
coatings to the final parts after hot stamping.

During austenitization, heat-resistant intermetallic phases
are formed in the binary Fe-Al and ternary Fe-Al-Si systems,
with varying stoichiometry depending on process parameters [9].
According to literature data, diffusion of Fe, Al and Si begins at
temperatures above 600°C [10]. Therefore, selecting appropri-
ate austenitization parameters, particularly the soaking time,
is essential not only for the final mechanical properties of the
steel but also for the resulting thickness and phase composition
of the coating.

The heating rate to the austenitization temperature should
be relatively low, below 10°C/s, to avoid melting and flow of the
coating metal. Coatings rich in brittle, aluminum-based phases
may crack during forming. Conversely, Fe-rich phases, such
as FeAl, are more ductile and improve weldability of stamped
components; thus, the outer layer of the coating should contain
a higher iron content [10].

The main objective of this study was to analyze the ef-
fect of soaking time (300 s and 700 s) during heat treatment
on an industrial hot stamping line on the thickness and phase
composition of AISi10 coatings. The treatment temperature was
determined by the technological constraints of the production line
and the process requirements and remained constant throughout
the experiment.

The results are important for the optimization of industrial
processes in the automotive sector, enabling the production
of components with the required mechanical properties while
reducing manufacturing costs and minimizing the number of
defective products that may result from technological errors,
such as excessive soaking time in the furnace.

2. Experimental Procedure

The material investigated was 22MnBS5 steel containing
0.22%C, 1.2%Mn, 0.2%Si, 0.25%Cr and 0.004%B (wt.%),
after cold rolling and subsequent application of an Al with
10% Si (AlSi10) coating at 675°C. Prior to hot stamping, the steel

sheets were austenitized in a continuous roller furnace designed
for industrial-scale heat treatment.

The furnace consisted of five heating zones with tempera-
tures of 600, 650, 700, 800 and a final temperature of 910°C.
The temperature on the sheet surface was measured using
thermocouples. The residence times of the sheets in the furnace
were 300 s and 700 s, corresponding to austenitization times of
approximately 220 s and 460 s, respectively. Based on previous
dilatometric studies, the Acs temperature of the examined steel
was determined to be 835°C. This temperature was reached after
80 s and 240 s of soaking within the furnace for the respective
treatment durations.

The microstructure and coating thickness were examined
using an Olympus GX71 light microscope (LM) in bright-field
mode on both the surface and cross-sections of the samples
taken along the rolling direction, for the initial condition and
after heat treatment.

Microstructural observations and chemical composition
analyses were performed using a Hitachi 3400N scanning
electron microscope (SEM) equipped with a Thermo NORAN
energy-dispersive X-ray spectrometer (EDS) and a System
SEVEN microanalysis system. Imaging was carried out using
a backscattered electron (BSE) detector under low vacuum con-
ditions (70 Pa chamber pressure) with an accelerating voltage
of 15 keV. The chemical composition was determined by EDS
in selected areas.

Static tensile tests were conducted on a Zwick/Roell testing
machine, and hardness was measured using the Vickers method
(HV10) on a Zwick 3212002/00 hardness tester.

3. Results and Discussion

3.1. Microstructure of 22MnBS steel with AlISil10 coating
(LM observations)

The microstructures of 22MnBS steel with an AlSil0
coating, observed on longitudinal cross-sections in the initial
condition and after hot stamping, are presented in Fig. 2. After
the process, the steel transformed from a ferritic (F) — pearlitic
(B) structure typical of annealed materials into a fully martensitic
structure as a result of rapid cooling in a water-cooled steel die.
Compared with the initial state (Fig. 2a), the coating thickness
increased after hot stamping due to diffusion processes, with
the growth being more pronounced for longer soaking times
(Fig. 2b, c¢). The optical microscopy observations revealed that
the coating has a multiphase structure, as indicated by the contrast
variation between different phases.

After heat treatment, small voids were observed within the
coating, while local cracks were formed due to the mechanical
pressure exerted by the die during forming. The coating in the
as-received state exhibited a total thickness ranging from 24.5
to 26.7 um. Near the steel substrate, a darker diffusion layer (DL)
was visible, with an average thickness of approximately 4.5 pm
and local regions up to 9 um.



