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Abstract

Due to their high tensile strengths increasing the crashworthiness of the vehicles, ultra-high strength steels
are increasingly used in the automotive industry, for example in components like B-pillars or tunnel. 22MnB5
is a premier candidate for this cause, since it can be press-hardened and phase-transformed into the
martensitic phase, resulting in high hardness and tensile strength. However, complications can arise in the
assembly of press-hardened components since conventional mechanical joining processes have their
limitations due to high forces required for joining press-hardened steels, especially in multi-sheet layers.
Therefore, this study focuses on the determination of an optimum process window to influence the 22MnB5
microstructure thermo-mechanically during press hardening, causing a local softening. This so-called
deformation-induced ferrite improves ductility at the desired locations to ease the mechanical joining operation
in the assembly. Investigations are performed on a forming dilatometer varying the cooling rate, the introduced
amount of plastic strain and the forming temperature along with metallographic as well as microhardness
measurements. Based on the laboratory tests, a process window of the deformation induced ferrite is derived
for an application in a forming press.
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1. INTRODUCTION

Major focus in the automotive industry in recent times is to reduce energy consumption and emissions while
improving crashworthiness and driving safety. This can be achieved by making the vehicle lighter through
removing additional weight or using materials with high strength to weight ratios [1]. Press hardening, also
known as hot stamping, is a combination of hot forming and a heat treatment in the forming tools. Ultra-high
strength steels like 22MnB5 can be formed into complex shapes, which is not possible with regular cold forming
operations. The applied press-hardened components in the automotive industry are chassis components like
A-pillar, B-pillar, bumper, roof rail, rocker rail and tunnel [2]. For press hardening 22MnB5, the sheet metal is
first heated in an oven to a temperature above austenitisation temperature, such as 930 °C. The sheet is held
at this temperature for a certain time, in general 6 min, to ensure a fully austenised material and a sufficient
diffusion of the AISi coating. Afterwards, the sheet is transferred to a forming press, hot deep drawn and
subsequently cooled in the forming tool. The critical cooling rate of 22MnBS5 to induce diffusionless martensitic
transformation is 27 °C/s. The resulting martensitic structure is responsible for the high strength of the
component around 1,500 MPa. However, components with high strength properties are difficult to join
mechanically and they may not provide sufficient connections especially in multi-sheet joints [3]. Therefore,
special techniques have been developed to obtain tailored properties in a given component by varying the
austenitisation approach, by modifying the quenching process or by adding an annealing step after cooling.
Another possibility to change the microstructure transformation behaviour of steels is a mechanical treatment
at high temperatures. Due to a deformation of an austenised material, the phase areas in the continuous
cooling transformation diagram are shifted to lower times. In order to achieve a completely martensitic
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microstructure in 22MnB5 for a deformation of 10 % at 800 °C, a critical cooling rate of 50 °C/s instead of
27 °C/s is required as shown in Figure 1 [4].
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Figure 1 Continuous cooling transformation diagram of 22MnB5: (A) without deformation and (B) with 10 %
deformation at 800 °C of the austenised material according to [4]

Furthermore, the formation of ferrite above the actual ferrite start temperature is possible. Ferrite formed this
way is called deformation induced ferrite (DIF) [5]. By forming the austenite, some of the deformation energy
is stored in it, lowering the nucleation energy and leading to DIF formation [6]. Various parameters influence
the DIF creation besides the cooling rate, such as the forming temperature and the amount of plastic strain.
As the forming temperature decreases, the amount of DIF increases. This is due to the increase in flow stress
with decreasing temperature. Therefore, a higher force is required to form the material, increasing the
deformation energy stored in the austenite. Min et al. determine the DIF creation after austenitisation between
forming temperatures of 600-800 °C [7]. The highest amount of DIF is at 600 °C and the lowest DIF content is
measured at forming temperatures of 800 °C. No DIF is formed at 900 °C. Regarding the amount of plastic
strain, the DIF creation increases with higher plastic strain due to the increase in dislocations in the
microstructure and thus to an increase in the stored deformation energy [8].
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Figure 2 (A) Initial conditions for self-pierce riveting, (B) creating the local softening in the austenised
material and (C) joining with adapted mechanical properties according to [3]

In this study, the effect of DIF creation will be used to locally deform the sheet material prior to martensite
formation in order to achieve softer areas, as shown in Figure 2. The deformation will be carried out in the
flange of the component directly after hot deep drawing and before die quenching. The local DIF creation and
therefore softening improves mechanical joining like self-pierce riveting. Therefore, parameters such as the
forming temperature, the amount of plastic strain and the cooling rate, have been varied in dilatometric
experiments to investigate an optimal process window for applying the local deformation in the 22MnB5
component after hot deep drawing.
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2. DILATOMETRIC METHODOLOGY

