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High strength steel 22MnBS5 according to DIN EN 10083-3 belongs to the group of HF steels frequently used in the
production of coachwork. Using the thermo mechanical pressing can be achieved that these steels have strength of
about 1500 MPa. The surface of this steel is provided with a protective coating to protect it from oxidation. Gal-
vanic ally, a Zn-based layer is used to provide cathodic protection. The Zn-based layer is limited by the tempera-
ture which is insufficient for TMP. Hot-dip galvanizing is also applied to an Al-based layer that does not serve as
a cathodic protection but is used as an effective oxidation barrier. The quality of the Al-Si layer is important with
regard to the resulting quality of the formed blank. The properties of the surface Al-Si layer affect not only the
conditions for their application to the steel blank but also the external conditions which are determined by the
conditions of the thermo-mechanical processing into the shape of the finished product. To assess the properties of
this layer, microscopy methods, namely light and electron microscopy, were used. On the basis of analyzes, conc-

lusions were drawn that should lead to securing the Al-Si layer with the required properties.
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1 Introduction

The automotive industry is one of the most important
manufacturing industries. In the Czech Republic, the au-
tomotive industry is constantly developing, increasing its
production volume, increasing its share of industrial pro-
duction. The automotive industry does not only include
the assembly of vehicles that are supplied to consumers,
but also the production of individual car parts, starting
with car body parts, body parts, electronics or, for exam-
ple, engines parts. Under the automotive industry, dozens
of subcontractors, quality control, and the complex logis-
tical and technological processes that arise in this sophis-
ticated chain of dependent activities are also required.

Automotive steels are complex materials with thor-
oughly selected chemical compositions and multiphase
structures from tightly controlled heat and cooling pro-
cesses. The various mechanisms for improving all prop-
erty values (mechanical properties, elongation, degree of
stiffness) are designed to meet the very stringent safety
requirements of today's vehicles, reducing their weight
and produced emissions, all at an acceptable production
cost. These steels are also known as the AHHS Advanced
High-Strength Steel, advanced high-strength steel, which
is the current conventional steels differ primarily in the
microstructure. Conventional HSS steels are single-
phase. AHSS steel has a microstructure mainly contain-
ing martensite, bainite, austenite or residual austenite in
such an amount that unique mechanical properties can be
created [1].

Steel with the trade name USIBOR 1500 or 22MnB5
according to DIN EN 10083-3 belonging to the group of
HF steels. The pressing process has the following main
steps:

e Heating to a temperature (30 + 50) © C above the
temperature curve Acs
e A homogeneous austenitic microstructure is ob-

tained from the ferritic-perlite structure

e when handling from a furnace to a mold, the
sheet itself without the surface layer would be
subjected to strong oxidation and decarburiza-
tion, therefore a protective Al- Si or Zn layer

e forming the sheet takes place in one step, simul-
taneously with its cooling in a form where the
martensitic structure of the sheet [2-5].

In the case of steels for thermo mechanical pro-
cessing, the zinc-based surface layer is limited by the pro-
cessing temperature. Hot-dip galvanizing is also applied
to an Al-based layer which does not serve as a cathodic
protection, since it has a similar electrochemical potential
but provides an effective barrier to protect the surface
from oxidation. The Al-Si layer increases the resistance
of the material and does not impair its refractoriness.

The Al-Si layer (AlSi10F3) is applied at 675 ° C to
the etched surface of 22MnB5 steel at various thick-
nesses, most often (25-35) um. The layer of AlSil0OFe3,
after application to steel, is composed of two layers, the
top layer contains the eutectic two-phase Si anchored in
the Al matrix and the thin layer below it is composed of
intermetallic phases of the type AI8Fe2Si and AlSFe2.
The irregular shape of the Al8Fe2Si phase is the result of
diffusion of Fe into the liquid Al-Si layer during deposi-
tion of the surface layer where Al8Fe2Si solidifies at the
interface of the layers. Later diffusion of Fe into the phase
formed by Al8Fe2Si promotes the formation of Fe-en-
riched phase of Al5Fe2 type. Between these two phases,
Al2Si3Fe3 precipitates are also formed. The entire sur-
face layer after application with reference to the individ-
ual phases is shown in Fig. 1 and 2 [6].

