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State of Strain and development of microStructure of 22mnB5 Steel  
and al-Si coating during deep drawing of automotive B pillar

The analysis of the development of the microstructure of deep drawn automotive B pillar, as well as the analysis of defor-
mation based on numerical simulation and experiment, was performed. The microstructure of steel sheet as well as al-si coating 
after various stages of b pillar production was investigated. it was found that the obtained microstructure of the b pillar was sig-
nificantly different from that described in many studies as a proper one. The microstructure of the investigated material consisted 
of martensite, bainite, and a small amount of ferrite. al-si coating, despite its morphological changes, remained on the surface of 
B pillar and, in spite of this, did not fully eliminate oxidation and decarburization of B pillar material. The analysis of the state 
of strain allowed to evaluate the deformation safety of the process, as well as to verify the simulation results through measurements 
of sheet thickness variations.
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1. introduction

The application of high strength steel is necessary for en-
suring the reduction of the total weight of the vehicle as well as 
for the improvement of crashworthiness and passengers’ safety. 
Boron steels are widely used in the automotive industry because 
they fulfill these requirements. such steels are processed by deep 
drawing, a process patented by swedish company „Plannja” in 
1977. The first producer that applied boron steel in mass produc-
tion was saab. in 1984 saab automobile ab applied such steel 
for parts used in saab 9000. in 1987 three million automotive 
parts were produced from boron steel. By 2007 this number in-
creased to 107 million parts produced each year [1]. Currently, 
deep drawn boron steel is applied for: front and rear bumper 
beams of a car, door reinforcement, vertical strengthening of 
front car window, B pillar, car roof, and floor strengthening parts, 
cross-beams of car dashboard and cross-beams of car roof [1]. 
The widely used method of forming those automotive parts is 
hot stamping. Together with the increasing demands of the auto-
motive industry, this method gained more and more recognition. 
nowadays hot forming (hF) technology is developing very inten-
sively (210 million deep-drawn parts in 2015) and finds wider and 
wider application in the manufacturing of structural components 

of self-supporting car bodies, replacing other technologies and 
materials [2]. There are much research works aimed at further 
development of hot stamping technologies for production of 
structural parts having more and more attractive mechanical 
properties [3,4]. The analysis of the microstructural, technologi-
cal and mechanical aspects are essential for the optimization of 
hot stamping technology. one of the most important problems 
is the optimization of the geometrical design of cooling systems 
of hot stamping tools [5]. The selected research works concern 
such problems as the application of tailored tempering process, 
in order to create regions of the part showing different strength-
ductility combinations [6,18], modelling of microstructure evo-
lution with the development of new models [7], the analysis of 
microstructure and formability of the applied al-si coatings [8], 
the influence of asymmetric pre-rolling and pre-heating opera-
tions on the evolution of microstructure [9] or the effect of boron 
microalloying on microstructure and mechanical properties of 
hot-stamped steel [10]. The effects of phase transformation are 
considered essential when developing a suitable model for the 
simulation of a hot stamping process [11]. A great number of the 
research works are aimed at optimization of the process of the 
production of b pillar. For example, liu et al. [12] report that the 
proper selection and development of hot stamping production 
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system (forming dies, type of press, heating equipment, convey-
ing system, and production line control system) is essential from 
the point of view of resulting mechanical properties of a final 
product. Min et al. [13] investigated the influence of pre-forming 
applied in the indirect hot stamping method on phase transforma-
tion behavior of boron steel. A more comprehensive study on 
the concept of hot stamping, including the discussion of process 
design, quality control, tool fabrication, process simulation, and 
future outlooks, is provided in [14]. Bok et al. [15] applied and 
compared different empirical phase transformation models, 
coupled with finite element method (FeM) thermo-mechanical 
simulation, in order to predict the mechanical properties of 
a product. in particular, the researchers analyze new processes, 
e.g. warm stamping of the third generation medium-Mn steel 
[16,17], the potential of cryogenic forming [19] or the effect 
of contact pressure on heat transfer coefficient between the steel 
blank and die and the formability of hot-formed B pillar [20]. 
This research is focused on the analysis of the microstructure 
of steel and protective coating of B pillar manufactured by hot 
stamping, as well as the analysis of deformation of steel sheet 
during forming.