To analyse the effect of different parameters such as the cooling rate, the amount of introduced plastic strain
and the forming temperature on the manganese boron steel 22MnB5, dilatometric experiments are conducted
using the quenching and forming dilatometer DIL 805A/D+T from TA Instruments in tension mode (Figure 3 A).
The specimen measuring area is 1.5 x 3 x 10 mm, in which the blank thickness is 1.5 mm and the length in
rolling direction is 10 mm. The detailed dimensions of the specimens are also shown in Figure 3 A. The
specimens are cut by water jet. A thermocouple with a diameter of 0.2 mm is spot welded in the middle of the
specimen’s surface to control the specimen’s temperature. In the dilatometer, the specimens are heated to
930 °C with a constant heating rate of 15 °C/s and kept for 6 min to obtain uniform austenite in the steel. The
specimen is then cooled to different forming temperatures T 500, 600, 700 and 800 °C with 15 °C/s, at which
the deformation is induced. The amount of plastic strain ¢ in the specimen is also varied from 0, 0.1, 0.2 and
0.3 at a constant strain rate of 0.2 s'1. To study the phase transformation from austenite to martensite, bainite,
perlite and ferrite, the cooling rate T of 20, 50 and 80 °C/s is chosen. Figure 3 B shows the experimental
scheme of the dilatometric study to examine the effects of different process parameters on the hardness of the
sample. The values are chosen based on the industrial process route of press hardening 22MnB5. For each
parameter combination, five specimens are tested to ensure a statistical security.
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Figure 3 (A) Forming dilatometer in tension mode with specimen dimensions and (B) temperature-time
history of the tensile tests with the state variables of the process

Metallography of the thermo-mechanically treated specimens is performed to analyse the phases regarding
the resulting microstructures. The metallographic specimens are cut from the middle region of the dilatometric
specimen at the position of the thermocouple by wet cut-off grinding. Subsequently, the metallographic
specimens are mounted in epoxy resin and polished to a mirror finish by using 2000, 1200 and 500 mm grit
SiC paper followed by 0.003 and 0.001 mm diamond paste. A 4 wt% nitric acid alcohol solution is used to
reveal the microstructure. The micrographic observation is performed on the Neophot30 optical microscope.
The Vickers hardness is measured using a MH-3 microhardness tester according to HV0.1 and the hardness
is taken through the thickness direction with five locations selected in the middle of the specimen. The mean
value of hardness is thus determined and taken as the hardness value in HVO.1.

3. RESULTS AND DISCUSSION

The initial microstructure of the 22MnB5 sheet is shown in Figure 4 A. A fine-grained ferritic-perlitic texture is
visible. The tensile specimens are firstly heat treated as described and to display the effect of DIF creation,
first parameters from literature are tested. Therefore, a cooling rate, such as 50° C/s, higher than the critical
one (27 °C/s) is chosen after forming at 700 °C and the amount of plastic strain is set to 0 and 0.3. For the
undeformed sample, a fully martensitic microstructure is observed and for an amount of plastic strain of 0.3,
creation of DIF can be detected (white coloured areas). Further, the cooling rate is set lower than the critical
cooling rate, such as 20 °C/s, and the amount of plastic strain is varied from 0 to 0.3. For the undeformed
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sample with a cooling rate of 20 °C/s, a martensitic structure with some bainite is noticeable. By increasing the
plastic strain to 0.3, a lot of DIF can be detected. The investigations by the visual analyses can be confirmed
by the hardness measurements in Figure 4 B. The initial microhardness of the untreated material is 189 HV0.1
and rises because of the heat treatment with cooling of 50 °C/s up to 451 HVO0.1. Forming at 700 °C introducing
a plastic strain of 0.3 reduces the microhardness to 387 HVO0.1. If the specimen is cooled with 20 °C/s after the
heat treatment, the resulting microhardness is 441 HV0.1 and therefore marginally less than cooling with
50 °C/s. By introducing a plastic strain of 0.3 at 700 °C and cooling with 20 °C/s the occurring microhardness
is 283 HVO0.1 including a high amount of DIF. This illustrates very clearly the DIF effect and the influence of a
deformation on phase transformations.