Fig. 2. Microstructure of 22MnBS5 steel with AlSil0 coating on a longitudinal cross-section: (a) as-received condition; (b, c) after hot stamping
with soaking times of 300 s and 700 s, respectively (LM)

After heat treatment with a soaking time of 300 s, the total
coating thickness increased to 33.9-36.9 um, and the DL reached
an average thickness of about 7.3 um. Extending the soaking time
to 700 s intensified diffusion processes, resulting in a thicker
DL (~19.6 um on average) and a total coating thickness of ap-
proximately 45.8 pm.

3.2. Microstructure of 22MnBS steel with AlISil0 coating
as-received condition (SEM and EDS analysis)

In the as-received condition, after rolling and coating
deposition at 675°C, the investigated 22MnBS5 steel exhibited

a ferritic (F) microstructure with degraded pearlite plates (P),
which may indicate the beginning of upper bainite (B) formation
(Fig. 3a, b). The elemental distribution within the outer coating
layer was non-uniform, as confirmed by linear and area EDS
concentration profiles (Figs. 3 and 4).

The coating consisted mainly of an aluminum-rich matrix
with silicon segregations formed during the eutectic transforma-
tion upon cooling after coating deposition (Fig. 4, TABLE 1 —
regions 1 and 2). Elongated Si-rich phases were visible, while
only minor amounts of iron were detected in this layer (Fig. 4).

In the inner layer, located closer to the steel substrate and
characterized by a brighter contrast in SEM images (marked as
IMP in Fig. 4c¢), an increased iron concentration was observed
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Fig. 3. Microstructure of 22MnBS5 steel with AlSi10 coating in the as-received condition before hot stamping, (SEM —a, b, ¢; EDS line profiles — d)



272

(Fig. 4d). The data summarized in Fig. 4d and TABLE 1 suggest
the presence of intermetallic phases of variable stoichiometry,
generally of the Fe,AlSi, type.

A very thin, bright-contrast layer was also visible at the
steel-coating interface, enriched in iron (=49.5 at.%), aluminum
(=44.5 at.%) and silicon (=6 at.%), which corresponds to the
composition of the FeAl phase containing silicon in solid
solution.

TABLE 1

Chemical composition of the AlSi10 coating in the as-received
condition (at.%) determined by EDS in the regions marked
in Fig. 3d. Values are given as mean + standard deviation (SD at.%)

Chemical composition, .
Yoat. / + SDp%at. AFK Si-K FeK
p-1 98.9+0.8 1.1£0.2 —
p-2 88.7+0.7 11.2+04 —
p-3 63.3+0.5 10.8 £0.4 259+0.8
p-4 58.0+0.5 6.0+0.4 36.0+0.8

Iron diffusion towards the coating surface resulted in an
increased Fe concentration in the outer layer, which in the as-
received condition consisted mainly of aluminum and silicon.
In the middle region of the coating, a relatively homogeneous
concentration of elements was observed. For example, in re-
gion 1, the average chemical composition was: Al — 57.6 at.%,
Fe — 38.7 at.% and Si — 3.7 at.% (Fig. 5d, TABLE 2). This
composition corresponds to an intermetallic phase of the AlsFe:
type containing silicon in solid solution, consistent with previous
reports [5]. Some authors also indicate the possible presence of
FeAl: phase [9].

Additionally, elongated bright-contrast regions were
identified (Fig. 5d, TABLE 2, regions 2 and 3), containing ap-
proximately Fe — 43.2 at.% Al — 41.5 at.% and Si — 19.3 at.%,
which correspond to the FeAl phase with silicon dissolved in
solid solution (up to 16% [2]).

TABLE 2

3.3. Microstructure of 22MnBS steel with AlISil10 coating
after heat treatment for 300 s (SEM and EDS analysis)

The microstructure of 22MnB5 steel samples with the
AlSi10 coating after hot stamping with a soaking time of 300 s,
as well as the corresponding linear EDS concentration profiles,
are presented in Fig. 5. After the process, the steel exhibited
a predominantly martensitic microstructure with small regions of
upper bainite (upper-B) and locally with morphologies indicating
the presence of lower bainite (lower-B) (Fig. 5a, b).

The coating microstructure changed significantly compared
with the as-received state due to element diffusion processes
(Fig. 5c). The distribution of aluminum, silicon, and iron became
non-uniform, as shown by the EDS elemental maps (Fig. 6).
Because of its low concentration, manganese diffusion was not
analyzed.

