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Abstract: Limited availability of expensive alloying elements elevates low-alloyed steels to a unique
position in the field of lightweight construction and mass production. Quenching and partitioning
(Q&P) heat treatments of low-alloyed steels with exceptional property combinations are particularly
promising. In this study, we characterize for the first time a new low-alloyed steel to be processed
by Q&P heat treatments. In combined experimental and numerical studies, we design a novel
approach that effectively combines the short cycle times of press hardening with the excellent
property profiles of Q&P-treated steels. We identify appropriate transformation parameters for
Q&P heat treatments by dilatometric studies and we adjust a number of reference conditions with
different isothermal holding times. By means of SEM analysis and XRD measurements, we show
that different fractions of retained austenite result in different mechanical properties. Initial
numerical designs of the process can identify varying temperature profiles and cooling rates
depending on the position in the die. The results show that the geometry of the part plays a minor
role, but the die temperature is the dominant factor for successful partitioning directly in the press
hardening process.

Keywords: high-strength steel; Q&P process; retained austenite; press hardening; press partitioning

1. Introduction

In the field of forming technology, press hardening of steel sheets has been an established
process for the production of complex components for many years [1,2]. In the press hardening
process, the sheet is heated in a furnace to the austenitizing temperature, then transferred to the die
and formed. During forming, the hot part is quenched by the cold die, and cooling rates of well over
100 K/sec can occur locally [3]. This results in an almost completely martensitic microstructure in the
part [4]. As a result, the components have high strength and hardness, making them ideal as a
lightweight material, especially for automotive applications. Typical press hardening steels are so-
called manganese-boron steels, such as the steel 22MnB5 [5]. A disadvantage is that they have
relatively low ductility (<5%) after press hardening [6]. This results in a low energy absorption
capacity for instance in the case of dynamic impact. Another problem is high brittleness at low
temperatures. However, significant improvements in toughness at low temperatures have already
been achieved by alloying niobium [7]. In general, there is still a need for new process and material
developments in press hardening to provide technological and economic solutions for new
lightweight applications.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Quenching & Partitioning steels (Q&P-steels) are an interesting option [8,9]. This relatively new
group of steels has very low material costs and, with proper heat treatment, very high strengths with
uniquely high ductility [10]. Q&P steels have a significantly higher ductility than manganese-boron
steels. At strengths of 2000 MPa, elongations at fracture of up to 15% can be achieved [11]. The
required heat treatment is shown schematically in Figure 1. The process, first described by Speer et
al. [12], consists of austenitizing the steel followed by quenching to a quench temperature (QT) that
must necessarily be between the martensite start (Ms) and the martensite finish (Mr) temperatures.
Due to the high cooling rates during quenching, martensite forms, but because the target temperature
QT is above M, the austenite cannot completely transform to martensite and some retained austenite
remains in the martensitic microstructure. The next step, called partitioning treatment (PT), aims to
stabilize the existing retained austenite by enriching it with carbon. The carbon required for this
diffuses from the supersaturated martensite into the adjacent austenite, which has a much higher
carbon solubility. For austenite stabilization to work, enough silicon or aluminum must be present in
the steel as an alloying element to suppress carbide formation and thus make the carbon available for
stabilization. Clarke et al. [13] identified this microstructural process as the dominant mechanism for
austenite stabilization, which further results in a local decrease of the Ms temperature. When the Ms
temperature drops to room temperature (RT), the austenite present at QT remains as retained
austenite during subsequent cooling. Jirkova et al. [14] were able to demonstrate that the carbon-
enriched austenite and the carbon-depleted martensite are responsible for the high ductility and the
high strength of Q&P steels. Frint et al. [15] additionally observed exceptionally high ductility during
forming at temperatures around 200 °C after Q&P heat treatment. Their results suggest a diffusion-
controlled deformation mechanism at elevated temperatures. The combination of high strength and
good ductility makes Q&P steels particularly suitable for use as crash-relevant structural components
with maximum energy absorption.
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Figure 1. Schematic representation of the Q&P heat treatment, consisting of quenching to a
temperature QT (between Ms and M), holding at QT or a slightly elevated partition temperature (PT)

to promote carbon diffusion from martensite into adjacent austenite, and subsequent cooling. The
carbon-enriched austenite becomes stabilized even down to RT.

