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Paper deals with the evaluation of protective coating surface layer Al-Si at boron steel 22MnB5. Parts from these 

steels are used at the car-body design. Such parts are produced by hot forming technology that means not only 

higher requirements on material but also on the surface layer. Coatings are used to protect surface against 

oxidation during heating and also support the own forming process inside the tools. In this paper is evaluated the 

protective layer change during heat treatment - heating in furnace (8, 12 and 16 min). Performed microscopic 

analysis of Al-Si surface layer proves the thermal regime influence on the change of coating properties. 
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 Introduction 

Vehement development of the automotive industry 
during the last years has introduced, among others, utili-
zation of the newly developed types of materials which 
have their importance for the car-body design in light of 
material processing, car-body weight reduction and thus 
also fuel consumption. However, as the crucial factor 
there is safety of passengers which is influenced by the 
design and used materials. These days are most car-body 
parts produced from steel. Classification of steels can be 
done acc. to many aspects and own utilization depends 
also on type of stamping. Beside the common deep-dra-
wing sheets there are used also e.g. low-strength steels 
(LSS), high strength steels (HSS) and during last year are 
applied also “advanced” ultra-high strength steel (AHSS) 
[1, 2]. At new models of cars are in critical car-body 
zones used ultra-high strength steel sheets. As one of 
these materials there is ultra-high strength steel 22MnB5 
that is also hot forming steel. Hot forming of car-body 
panels (mechanical-heat treatment) is relatively new tech-
nology, which fulfills requirements about car-bodies to 

have higher stiffness and simultaneously favourable 
weight. 

 Ultra-high strength hot forming steel 

22MnB5 

This ultra-high strength steel is alloyed by boron that 
provides the martensitic structure. It is cold rolled steel, 
which is suitable for quenching and tempering and has 
high ultimate strength and very good formability. This 
steel is used mainly at products which require good for-
mability after their processing and high strength of the fi-
nal part. Required strength and hardness is at these steels 
achieved by simultaneous forming and heat treatment 
(quenching is performed inside the forming tool) – that is 
why these steels are termed as hot forming steels (HF) [3, 
4]. 

Ultra-high strength steel 22MnB5 is used in the auto-
motive industry mainly for the car-body safety elements 
as can be e.g. bumper reinforcement, A and B-pillars, side 
panels reinforcement, doors, doorsills and so on (see Fig. 
1).  

 
Fig. 1 A and B-pillar, doorsill of Audi A8 [5] 
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As a major advantages of hot forming steel 22MnB5 there 
are: [6] 

• very good hot formability makes possible to pro-

duce difficult geometries of parts, 

• removal of reinforcement parts and assemblies, 

• total absence of sheet spring-back, 

• uniform mechanical properties through the 

whole part, 

• extraordinary fatigue strength and impact re-

sistance allows to reduce weight. 

 
Steel 22MnB5 is very suitable for so-called ”quen-

ching by forming”. This property is given by adding the 
small amount of boron. Thus because of that are these ste-
els also called as “Boron steels”. Chemical composition 
of tested material is given in Tab. 1.

Tab. 1 Chemical composition [wt%] of tested steel 22MnB5 [7] 
C Si Mn P S Al B Cr Cu Mo Nb Ti 

0.201 0.226 1.13 0.01 0.0005 0.033 0.002 0.187 0.011 0.001 0.001 0.034 
 

Tab. 2 Mechanical properties of steel 22MnB5 [7] 
Mechanical  properties before heat treatment 

Rp0,2[MPa] Rm [MPa] A80[%] 
320 - 360 500 - 700 ≥ 14 

Mechanical  properties after heat treatment 

Rp0,2 [MPa] Rm [MPa] A80[%] 
950 - 1250 1300 - 1650 ≥ 4 

 
a) 

 
b) 

Fig. 2 Structure of material a) before quenching and 
forming, b) after quenching and forming [6] 

Mechanical properties magnitudes are closely con-
nected with the production technology – mainly on the 
rolling method (cold or hot rolling) and whether there is 
coating or not. Mechanical properties of tested steel 
22MnB5 with thicknesses 1,00 - 1,25 mm are summari-
zed in Tab. 2. 