4 4 Forming temperature T= 700 °C

e 450 = F
t_’,&k 2 g 1
88 7. = 20°C/s T 400 "
[72]
e=0 § 5=
§0T—F —
Spsof— 8= =
S 189 451 387 441 283
% 5200 —
0, S50 0 0 03 0 03
= '8 = =% 50 50 20 20
=03 Plastic strain ¢

Cooling rate T, (°CIs)

Figure 4 (A) Micrographs and (B) hardness with standard deviation for the initial microstructure, variation of
the amount of plastic strain and of the cooling rate

Figure 5 A shows the microstructure of the specimens after undergoing the thermo-mechanical treatment in
the dilatometers for various amounts of plastic strain at a constant forming temperature of 600 °C and a cooling
rate of 80 °C/s. The forming temperature is chosen as 600 °C, since the temperature in the flange of a
component after hot sheet metal forming can result in a temperature range of 500-600 °C [3]. The highest
cooling rate is chosen as 80 °C/s due to the maximum cooling rate of the forming dilatometer in tension mode
and due to the high cooling rates while press hardening.
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Figure 5 (A) Micrographs and (B) hardness with standard deviation for different amounts of plastic strain

For the undeformed specimen and for a plastic strain of 0.1, a fully martensitic texture is obtained. For a plastic
strain of 0.2 a combination of martensite and DIF occurs. With a higher amount of plastic strain, a consistent
increase of DIF (white coloured areas) is observable. Increasing the amount of plastic strain from 0 to 0.3 leads
to a decrease in the hardness also indicating a fewer content of the hard martensitic phase and a higher
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percentage of the softer DIF (Figure 5 B). Since a sharp drop of hardness values for plastic strains from 0.1
to 0.2 is noticeable, a plastic strain of at least 0.2 should be considered for the process application. Higher
plastic strains might lead to excessive forming forces.

Based on further results, different forming temperatures are investigated using a plastic strain of 0.2 and a
cooling rate of 80 °C/s. The forming temperature is varied from 500-800 °C. The micrographs in Figure 6 A
show an increase of the DIF (white coloured areas) from a forming temperature of 800 °C to 700 °C. The
amount of white coloured areas stays constant for lower forming temperatures. The variation of the forming
temperature leads to a gradual decrease in the average microhardness values from 486 to 420 HVO0.1
(Figure 6 B). The drop from 800 °C to 700 °C is the highest by 38 HV0.1. For forming temperatures up to
500 °C, the change in hardness is very marginal, almost constant due to statistical deviation. Therefore, the
forming temperature of the application in the forming press should be around 600-700 °C to create a high
amount of DIF and to reduce the forming forces.
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Figure 6 (A) Micrographs and (B) hardness with standard deviation for different forming temperatures

In Figure 7 A, the influence of the cooling rate is demonstrated. The amount of plastic strain is 0.2 and the
forming temperature 600 °C. The forming temperature and the amount of plastic strain are defined based on
prior conclusions. The highest cooling rate is chosen as 80 °C/s and subsequently reduced to 50 °C/s and
20 °C/s. The amount of DIF increases sharply as the cooling rate decreases from 80 °C/s to 20 °C/s. The
metallographic analysis of the samples shows an increase in the concentration of the DIF. For comparison,
the specimen with maximal hardness (Cooling rate 80 °C/s, plastic strain 0) is also depicted. The effect of the
cooling rate is also displayed by the measurements in Figure 7 B as the hardness drops from 423 HV0.1 to
291 HVO0.1 for a decrease of the cooling rates from 80 °C/s to 20 °C/s.
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Figure 7 (A) Micrographs and (B) hardness with standard deviation for different cooling rates
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The high decrease in hardness following a reduced cooling rate from 50 °C/s to 20 °C/s is caused by falling
below the critical cooling rate of 27 °C/s. Obviously, the cooling rate has the biggest impact on the phase
transformations and the DIF creation. Therefore, for the application in a forming machine, the cooling rate
should be higher than the critical cooling rate of 27 °C/s to create martensite in the component, but as low as
possible to locally create DIF in the desired areas. This leads to an optimal process window for the cooling
rate in between 30-50 °C/s introducing a plastic strain of at least 0.2 at a forming temperature of 600 °C.

4, CONCLUSION

In this article, the influence of forming temperature, amount of plastic strain and cooling rate on the
microstructure of 22MnB5 is experimentally studied via thermo-mechanical treatment of dilatometer specimens
and metallographic as well as microhardness measurements of the treated specimens. A process window is
established for the different parameters. The amount of plastic strain affects the DIF creation positively during
the hardening of 22MnB5. A strain of at least 0.2 induces softness of significance required for the further use
in multi-sheet joining. Also investigated in the study is the influence of forming temperature and a temperature
of around 600 °C is chosen. Furthermore, a slow cooling rate between 30-50 °C/s is suggested. Therefore,
areas in the component without plastic deformation will be hardened and with plastic deformation will be softer
due to DIF. In further research, these parameters will be used to design a press hardening process of a
component like B-pillar with local deformation to create DIF in certain areas to improve mechanical joinability.
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