The results of various studies show that low-alloy heat treatable steels with increased silicon
content have a high potential for use in various structural components. However, conventional heat
treatments, which are almost always performed in an additional furnace, are often quite complex and
expensive. Therefore, the integration of Q&P heat treatment directly into the forming process and
especially into the industrially very relevant press hardening process is of great interest. Speer et al.
[16] provide a first overview of possible industrial applications of Q&P steels. Han et al. [17] show
that the high formability of Q&P steels can be used for high drawing depths, allowing high quality
parts to be produced in a hot forming process. Frohn et al. [18] used incremental bending to produce


https://doi.org/10.20944/preprints202307.0559.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 July 2023 do0i:10.20944/preprints202307.0559.v1

safety parts from a 425iCr steel with a Q&P heat treatment. Another process with great potential is
Hot Metal Gas Forming (HMGF). In this process, a heated profile component (e.g. a tube) is expanded
in a closed die with the aid of a gaseous medium (e.g. argon) and also quenched at the die contact
[19]. Masek et al. [20] were able to show that there is enough supersaturated martensite in a
component made using HMGF that partitioning can be realized. Jirkova et al. [21] investigated the
influence of different partitioning times for tubes with a wall thickness of 4 mm. It was shown that
times above 10 min could not achieve a significant improvement in mechanical properties. Also, the
wall thickness was too high to set sufficiently fast cooling rates in the whole cross section, so the Q&P
heat treatment could not be set completely successfully. Winter et al [11] numerically determined the
local cooling rates in the HMGF process on a part with a wall thickness of 2.6 mm and showed that
they ranged from 60 to 280 K/s within the cross section. This also resulted in locally different
mechanical properties and microstructures. These recent results clearly show that detailed
knowledge of the local cooling rates throughout the part is necessary to realize the full potential of
Q&P heat treatments in a forming process and to later predict part properties with a high degree of
confidence.

The aim of the present study is to qualify the new low alloy steel 375iB6 for the integrated Q&P
heat treatment in the press hardening process. For this purpose, the mechanical properties and the
microstructure are investigated after different Q&P heat treatments. Based on these experimental
results, a five-step numerical simulation of the press hardening process is performed. The focus is on
the first numerical determination of the local cooling rates on an industrially relevant thin steel sheet
during forming in the press hardening process. In addition, it is investigated how the local cooling
rates change with different die temperatures (50 - 200 °C). The numerical results provide a basis for
estimation of the potential of Q&P treatments to be integrated directly in press hardening or so-called
press partitioning in an industrial forming process.

2. Materials and Methods

2.1. The new low-alloyed Q&P steel 375iB6

In this study we used a new low-alloyed steel 375iB6 provided by Volkswagen AG, produced
especially for partition heat treatments [22]. Because automotive lightweight structures are mainly
spot-welded the strength of the joints is important for overall crash-performance. For better spot-
weldability the amounts of carbon and silicon were limited to the amounts listed in Table 1. The sheet
material with a thickness of about 1.5 mm was received in a normalized state (further referred to as
initial condition). The detailed chemical composition after production was verified by glow discharge
optical emission spectroscopy using a Spectruma GDA750 and is given in Table 1.

Table 1. Chemical composition (wt.-%) of the low-alloyed steel as determined by glow discharge
optical emission spectroscopy.

Element C Si Mn P S Cr Ni Mo Cu Nb Ti Al B N Fe
Content
in wt. %

036 1.57 0.87 0.006 0.011 0.212 0.018 0.004 0.02 0.029 0.009 0.036 0.0024 0.056 bal.

Samples of the initial condition were taken from the x-, y- and z-planes of the sheets (where x
corresponds to the rolling direction, RD, and y to the transverse direction, see also Figure 5c¢) and
subjected to a conventional grinding and polishing procedure followed by 1-2-min color etching with
Klemm's II reagent (100 ml stock solution + 5 g potassium disulphite). The mean initial grain size was
estimated by applying a line intersection method (with 8 lines) to three individual optical microscopy
images per orientation.

2.2. Determination of phase transformation temperatures and experimental heat treatments

To identify suitable transformation parameters for the new low-alloyed steel, small rectangular
samples for dilatometric studies (length 10 mm, width 5 mm, corner radius R1) were taken along the
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rolling direction of the sheets by wire erosion. Dilatometric analyses were performed using a
vacuum-assisted Bahr DIL805 deformation dilatometer equipped with an induction heater, quartz
rods and a linear variable differential transformer measuring head with a resolution of 50 nm.
Specimens were heated at a constant rate of 30 K/s to three different austenitizing temperatures of
900, 950 and 1000 °C, held for 5 min and quenched at the same constant rate. For temperature
adjustment and monitoring, three thermocouples (type K) were attached to the samples at different
positions along the longitudinal axis. Two independent samples were tested at each austenitizing
temperature. The critical transformation temperatures in the dilatation curves were obtained by
fitting tangents to the dilatation curve near the beginning and end of the phase transition in
accordance with the recommendations of ASTM A1033 [23].