Internal material structure before quenching and stam-
ping is the ferritic-perlite one (see Fig. 2a). This structure 
during heating transforms on the austenitic one, which 
has a very good formability. After quenching and for-
ming, structure transforms on the fully martensitic one 
with the residual austenite (see Fig. 2b) [8]. 

 Protective coating Al-Si 

Coating Al-Si serves as a protective layer for sheet 
blanks against oxidation and decarburization during the 
hot forming process - both during heating in furnace and 
during sheet transport into forming tool and subsequent 
forming and quenching in the mould. Al-Si coatings are 
applied by the hot dip galvanizing method.  

Chemical spectrum of the surface layer is as 
following: 88,73% Al, 10,31% Si and 1,96% Fe. Coatings 
of this chemical composition have the melting tempera-
ture about 600°C and due to the austenitizing of material 
there is needed to get over it. During the heating in fur-
nace takes effect the diffusion of elements from the basic 
material into the surface layer and vice-versa. It results in 
increasing iron content in the layer and subsequent cre-
ation of compounds with the 

 Al-Fe basis (FeAl3 or FeAl) on the boundary between 
layer and basic material. These compounds have much 
higher melting temperature than original coating and 
transfer on the coating surface where prevent the surface 
layer from melting. 

Sheets with the surface coating on the Al-Si basis are 
not possible to be processed by indirect method [6]. It is 
due to fact that compounds Al-Fe have much worse for-
mability than basic material that has ferritic-perlite inter-
nal structure.  

Al-Si coatings should have thickness about 30-40 µm. 
Coating is not homogenous through the whole cross-
section (see Fig. 3), but it consists of several layers in de-
pendence on the technological conditions during its pro-
duction.
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Fig. 3 Section of Al-Si layer after heat treatment [9] 

 
Coating doesn´t have the homogenous chemical com-

position through the whole thickness that results in very 
poor weldability of these sheets [4, 10, 11]. If there is lon-
ger austenitizing time, there is intermetallic layer growing 
and creation of sub-layer which is enriched by iron. Si-
multaneously, there is increase in oxides thickness on the 
coating surface that results in surface color change due to 

the different interference of these oxides (higher Al con-
tent in the surface layer). Because of that, there is possible 
to look on the quality and composition of coating in light 
of its color shadow. In Fig. 4 are shown examples of sheet 
surface layers in dependence on the heat treatment time 
and temperature.

900 °C 900 °C 950 °C 950 °C 950 °C 950 °C 900 °C 

2 min 5 min 2 min 5 min 10 min 15 min 20 min 

 

Fig. 4 Color shades of surface layer after heat treatment [9]

 Analysis of surface layer Al-Si 

As a substrate for tests there was used material 
22MbB5 with hot dip galvanized protective surface layer 
Al-Si of amount 79 g·m-2 - it corresponds to the material 
indication AS 150. This material was subsequently heat 
treated. Prepared samples were placed into the electrical 
furnace which was pre-heated at temperature 900°C. To 
completely heat up the samples, times for their placing in 
furnace were as following: 8, 12 and 16 min. Subseque-
ntly were samples quenched [9].  

In Fig. 5 are shown the color shades after individual 
intervals of heat treatment at temperature 900°C. In Tab. 
3 are then summarized magnitudes of individual thicknes-
ses both for surface layer and for diffuse layer which were 
measured in the individual samples of testing material. 

From the chemical analysis was determined that layer 

consists mainly from aluminium and silicon. Trace iron 
content that was found is probably from the basic material 
[9]. 

By EDX analysis was determined that diffuse layer 
consists mainly from iron and oxidation layer consist 
from compounds of aluminium and iron [9]. 