2. material and methods

2.1. material

22MnB5 steel sheet was used for forming of B pillar. The 
chemical composition of steel is given in Table 1. in as-received 
condition, the microstructure of this steel consisted of ferrite 
and spheroidite precipitations (Fig. 1). The microstructure pre-
sented in Fig. 1 shows that the initial material is in the annealed 
state. Before stamping steel sheet was covered with a protective 
coating. The morphology of this coating along with a map of 
chemical elements distribution is shown in Fig. 2. in the first area 
numerous pores causing structural discontinuity can be noticed 
(Fig. 2a, b). The diffusion layer consists mainly of al (Fig. 2f), 
Fe (Fig. 2d) and si (Fig. 2e). in spite of defects existing in the 
coating, it can be expected that it should keep its protective 
properties during the deep drawing process.

Table 1
Chemical composition (wt. %) of 22MnB5 steel used  

in the investigation

c mn p S Si B al cr ti cu ni fe
0.23 1.18 0.014 0.001 0.27 0.003 0.04 0.19 0.04 0.02 0.02 Bal.

2.2. B pillar forming process and method of sampling  
for the investigations

in this research, the steel sheet was subjected to hot deep 
drawing. The investigated part was austenitized at 900°C for 
5 minutes. According to work [1] such temperature and time 
of austenitizing guarantee austenitic microstructure in deep 
drawn steel. After deformation, the parts of deep drawing press 
do not move apart to enable the hardening of the deep-drawn 
part. Processed material is hardened by water flowing through 
special channels in the head of the press. Achieving a martensitic 
microstructure requires an appropriate cooling rate. For 22Mnb5 
steel, the minimum cooling rate is 27°c/s. if this cooling rate 
is not achieved, the microstructure of the processed material 
may not be fully martensitic. The application of a water-cooled 
stamp should additionally ensure an appropriate cooling rate 
over the entire length of the deep-drawn part. however, due to 
the complexity of the shape of the drawn part, some differences 
in the cooling rate may occur in some sections of the B pillar. 

The forming process, as well as the assembly of a stamping 
die used in the manufacturing of b pillar, are shown in Fig. 3. 
in the first stage, a punch exerts pressure on the upper surface 
of a drawing piece, causing the deformation and holding the 
material at the same time. Further movement of tools results 
in pressing the material between the blank holder and the end 
faces of trimming cutters. in the next stage, the die surfaces are 
engaged to form lateral surfaces of a drawing piece. The mate-
rial, while being deformed by deep drawing, is held down by 
the blank holder at the same time. This is a critical stage, due 
to the risk of wrinkling. The selection of the optimum blank 
holder force is crucial, since the excessive pressure may lead to 
over-thinning or a fracture of a steel sheet. in the last stage, the 
excess material is trimmed. 

Fig. 1. Microstructure of steel sheet before deep drawing: (a) light microscopy; (b) scanning electron microscope (seM), etched with 2 % nital
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Fig. 2. Morphology of protective coating on steel sheet before deep drawing: (a) light microscopy; (b) seM – secondary electron detection; 
(c) seM – backscattered electron detection; (d) Fe distribution for the area shown in Figure (c); (e) si distribution for the area shown in Fig-
ure (c); (f) al distribution for the area shown in Figure (c); (g) c distribution for the area shown in Figure (c); (h) Mn distribution for the area 
shown in Figure (c)
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Fig. 4 presents the b pillar prepared for sampling. The 
method of marking the samples, as well as the locations of sheet 
thickness measurements, is also shown in Fig. 4.

2.3. numerical modelling

According to the deep drawing process described above, 
the assembly of tools was prepared for the simulation using 
Pam-stamp 2G software. The geometrical models of tools cre-
ated based on the draw piece model are shown in Fig. 5, with 
the process parameters, also specified. 