Experimental heat treatments at an austenitizing temperature of 950 °C were carried out to
establish different reference conditions for further microstructural and mechanical characterization.
First, all samples were heated under inert gas atmosphere (Ar) inside a conventional heat treatment
furnace at a heating rate of about 5 K/min. After the center of the sheet cross-section reached the
temperature of 950 °C (~ 10 min), they were austenitized for only 5 min to minimize grain growth.
Some samples were then quenched in water or quenching oil to room temperature to achieve
maximum strength of the material at different exemplary cooling rates. Additional samples were
quenched in a salt bath (nitric salt AS 135 of Petrofer S.A.) to 250 °C, partitioned for different holding
times: 60 s (Q&P 250 °C 60 s), 300 s (Q&P 250 °C 300 s), 600 s (Q&P 250 °C 600 s) and finally water-
quenched to room temperature. The temperature profile was continuously monitored throughout the
heat treatment cycles for all samples with a thermocouple (type K) placed at the center of the sheet.

For hardness measurements (HV1), specimens were taken from the y-plane of the sheets from
both the initial and reference conditions and subjected to conventional grinding and polishing
preparation. For each condition, fifteen evenly distributed indentations were made across the cross-
section of the plate for two independent specimens.

2.3. Microstructural characterization

Quantitative analysis of the retained austenite fractions was performed by X-ray diffraction
(XRD) in the y-plane of the sheets. A Bruker D8 DISCOVER diffractometer with Co-Ka radiation
(35 kV, 40 mA) and point focus was used. Measurements were carried out with a total measurement
time of approximately 10 hours for each sample, using a collimator width of 1 mm and a LynxEye
XE-T detector.

Additional samples were taken from the y-plane to characterize the main microstructural
features of the heat-treated condition compared to the initial condition. All of these samples were
subjected to a conventional grinding and polishing process to 1 um diamond suspension. The
samples were then etched in 2% nital for 3 min, followed by a further polish to 250 nm diamond
suspension. A final polishing step was carried out for 3 min with standard colloidal silica suspension
(Struers OP-U). The additional polishing procedure results in a slightly etched surface free from
preparation-related deformation artifacts. Scanning electron microscopy (SEM) and electron-
backscatter diffraction (EBSD) were performed in a Zeiss Neon40EsB field-emission scanning
electron microscope equipped with a DigiView IV EBSD camera (EDAX Inc.,, Mahwah, NJ, USA).
EBSD data were recorded in a region of 16 x 16 um? with a step size of 200 nm and an acceleration
voltage of 20 kV. Raw data were post-processed with the OIM Analysis software (ver. 8.5) including
a slight clean-up by a neighbor confidence index (CI) correlation. In order to estimate the process-
relevant austenite grain size prior to the quenching and partitioning procedure, parent grain
reconstruction using the Nishiyama-Wassermann orientation relationship was performed for the
recorded EBSD data. The reconstruction procedure was carried out in a single iteration with a
tolerance angle of 5.0 and a minimum probability ratio of 1.30.

2.4. Characterization of the tensile properties

To characterize the deformation behavior of the material for the different heat-treated
conditions, tensile specimens with the geometry shown in Figure 2 were machined parallel to the
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rolling direction of the sheets. To account for the typical anisotropy of sheet materials, an additional
sample of each condition was taken at 45° and 90° to the rolling direction. Tensile tests were
performed at room temperature using a Schenk PPT 250 K1 servo-hydraulic testing machine with a
strain rate of 10°s?. This strain rate was selected because it adequately represents strain rates
encountered in the industrial forming process considered in this study. Three tensile tests for each
heat treatment condition were performed using an external 50 kN load cell. All tensile tests were
performed using a special test set-up with a preliminary acceleration section to ensure that a constant
cross-head displacement velocity was achieved prior to the start of elongation of the sample, and thus
that the sample itself was deformed at a constant strain throughout the tensile test. For all conditions,
an additional test was carried out for orientations of 45° and 90° to the rolling direction. Sample
deformation was recorded utilizing a Photron SA5 high-speed camera system and the GOM/Zeiss
ARAMIIS software was used to analyze the resulting strain fields by digital image correlation.