 
Fig. 5 Color shades of surface layer after heat treatment 

900°C [9] 
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Tab. 3 Measured thicknesses of layers [µm] [9] 
Heat treatment – time 

in furnace [min] 
8 min 12 min 16 min 

Color shade of layer 
Dark 
blue 

Blue-
grey 

Grey 

Thickness of surface 
layer [µm] 

35 ± 2 36  ± 5 38 ± 5 

Thickness of diffuse 
layer [µm] 

9 ± 2 12  ± 1 15 ± 2 

 
Fig. 6 Measurement of surface and diffuse layer thick-

ness, before heat treatment (500x) [9] 

 
Fig. 7 Measurement of surface and diffuse layer thick-
ness after heat treatment as 8 min, 900°C (500x) [9] 

 

Fig. 8 Measurement of surface and diffuse layer thick-
ness after heat treatment as 12 min, 900°C (500x) [9] 

 

Fig. 9 Measurement of surface and diffuse layer thick-
ness after heat treatment as 16 min, 900°C (500x) [9] 

 
In Fig. 6 are shown results from measurement the sur-

face layer as 27±3 µm (i.e. min 24 µm and max 30 µm) 
before the heat treatment and in Fig. 7 after heat treatment 
(8 min) – in this case is thickness of surface layer 35±2 
µm and thickness of diffuse layer is 9±2 µm. 

In Fig. 8 are shown these results after heat treatment 
for 12 min. In this case were measured following thic-
knesses: surface layer 36 ±5 µm and diffuse layer 12±1 
µm. Fig. 9 shows these results after heat treatment for 16 
min with the following thicknesses: surface layer 38±5 
µm and diffuse layer 15±2 µm.  

 Conclusion 

 
Graph 1 Thickness of surface layer in dependence on 

time of heat treatment [9] 

 
Graph 2 Thickness of diffuse layer in dependence on 

time of heat treatment [9] 
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From the results summarized in Tab. 2 is obvious that 
time in furnace influences appearance and also surface la-
yer properties. The longer time in furnace, the thicker di-
ffuse layer. Appearance of the surface layer is stained into 
grey as can be seen in Fig. 5. The total coating thickness 
changed only slightly. From the measurement was deter-
mined that protective layer total thickness is very similar 
at every heat treatment intervals. Slight dissimilarity can 
be found at heat treatment 8 min where upper range of 
surface layer dimensions (37 μm) is lower comparing to 
the other times of used heat treatments – resp. by 4 μm 
for 12 min and by 6 μm for 16 min heat treatment. 

On the other hand, the biggest difference was mea-
sured at diffuse layer thickness where it changed for the 
individual heat treatment intervals. The longer heat tre-
atment time, the higher increase of diffuse layer thic-
kness. Difference between heat treatment of 8 and 12 min 
is in light of mean value about 2 μm. The bigger diffe-
rence in the diffuse layer thickness was measured 
between intervals 12 and 16 mm. In this case is difference 
between diffuse layers thicknesses in light of the maximal 
value even 4 μm. Based upon the experimental measure-
ment was proved that there is expressive increase of di-
ffuse layer thickness in dependence on longer time in fur-
nace. 

In Graph 1 is shown the change of the total surface 
layer thickness in dependence on time of heat treatment 
and in Graph 2 is displayed the change of the diffuse layer 
thickness also in dependence on time of heat treatment. 

Moreover, there was determined that with the time of 
heat treatment is also connected the color shadow of sheet 
surface (see Fig. 5). At the lower time of heat treatment 
(8 min) is color shadow of sheet dark blue, after 12 min 
in the furnace has the sheet blue-grey color and after 16 
min is its color grey. 

Color shadows of sheets are important for the basic 
analysis of the heat treatment. Due to the surface layer 
color is possible to approximately identify the time of ma-
terial in furnace during heat treatment. This fact is mainly 
important for the welding of ultra-high strength sheets. 
Sheets which are placed in furnace for longer time have 
lower weldability. 
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