Fig. 5. Tools assembly and process parameters applied in the numerical 
simulation using Pam-stamp 2G software

The mechanical properties of 22MnB5 steel are specified in 
the program’s materials library. in the simulation, the material’s 
transition to plastic state is described according to the hill48 

yield criterion (eq. (1)). This criterion describes the yielding 
of orthotropic materials, i.e. those which show anisotropy of 
mechanical properties. it is most often applied to sheet and strip 
forming processes, where plane and normal anisotropy occurs.
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where h, F, G, and n are coefficients characterizing the yielding 
of a material.

in case when F = G = h = 1 and n = 3, then the equation 
describes isotropic material. Considering the lack of published 
data on plastic strain ratios for 22MnB5 steel, the isotropic 
material model was employed. The process simulation as-
sumed isothermal conditions, with the temperature of a material 
T = 850°c. The heat exchanges with tools and environment, as 
well as phase transformations, were not taken into consideration, 
thus significantly reducing the time of calculations.

3. results and discussion

3.1. metallographic analysis

The morphology of protective coating after hot deep draw-
ing is shown in Fig. 6. it can be noticed, that protective coating 
still exists on the surface of the analyzed part (Fig. 6a). how-

Fig. 3. Tools arrangement and stages of b pillar forming process (1 – top plate, 2 – upper die, 3 – punch, 4 – cooling channels, 5 – blank holder 
spring, 6 – bottom plate, 7 – lower trimming cutter, 8 – blank holder, 9 – lower die, 10 – upper trimming cutter, 11 – punch spring)

Fig. 4. The method of sampling and marking the samples for the investigations (a) and locations of thickness measurements (b)
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Fig. 6. Morphology of protective coating on steel sheet after deep drawing: (a) seM – backscattered electron detection; (b) seM – secondary 
electron detection; (c) seM – backscattered electron detection; (d) Fe distribution for the area shown in Figure (c); (e) si distribution for the area 
shown in Figure (c); (f) al distribution for the area shown in Figure (c); (g) c distribution for the area shown in Figure (c); (h) Mn distribution 
for the area shown in Figure (c)
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ever, the microstructure of this coating underwent substantial 
changes (Fig. 6a-c compared to Fig. 2a-c). The main difference 
concerns the appearance of a porous external layer consisting of 
oxides (Fig. 6b). next, the porous metallic layer can be observed 
(Fig. 6a,c). This layer is free from precipitations and is separated 
from other layers having a different chemical composition 
(Fig. 6a,c). Grain boundaries and cracks proceed through that 
layer to the end of that layer (Fig. 6a-c). subsequently, a thin in-
termediate layer can be noticed, under which thin decarbonized 
layer (most probably ferritic) exists (Fig. 6c). under that layer, 
some porosity can be observed (Fig. 6a-c).

The maps of the distribution of the chemical elements in 
protective coating and in surface layer of the drawn part were 
analyzed (Fig. 6c-h). This analysis shows, that the external layer 
mainly consists of iron oxides (Fig. 6c compared with Fig. 6d). 
The iron content distribution suggests that intense diffusion 
of iron through protective coating took place during heating up 
the steel sheet before stamping and during the forming stage 
(Fig. 6d compared to Fig. 2d). silicon diffused into three areas 
(Fig. 6e): external area of the metallic layer (under the layer 
of oxides); intermediate area, forming parallel to the surface 
of steel sheet layer rich in silicon and separating two layers rich 
in al (Fig. 6f); area of thin layer separating layer rich in al from 
the base material layer rich in Fe. under that layer the area with 
high Fe content and low c content exists (decarbonized ferritic 
layer) (Fig. 6g). it can be stated, that the applied coating only 
restricted the oxidation of iron and decarburization of steel sheet, 
despite the fact that it remained on the surface of the steel sheet. 
such a statement is confirmed by the observed diffusivity of iron 
through the protective coating. however, the changes in protec-

tive coating characteristics may have a disadvantageous influence 
on further production processes like for example painting. 

The microstructure of the investigated material was marten-
sitic (with probable small amount of lower bainite) with a small 
amount of ferrite (Fig. 7).