In Fig. 1 itis possible to see the interface of the surface
layer AlSi10Fe3 and the steel 22MnBS5, which contains
several transition layers. The total thickness of AISil0Fe3
is 30 um. After hot pressing (conditions: Tays = 920 °C,
taus = 6 min, cooled in the tool) it is characterized by a
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martensitic microstructure 22MnB5 addition (10 + 12)
micron thin layer of Al-Si enriched Fe, incurred during
the diffusion of Al at austenitizing 22MnB5. Direct cor-
relation shows that the more diffuse the Al into the steel,
the Al-Si layer enriched Fea stable on cooling and does
not change to martensite. AlISil0Fe3 is characterized by
the fact that fragile intermetallic phases of the Al Fe, type
(Al3Fe4, AlsFe,, Al,Fe and AlFe) are generated, and the
most important ones are shown in Fig. 2. In the surface
layer there is a particularly fragile intermetallic phase
Al5Fe2, which has low fracture toughness (1 MPa-m'?).
The formation of brittle intermetallic phases promotes the
initiation and propagation of cracks during forming [6-8,
11].

Fig. 1 The interface between 22MnB5 and AlISil0Fe3 af-
ter thermal spraying [6]

It should be borne in mind that cracks may vary de-
pending on the region formed [9, 10], especially in sheets
that are formed comprehensively. An example is a study

[7] which dealt with the cracks in different areas of the
formed sheet and at different distances of clearance be-
tween the upper and lower molds during pressing.

The aim of the article is to point out the usage of mi-
croscopy methods in the analysis of surface Al-Si surface
properties on steel sheet during surface forming.

Al- Si- rich a-Fe layer

martensite

10
iy

Fig. 2 Interface between 22MnB5 and AlSil0Fe3 after
hot pressing [6]

2 Description of the situation

The material of the blank sheet before pressing is dis-
tributed under the trade name Usibor 1500 ALUs, which
is called material 22MnB5 according to DIN EN 10083-
3. The microstructure of the material is ferritic-pearlitic
with the Al-Si layer labelled under the trade name AS150.
The chemical composition of the 22MnBS5 steel according
to the certificate is shown in Tab. 1. Thickness of the
sheet is 1.8 mm.

C Si Mn Cr Mo

Tab. 1 Chemical composition 22MnB5 according to DIN EN 10083-3 [wt. %]

P S Ti Al B

<0.25 0.15-0.40 <140 | <05 <0.35

<0.03 <0.01 <0.1 <0.1

0.001 - 0.005

The delivered product was free of oil protection, so it
is necessary to use the Al-Si layer during production to
provide the necessary corrosion resistance in handling be-
fore the forming process itself. Requirements for the
chemical composition of AS150 surface Al-Si layer are
shown in Table 2.

Tab. 2 Requirements on the chemical composition of the
surface layer of an Al-Si of AS150

Element [wt. %] Al Si Fe
min. 80 5 -
max. 95 15 4

The thickness of the surface Al-Si layer is determined
according to BS EN 10346: 2009. A typical thickness
range is in the range (19 + 33) pum.

Sheet metal processing technology: the temperature
achieved in the furnace is 950 ° C, the time of the sheet
remains in the furnace in the range (300 to 900) s. There-
after, the work piece is molded, the pressing temperature
is approximately 830 ° C. Cooling time in the form: 8 sec-
onds. Then the part is moved to a strip where it is cooled

down to 100 °C.
3 Analysis of the Al-Si layer

The surface layer of the analyzed part was analyzed
before and after hot forming of the sheet. The equipment
that was used was the Tescan Vega 3 electron microscope
and the Olympus BX51M optical microscope.

At first were samples analyzed which showed degra-
dation of the protective layer. Impaired surface layer is
always located on the oblique surface of the molding. In
practice, this kind of degradation is called "galling". On
samples 1 and 2 (Figures 3 and 4) it is visible that the
surface layer is traced to the corners of the damaged area.
Regular macro cracks can also be seen on the images,
especially in areas where the surface layer is not da-
maged. The macro cracks are in a regular spacing (150 +
180) um with a width of 30 um, Fig. 3. Their formation
is due to insufficient compression in the mold, due to poor
or no contact with the sheet, it cools down at a lower
velocity and in the base material there are tensile stresses
cooler surface layer, cause macro cracks. To the forma-
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tion of macro cracks contributes Kirkendall effect that as-
sesses the chemical potentials of the various elements, in
this case is most likely a Fe - base material and Fe,Als
dominant phase, which is represented by the most re-
sources. The principle of this phenomenon is the forma-
tion of a vacancy mechanism, in which atoms from a cer-
tain thickness of the surface Al-Si layer are transferred to
a lower thickness of the surface layer.