150
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Figure 2. Tensile specimen used for the characterization of mechanical yield strength, tensile strength
and elongation to failure.

2.5. Simulation Model for Press Partitioning

For the numerical design of press hardening with integrated partitioning, the commercially
available FE software LS-DYNA (DYNAmore GmbH, Germany) with the solver LS-DYNA R12.0
(MPP) was used. In order to reproduce the temperature distribution during the entire press
hardening process and to ensure that local temperatures in the component do not fall below the M
temperature, the simulation consists of five separately calculated process steps. The process steps
(summarized in Figure 3) include heating a sheet (240 x 142.5 x 1.5mm?) in the furnace (1),
transferring the sheet from the furnace to the die (2), inserting the sheet into the die (3), forming the
sheet (4), and quenching with partitioning in the die (5). The obtained parameters (e.g., temperature
distribution, local strains) of the individual process steps are used as input parameters for the next
process step after the calculation is finished. Steps (1) through (3) were calculated implicitly while
steps (4) and (5) were calculated explicitly. As a first-order approximation of material properties,
representative data of the steel 22MnB5 (provided as material card in LS-DYNA) was used. Explicit
strain rate and temperature dependent flow curves were used for a ferritic-perlitic (80% ferrite, 20%
pearlite) and an austenitic microstructure. Young's modulus was also defined as a function of
temperature (20 °C =213 GPa, 500 °C =158 GPa, 1000 °C =118 GPa). The heat transfer coefficients for
convection and radiation from RT to 1000 °C are taken from [24]. The heat transfer by radiation takes
values between 10 and 160 W/(m?K) between 50 and 1000 °C. Heat transfer by convection is
significantly lower and reaches maximum values of approx. 12 W/(m?K). The heat transfer as a
function of the local surface pressure was also considered in steps (4) and (5). The required values
were taken from [25]. The thermal conductivity coefficient of the sheet material was assumed to be
30 W/mK and the heat capacity 450 J/KgK.
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Figure 3. Summary of the five sequential steps (1-5) of the FE simulations (top row). The rows below
indicate relevant contact conditions between the sheet and the environment, including the dominant
heat transfer contributions.

The sheet was discretized with rectangular shell elements (red, Figure 4a). The edge length was
2.5 mm and the total number of elements from heating (1) to insertion (3) was 5427. Adaptive
remeshing was used in three stages starting from the forming (4). The element size was reduced from
2.5 mm to 1.25 and down to a minimum of 0.6 mm if required by sufficiently high local deformation.
The total number of elements in these simulation steps was thus about 32,000. The die for stages (3)
to (5) was modeled as a rigid body using shell elements. The upper die (green in Figure 4a) consisted
of 7176 elements and the lower die (blue in Figure 4a) of 6076 elements. Note that the die considered
in this study is not symmetrical: There are different flank angles (Figure 4b, 77° and 87°), a slope
between the left and right sides of the die (Figure 4b, height difference of 5.4 mm), and a bead in the
center. This leads to contact between the die and different locations on the sheet at different times,
and thus to locally differing cooling rates in the sheet. The asymmetric tool was designed specifically
for these investigations so that samples can be taken from the different areas for further study later
in real tests. The heat capacity of the tool was set to 510 J/KgK, which is equivalent to that of the hot
work steel 1.2367. The thermal conductivity was set to 25 W/mK. For the numerical process design,
which is the focus of the present study, the die temperature was varied between 50 °C, 100 °C, 150 °C
and 200 °C to ensure that the component can be partitioned in the die for a sufficient time above the
Mt temperature.
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Figure 4. The used FE model consists of two die halves (green and blue) and the undeformed sheet
(red) (a). The die has different flank angles and a height difference to achieve different local cooling
rates (b).

3. Results and Discussion

3.1. Initial Microstructure

The microstructure of the initial normalized material, without any further heat treatment, is
presented in Figure 5. The micrographs show a homogeneous grain size distribution across the x-, y-
and z-planes of the sheets. The material is characterized by uniformly distributed equiaxed grains. In
color etching with Klemm's II reagent, most grains appear randomly distributed (as indicated by
different shades), which suggests an almost isotropic mechanical behavior for the initial material. An
average diameter of approximately 10.1 + 0.11 um was obtained by line intersection (8 lines) analysis
based on three individual measurements per orientation. Complex carbides resulting from the
normalization heat treatment are also visible as white dots in the micrographs.
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Figure 5. Optical micrographs of the normalized initial condition of the low-alloyed steel, shown in
representative sections of (a) the z-plane, (b) the y-plane and (c) the x-plane of the sheet material; the
corresponding coordinate system used throughout this paper is shown in the inset in (c). All samples
were prepared by a short color etching with Klemm's Il reagent. The marked lines and points illustrate
the determination of grain sizes by linear intersection method (8 lines in 3 micrographs for each
orientation).