Al K

Chemical composition of the coating after hot stamping
with a soaking time of 300 s (at. %) determined by EDS

in the regions marked in Fig. 5d.
Values are given as mean + standard deviation (SD at.%)

Chemical composition, .
Yeat, /4 SD Yoat, ALK SiK FeK
p.1 57.6 0.8 3.7+0.2 38.7+£0.5
p-2 33.5+0.6 19.3+04 46.8 0.8
p-3 332+£0.5 13.0£04 522+0.8
p. 4 43.6+0.8 12.2+0.3 442 +£0.5
p-5 152+04 2.1+0.3 84.8+0.8

Diffusion of aluminium and silicon towards the steel sub-
strate resulted in an increase in the thickness of the DL compared
with the as-received condition. Due to differences in diffusion
rates of aluminum and iron, Kirkendall voids were observed
within the DL (Fig. 6¢) [10,11].

The chemical composition of this DL gradually changed,
with decreasing aluminium and silicon contents towards the steel

0 [ 32 0 [ 25
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Fig. 4. Elemental concentration profiles (Al, Si, Fe) across the longitudinal cross-section of the coating and steel substrate in the as-received

condition (EDS)
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Fig. 5. Microstructure of 22MnBS5 steel with AISi10 coating after hot stamping with a soaking time of 300 s, (SEM — a, b, ¢; EDS line profile — d)
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Fig. 6. Elemental concentration maps (Al, Si, Fe) across the longitudinal cross-section of the coating and steel substrate after heat treatment with

a soaking time of 300 s (EDS)

substrate (Fig. 5d, TABLE 3). In the outer part of the DL, an inter-
metallic phase of the AlFe type (Al —44.7 at.%, Fe —43.1 at.%)
was most likely formed, while below it a solid a-Fe solution
was present, with representative compositions for regions 4 and
5 listed in TABLE 3.

3.4. Microstructure of 22MnBS5 steel with AlISil10 coating
after heat treatment for 700 s (SEM and EDS analysis)

The microstructure of 22MnB5 steel samples with the
AlSil0 coating after hot stamping with a soaking time of 700 s,
together with the corresponding EDS linear concentration pro-
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files, is shown in Fig. 7. After hot stamping, the steel exhibited
a fully martensitic structure with regions of different morpholo-
gies. Similar to the specimens heat-treated for 300 s, local areas
indicative of lower bainite (lower-B) were observed (Fig. 7a, b).

Prolonged soaking during heat treatment resulted in a pro-
nounced increase in the thickness of the DL. The frequency and
size of Kirkendall voids also increased noticeably (Fig. 7c).
In the outer coating layer, irregular bright-contrast regions were
visible on SEM images, enriched in iron up to approximately
60 at.%, indicating advanced diffusion of this element towards
the surface (Fig. 7d, regions 1 and 2; TABLE 3).

Similar to the heat-treated coating for 300 s, a mixed-phase
region was identified, composed mainly of the intermetallic
AlsFe, phase with a small fraction of FeAl (Fig. 7d, TABLE 3,
region 3). Within the thick DL, distinct grain boundaries between
intermetallic phases could be observed (Fig. 7c).

The chemical composition of the DL towards the steel
substrate changed similarly to that in the 300 s variant, with
decreasing aluminium and silicon contents in the direction of the
base metal (Fig. 7d). In the outer part of the DL, an intermetallic
phase of the FeAl type was most likely formed, with an average
composition of Fe —46.9 at.%, Al —41.7 at.% and Si—11.4 at.%
(TABLE 3, region 4). Below this layer, a solid a-Fe solution
with gradually decreasing aluminium content was observed, in
accordance with the Fe-Al equilibrium system, as shown for
regions 5 and 6 (TABLE 3).

TABLE 3

Chemical composition (at. %) of the coating after hot stamping
with a soaking time of 700 s determined by EDS in the regions
marked in Fig. 7d. Values are given as mean =+ standard

deviation (SD at.%)

hemical composition .
¢ SA)atc. / dfOSDp‘;:at.o ' ALK Si-K Fe-K
p-1 59.3+£0.5 1.3+0.1 39.4+0.6
p-2 33.1+£0.6 10.0£0.2 55.8+0.8
p-3 33.4+0.6 8.1+0.2 57.1+0.8
p. 4 41.7+0.8 114+£0.3 469 +0.7
p-5 154+0.3 4.6+0.2 80.0+0.8
p-6 57+0.2 1.1+0.2 93.2+0.8

3.5. Mechanical properties of 22MnBS steel

The mechanical properties of 22MnBS5 steel in the as-
received condition and after hot stamping are summarized in
TABLE 4. After the process, a significant increase in both hard-
ness (by approximately 1.7 times) and tensile strength (more
than twice) was observed because of the martensitic transfor-
mation during rapid cooling in the steel die. At the same time,
elongation decreased by more than twofold compared with the
as-received state.
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Fig. 7. Microstructure of 22MnBS5 steel with AISi10 coating after hot stamping with a soaking time of 700 s, (SEM —a, b, ¢; EDS line profile — d)
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TABLE 4