VEGA3 TESCAN
Performance in nanospace

SEM HV: 30.0 kV WD: 26.01 mm | |

View field: 5.58 mm Det: SE

Fig. 3 Sample 1, damaged surface

Tab. 3 Point EDX analysis of spherical inclusion 1 [wt.%]

VEGA3 TESCAN
Performance in nanospace

WD: 16.44 mm
View field: 277 pm Det: SE

SEM HV: 30.0 kV

Fig. 4 Sample 1, spherical inclusion 1, detail

For more detailed analyzes of the state of the surface
layer was observed in the presence of spherical inclusions
(Fig. 3, 4). The results of EDX analysis of spherical inc-
lusion 1 (Table 3) indicate that this is the inclusion on the
base of iron oxides

The Nb and V elements are not defined in the chemi-
cal composition of the base material (22MnBS5 steel) or
the surface Al-Si layer. For this reason, it can be assumed
that these are elements that include the forming tool. The
Nb content, together with Ti and V, provides steel preci-
pitation, grain refinement, and these elements can also in-
fluence the temperature of the polymorphic transforma-
tion ferrite «»> austenite.

In the surface layer there is often a uniform and regu-
lar repetition cracks of the surface layer to the base mate-
rial. In this part of the surface there are also spherical in-
clusions, Fig. 5.

Element Content Element Content Element Content Element Content
Fe 51.97 Mo 6.76 Na 0.39 P 0.20
(0] 27.92 Nb 3.08 Mg 0.30 Ti 0.10
Mn 8.14 Al 0.74 Bi 0.29 A% 0.03

P
p— ? ‘o
T L

SEM HV: 30.0 kV WD: 17.71 mm
View field: 126 pm Det: SE

: y
‘x‘:

VEGA3 TESCAN
Performance in nanospace

Fig. 5 Sample 1, cracks from the surface to the base ma-
terial

Sample 2 shows the state of the surface of the sheet
material, where there is no significant plastic deformation
of the surface layer (Fig. 6).

-

-
S -

-3 & ; Nt ¥ AL
- — faih <o )
SEM HV: 30.0 kV WD: 21.28 mm VEGA3 TESCAN

View field: 277 pm Det: SE 50 pm Performance in nanospace

Fig. 6 Sample 2, condition of the surface layer
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For other samples (samples 3 and 4), the surface layer
was discontinued and the diffusion layer was observed.
The samples were metallographically prepared and
etched by Nital (3% HNOz).

Fig. 7 Sample 3, bottom surface layer, mag. 500x

According to the standards, the stable surface layer
should have a thickness (30 + 50) um and the thickness
of the diffusion layer should be less than 16 um. The
section of the surface layer are shown in Fig. 7 shows di-
fferent bands resulting from heat treatment and diffusion
processes Fe to Al Si layer. In the surface layer there are
cavities which endanger the stability of the surface layer.
The surface layer also contains micro cracks that are a na-
tural phenomenon in this surface treatment. From the ob-
servation of the state of the surface layer, it can be seen
that none of the values correspond to the requirements for
the prescribed thickness to what extent the thickness of
the layer is uneven, unstable, non-constant, Fig. 8 a 9.

Fig. 8 Sample 4, underside of the surface layer, mag.
200x

Fig. 9 Sample 4, top side of the surface layer, mag. 200x

The macro cracks are seen but are not of the same type
as for sample 1. These macro cracks are wedge shaped.
In the previous case, it was a flat, periodically repeating

and equally deep damage to the surface layer. In some
places, the surface layer was completely removed and
consequently the corrosion resistance of the sheet was de-
teriorated. In those places where there is no surface layer,
a corrosion microcell may to occur which causes pitting
corrosion attack between the base material and the pro-
tective layer.

&
SEM HV: 30.0 RV WD: 1411 mm | | VEGAJ TESCAN

View field; §9.2 ym | Det: SE 20 pm Performance in nanospace|

Fig. 10 Sample 3, interruption of the surface layer

SEM HV: 30.0 kV

WD 14.11 mm | |

View field: 27.7 ym | Det: SE

VEGA3 TESCAN
Performance in nanospace

Fig. 11 Sample 3, inclusion in interlayer

In sample 3 (Figure 10), which was also investigated
after forming of the blank, the observed areas were ob-
served in the electron microscopy analysis, where the sur-
face layer was interrupted locally, Fig. 10. Fig. 11 illus-
trates the interruption of the interface of the surface layer
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with the base material and also documents the occurrence
of particles in the interfacial interface. It can be presumed
that this particle has not been removed during pre-treat-
ment during application of the surface layer, it is already
the above-described spherical inclusion.

Further investigation of the specimen was focused on
the area of the base material (area 1) and the area around
the particle in the interlayer (region 2) where EDX analy-
zes were performed, Fig. 12. Analytical values are shown
in Tab. 4. The high Fe content is understandable, but also
in all cases there is a high Mn content, which should ac-
cording to the standards be only in an amount up to 1.4
wt.%. A high O content was recorded only for the particle
in the interlayer and the area adjacent to it. In this area
also increased Si content. It can be assumed that diffusion
from the surface layer into the base material took place
here.