3.2. Transformation temperatures and heat-treated conditions

To design a Q&P heat treatment strategy suitable for integration in the press hardening process,
itis necessary to identify the transformation parameters for the new low-alloy steel. Small rectangular
specimens were characterized in dilatometric studies for three different austenitizing temperatures
of 900, 950 and 1000 °C, respectively, at a constant heating rate of 30 K/s. Figure 6 shows two
representative dilatation curves for an austenitizing temperature of (a) 950 °C and (b) 1000 °C. Linear
thermal expansion-temperature curves are used to illustrate the procedure of determining the
transformation temperatures corresponding to the beginning of austenitization (Aa), a fully
austenitized structure (Aws), the beginning (Ms) and the end of the martensitic phase transformation
(Ms). In the region of the beginning and end of these phase transitions, a tangent (dotted blue lines)
was fitted to the curve in a temperature interval of 50 K. The first deviation from these tangents was
used to determine the transition temperatures. The results obtained in this way were averaged from
the measurements of two samples in each case. Table 2 provides a summary of the results of all
measurements. The measurements for austenitization at (a) 950 °C and (b) 1000 °C show similar
results; the austenitic phase transformation takes place in the range between about 800 °C to 900 °C.
A similar trend was observed for the material when tested up to only 900 °C. However, in this case,
due to the more limited temperature range, sufficient linear thermal expansion could not be achieved
for a confident determination of the transformation temperature using the tangent method.
Furthermore, in the case of the 900°C tests, there is no guarantee that the phase transformation will
be completely homogeneous over the entire cross section of the sample. An incomplete
transformation would directly affect the martensitic transformation temperatures determined
subsequently. In fact, the martensitic phase transformation for austenitization at 900 °C shows a slight
increase in the critical transformation temperatures (Ms=365.3 °C, Mt=198.1 °C) in comparison with
all the other experiments. The 950 and 1000 °C tests, on the other hand, show similar values in the
350 °C range within experimental scatter, particularly for the martensite start temperature (Ms). As
can be seen from comparing Figure 6(a) and (b), there are larger deviations for the martensite finish
temperature ranging from 147.7 °C to 194.3 °C. These deviations are likely to be related to a slight
variation of the austenite grain size within the thin sheet samples due to different grain growth
behavior; they may in part also be attributed to the applied simple tangent methodology.
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Figure 6. Representative dilatation curves for austenitization at (a) 950 °C and (b) 1000 °C for 5 min
and a constant heating and cooling rate of 30 K/s. The tangent-method used for the determination of
transition temperatures is illustrated by the blue dotted tangents fitted to the transition regions.
Transformation temperatures Aa (orange), A« (red), Ms (green) and M (blue) are highlighted by
diamond markers, respectively.

Table 2. Transformation temperatures of the low-alloyed steel determined from the dilatation curves
and derived parameters for press partitioning.

austenitizing Aain°C Acin°C M; in °C Mt in °C
temperature
900 °C 815 890 365 198
950 °C 812 895 358 183
1000 °C 809 899 353 163
derived austenitizing temperature partitioning temperature
parameters 950 °C 250 °C

From the measured transition temperatures, values with sufficient temperature difference for
experimental heat treatments were derived for a valid and stable design of the subsequent Q&P heat
treatment strategies. These parameters are summarized in Table 2. The austenitization temperature
of 950°C was chosen to ensure homogeneous austenitization and complete solution of the entire
carbon content of the material. The temperature of 250°C was chosen as the partitioning range
because it was found to be well below the onset temperature of martensite (Ms) and is also likely to
provide a sufficient volume fraction of retained austenite after the Q&P process.