Mechanical properties of 22MnBS5 steel in the as-received condition and after hot stamping with different soaking times, N = 10
for hardness measurements, N = 3 for tensile tests

Hardness Tensile test
Condition HV10 Yield strength, R, ,, | Tensile strength R,,, | Elongation As, Number of replicates (N)
MPa MPa %
As-received, coated 260+ 5 399+ 10 596 + 15 20,5+ 3 10 (Hardness) / 3 (Tensile)
Required after hot stamping 400-510 950-1250 1300-1650 >5 —
Soaking — 300 s 450 =7 1210 +20 1430 + 25 73+2 10/3
Soaking — 700 s 455+ 6 1180+ 15 1450 + 20 7,1+3 /3

No distinct influence of the soaking time on the mechanical
properties was identified. The measured hardness (HV10), yield
strength (R, ), tensile strength (R,,) and total elongation (As)
values were within the range required for hot-stamped parts.

4. Summary and conclusions

Al-Si coatings applied to 22MnBS5 steel intended for hot
stamping serve a dual purpose: they protect the steel against
oxidation and decarburization during austenitization and improve
corrosion resistance under service conditions. Intermetallic lay-
ers formed during heating (mainly Fe,Als, FeAl, and to a lesser
extent FeAl, and ternary Fe-Al-Si phases) act as diffusion bar-
riers, limiting oxygen transport into the steel substrate [6,8].
Above 600°C, a continuous Al,O5 layer forms on the surface,
stabilized by silicon, which further enhances resistance to high-
temperature oxidation [5].

In humid service environments, stress-corrosion cracking
induced by hydrogen represents a major risk. During hot stamp-
ing and austenitization, water vapour may react with aluminum,
producing atomic hydrogen. Hydrogen diffusion into the mar-
tensitic matrix of 22MnBS5 steel increases the risk of delayed
fracture [6]. This phenomenon can be mitigated by optimizing
heat treatment parameters, reducing Kirkendall voids, and ensur-
ing the formation of an Fe-rich (FeAl-type) outer coating layer,
which provides higher ductility and better weldability [4,10].

In contrast to zinc coatings, which cannot be used in hot
stamping due to the low boiling point of zinc (907°C), Al-Si
coatings provide both oxidation protection during heating and
durable atmospheric corrosion resistance in service [11,12]. Lit-
erature reports also indicate that such coatings can eliminate the
need for phosphating prior to cathodic electrodeposition painting,
which is advantageous for industrial practice [1].

From the industrial standpoint, the hot stamping process
should be as short as possible while maintaining optimal prop-
erties. For both soaking times investigated (300 s and 700 s),
a predominantly martensitic structure was obtained with some
regions of lower bainite morphology. Small areas of upper bainite
observed after shorter soaking (300 s) are unfavorable for service
performance. The region marked as lower bainite in Fig. 5 may
also include self-tempered martensite, as both microstructures are
morphologically similar. According to previous studies on PHS,
the relatively high My (~410-430°C) temperature of 22MnB5

promotes the precipitation of fine transition carbides during
cooling, which is characteristic of self-tempering [3,13,14].

Mechanical testing showed that extending the austenitiza-
tion time to 700 s caused a slight decrease in yield strength (R, )
but a marginal increase in tensile strength (R,,). This behavior
results from grain growth of austenite during prolonged soaking,
which slightly reduces yield strength, while improved austenite
homogeneity enhances tensile strength. No reduction in ductility
was observed with increasing soaking time.

The coating structure evolved during heat treatment due to
diffusion of aluminum, silicon and iron, forming several inter-
metallic phases with variable compositions. Prolonged soaking
increased both the total coating thickness and the DL thickness.
A higher iron concentration in the surface region promoted the
formation of the more ductile FeAl phase, while reducing the
fraction of brittle Fe,Als and FeAl, phases, thus minimizing
cracking during forming. However, the number and size of
Kirkendall voids increased with longer soaking times.

To fully determine the phase composition of the coating,
further studies using electron backscatter diffraction (EBSD)
are recommended. Additionally, analysis of diffusion kinetics,
diffusion coefficients, and diffusivity would enable the develop-
ment of a physical model describing coating structure evolution
under hot stamping heat treatment conditions.
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