Tab. 4 Area EDX analysis [wt. %]

VEGA3 TESCAN
Performance in nanospace

. :
SEM HV: 30.0 kV wo:1388mm |00
View field: 141 um Det: SE 20 pm

Fig. 12 Sample 3, cavities in the surface layer

Area Fe Mn O Al Si S N P Mo C B
Area 1 78.66 18.58 0.09 0.00 | 0.00 0.00 0.00 0.00 0.00 0.51 1.97
Area 2 62.51 14.56 16.14 1.38 0.86 0.00 0.74 0.02 3.71 0.00 0.00

4 Discussion

The Olympus BXS5IM optical microscope, the
TESCAN VEGA 3 scanning electron microscope, and the
Brucker Esprit 2 analyzer were used to analyze the state
of the Al-Si surface layer.

Macroscopic analysis was performed on both the
blank and the molded part. On the molded part, the cohe-
sion of the surface layer was interrupted. This interruption
occurred mainly in places that were formed at the angle
or in the areas of the unequal profile. From this it can be
concluded that the surface layer defect was formed during
the molding process.

The microscopic analysis was first performed from
sites of surface Al-Si surface failure. Degradation of the
surface layer was observed in these samples. Where there
was a "galling", the incidence of globular inclusions was
recorded. By conducting EDX analysis, a high content of
Nb was found in spherical inclusions. It can be assumed
that Nb was included in the carbide nitride forming tool
used to increase the strength of the tool and that the
molded surface was transferred during the molding pro-
cess. In addition, macro cracks in the surface Al-Si layer
were observed which occurred in almost all areas of the
surface of the molded part. Their occurrence was period-
ically recurring and the macro cracks always had the same
width. The formation of macro-cracks is related to the ac-
curacy of the forming mold and its adjustment, in partic-
ular in the enlarged gap created when pressed forms of
these macro-cracks due to the different thermal conduc-
tivity of the base material surface and the Al-Si layer.

The microscopic analysis of the blank showed an even
thickness of the surface Al-Si layer, which is just above
the upper limit of the specified thickness according to the

technical specifications of BS: EN 10346: 2009 for the
surface layer. The thickness of the surface Al-Si layer was
(32 + 35) um. It can be assumed that the higher thickness
of the surface Al-Si layer has lower thermal conductivity,
and therefore, macro-cracks are easier to produce in the
thermal treatment.

Furthermore, a microscopic analysis of the molded
part was performed, by which the uneven thickness of the
surface Al-Si layer and the pores in this layer was found.
The total thickness of the Al-Si surface layer is (20 + 30)
pum, thus it does not reach the required values according
to the internal regulations. At the outer edge of the com-
plex surface layer there are pores that originate according
to sources with Kirkendall’s effect. Kirkendall’ s effect in
the case of this material is manifested by a higher diffu-
sion coefficient of the surface Al-Si layer compared to the
base material 22MnBS5. It can be assumed, therefore, that
the pores in the surface Al-Si layer reduce the cohesion
of the various surface Al Si layers, which is reflected in
the surface quality of the sheet metal.

5 Conclusion

The aim of the paper was to point out the possibility
of using microscopy methods in the analysis of the behav-
iour of the surface Al-Si layer on steel sheet in the surface
forming process. The 22MnBS5 steel sheet with a surface
Al-Si layer was used as the experimental material. The
blank with the initial ferritic-pearlitic structure was
heated in the oven above the austenitizing temperature.
After being removed from the furnace, the part was
molded to the desired shape and cooled on a martensitic
structure. On the results based on analyzes carried out, it
follows that:

e [t is important to check the Al-Si layer and its
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parameters for engineering practice. It is im-
portant to control the thickness of the surface
layer in order to avoid problems with a higher
thickness of the surface layer which leads to the
cracking of this surface layer due to its thermal
permeability and the formation of different
stresses in the base material and the surface
layer.

In the base material of the work piece, it is nec-
essary to check the prescribed input microstruc-
ture (ferritic-pearlite) and the material purity,
which can influence the process of austenitiza-
tion and subsequent heat treatment.

Another factor that affects the quality of the re-
sulting work piece is the quality of the forming
mold (its surface condition, geometry and set-
ting parameters). The mold has a significant ef-
fect on the formation of surface layer damage. In
the event of galling on the surface of the mold,
this form must be blocked and repaired. Thus, to
prevent degradation processes of the surface
protective layer Al-Si in the manufacturing pro-
cess of bodywork.
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