Ferrite content was evaluated in the samples taken from 
deep drawn parts (Fig. 8). 10 estimations were performed for 
each sample applying a grid with 441 nodes. it can be noticed, 
that higher content of ferrite exists in the flange of the pillar than 
in the middle section of this pillar. it can be explained by a need 
for a reduction of the mechanical properties of the pillar flange 
due to its greater dimensions comparing to more narrow parts of 
the pillar. it brings profitable effects connected with the optimiza-
tion of the mechanical performance of the pillar and car body. 

hardness measurements were carried out in the areas of the 
microstructural analysis to confirm this thesis (Fig. 9). it can be 
noticed, that the average hardness of the pillar flange is only 
slightly lower than the average hardness of its middle section. 
different relationships can be noticed considering the correlation 
between hardness and ferrite content, with respect to the mid-
dle section of the pillar and to the samples taken from the pillar 
flange (Fig. 10). it can be assumed, that in this case the amount 
of ferrite may be connected with the amount of strain. higher 
strains facilitate diffusion transformations (also ferrite nuclea-
tion) during cooling from austenitic range. it should, however, 
be noticed, that hardness is influenced by many other factors: the 
extent of dynamic recrystallization, the influence of grain size on 
the hardenability, local fluctuations of the chemical composition. 
Additional research should be realized in order to determine the 
existing relationships.

Fig. 7. The microstructure of steel sheet after stamping: (a) light microscopy (sample 1a); (b) seM (sample 5), etched with 2 % nital

Fig. 9. hardness (hv10) of b pillar after hot stamping. Measurements 
performed on the cross-sections

Fig. 8. Ferrite content in the microstructure of b pillar after hot stamping
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Fig. 10. relationship between ferrite content and hardness

3.2. Strain analysis

The results of the simulation are presented in Fig. 11 
and 12. Fig. 11 shows the stages of the b pillar forming process, 
reflecting the manufacturing stages described above (Fig. 3). 
Pam-stamp 2G software postprocessor makes it possible to 
obtain maps of the distribution of plastic strain, represented by 
two in-plane components, ε1 and ε2. This allowed to generate 
the major strain and minor strain distribution maps, shown in 
Fig. 12, together with plotted forming limit curve (Flc), which 
made it possible to evaluate the risk of over-thinning or fractur-
ing of a steel sheet.

Fig. 11. stages of b pillar forming as generated in numerical simulation 
using Pam-stamp 2G

in order to verify the results of numerical analysis, the 
measurements of sheet thickness in different sections of a draw-
ing piece were made (Fig. 4b). The results of measurements, 
compared with simulation, are presented in Fig. 13. as can 
be seen, good qualitative correspondence occurs considering 
the location of critical areas showing the largest thickness 
changes. however, a certain quantitative discrepancy can be 

Fig. 12. distribution of major and minor in-plane strains with plotted 
Flc

Fig. 13. Comparison of sheet thickness measurements with the results 
of simulation

observed, which may result from giving no consideration to 
normal anisotropy of a material at high temperature, in the si- 
mulation.
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4. conclusions

The following conclusions can be drawn on the basis of 
this study:
1) The microstructure of the steel sheet in as-received condi-

tion consisted of ferrite and spheroidite. After hot stamping, 
it was expected to be fully martensitic. however, it trans-
formed into martensite, bainite, and a small amount (2 %) 
of ferrite. it may be concluded that, due to the complexity 
of the shape of the drawn part, the cooling rate was not ap-
propriate and non-uniform over the entire length of the part.

2) There was no simple correlation between the increase of fer-
rite content in the microstructure and hardness. There was 
also no clear correlation between ferrite content and amount 
of strain. Further research should be planned to investigate 
the interdependencies between these factors.

3) before hot stamping, al-si protective layer has a diffusion 
sublayer al-Fe-si, which was formed by the diffusion of 
Fe from base material (steel) to surface layer. although the 
microstructure of protective coating underwent substantial 
changes after hot stamping, the coating remained on the 
surface of b pillar after processing. however, the applied 
coating only inhibited the oxidation of iron and decarburi-
zation of steel sheet.

4) Numerous defects (cracks, pores) in the microstructure of 
the surface layer of the analyzed part before hot stamping 
were observed. Cracks are located perpendicular to the 
surface of the steel sheet. Porosity was observed in a layer 
between coating and base material (steel).

5) Analysis of simulation of sheet thickness distribution after 
hot stamping allows to identify dangerous areas in a drawing 
piece, where the loss of stability may take place. Thickness 
distribution obtained from numerical calculations testifies 
for a relatively safe process proceeding, in spite of quite 
complex draw piece geometry, which is an important advan-
tage of hot stamping technology. The results of the simula-
tion showed good qualitative coincidence with experimental 
data. The observed slight quantitative discrepancy may 
result from giving no consideration to normal anisotropy 
of a material at high temperature, in the simulation.
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