For the purpose of microstructural and mechanical characterization under process-related
conditions, exemplary heat treatment routes were defined and explored experimentally. This was
achieved by austenitizing the initial condition of the sheets for 5 min at 950 °C in a conventional heat
treatment furnace (heating rate approx. 5 K/min, additional 10 min for completely heating up the
material after placing it in the furnace). A short austenitization time was chosen to keep the austenite
grain size as small as possible, as it directly influences the resulting package size of the resulting
martensite structures and hence the mechanical properties [26]. Following austenitization, several
quenching scenarios were defined to account for altered quenching conditions that occur in actual
dies. Figure 7 shows the results of the subsequent Vickers hardness measurement (HV1) for these
conditions. To characterize the highest achievable strength of the material with the highest martensite
content, a water-quenched condition (red in Figure 7) was produced. During quenching in water, an
experimental cooling rate of approximately 430 K/s was recorded. Compared to the initial condition
(178.6 HV1), the water-quenched condition shows a significant increase in hardness of more than
280% to 686.6 HV1. To account for the different cooling rates due to different contact ratios in actual
dies, an additional condition was quenched in oil (yellow) with a cooling rate of about 155 K/s. For
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this condition, an increase in hardness of approximately 261% to 645.3 HV1 was achieved. Moreover,
partitioning conditions were established for various exemplary holding times of 60 s (Q&P 250 °C
60 s), 300 s (Q&P 250 °C 300 s) and up to 600 s (Q&P 250 °C 600 s) at a constant salt bath temperature
of 250 °C. Direct quenching of the austenitized sample in a salt bath results in an average cooling rate
of 40 K/s. In comparison to the quenched conditions, the partitioned samples show a continuous
decrease in hardness as a function of holding time (blue). This indicates an increased amount of
retained austenite compared to the quenched conditions. Even a short partitioning time of 60 s
already leads to a significant decrease in hardness to a value of 583.2 HV1. Partitioning for 300 s and

600 s results in a further decrease in hardness to 572.7 and 561.5 HV1, respectively.
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Figure 7. Hardness (HV1) values after individual heat treatments: initial condition (grey), the
austenitized and water-quenched material (red) and the conditions after Q&P heat treatment (blue).
In addition, the hardness for a condition quenched in quenching oil (yellow) is given. The arithmetic
mean values from all measurements are highlighted by diamond markers and on the basis of the
plotted values. The medians are illustrated using horizontal lines. The boxes mark the interquartile
range (IQR), while the bars represent all values within in a region of 1.5 x IQR (for easy definition of
outliers).

3.3. Microstructure of heat-treated conditions and retained austenite fractions

The amount and morphology of retained austenite have an important influence on the
deformation behavior of Q&P heat treated steels [27,28]. To gain a better understanding of the
deformation behavior of the new low-alloyed Q&P steel 375iB6, the microstructure was further
investigated in the heat-treated conditions, focusing on the characterization of the former austenite
grain boundaries and on retained austenite fractions.

Quantitative analysis of the retained austenite fractions of all conditions were performed by XRD
measurements in the y-plane of the sheets. In this way, surface effects (decarburization of the surface
layer and temperature gradients between the surface layer and the center of the cross-section) are
included in the measurements of all conditions in a comparable manner, giving a realistic impression
of the actual sheets. Table 3 summarizes the results of these measurements. In agreement with the
optical micrographs, the initial condition also shows an almost completely ferritic microstructure in
the XRD measurements. In addition, an orthorhombic phase with a fraction of approximately 1 wt-
% was detected for the initial condition. The phase contains both Fe and C and is therefore most likely
of the FesC type. This correlates well with the finely dispersed initial carbides observed in optical
micrographs of the initial condition (see also Figure 5). Compared to the initial condition, quenching
in water results in a predominantly martensitic microstructure in the material, which already
contains a small amount of retained austenite of about 0.3 wt.-%. This is in good agreement with the
large hardness increase observed (see Figure 6). Continuously increasing retained austenite contents
of 2.1 wt.-%, 5.8 wt.-% and 6.3 wt.-% are found for the partition treatments at 250 °C for the increasing
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holding times of 60s, 300s and 600 s, respectively. This is also consistent with continuously
decreasing hardness values for increasing holding times (60 s, 300 s, 600 s).

Table 3. Quantitative phase fractions determined by Rietveld analysis from the XRD data.

Heat treatment Ferrite resp. Martensite Austenite
condition content in wt.-% content in wt.-%
Initial ~99 <1
water-quenched 99.7 0.3
Q&P 250 °C 60s 97.9 2.1
Q&P 250 °C 300s 94.2 5.8
Q&P 250 °C 600s 93.7 6.3

SEM and EBSD were used to analyze samples from the water-quenched, Q&P 250°C 60 s and
Q&P 250°C 300 s conditions. Figure 8 shows representative mappings of these investigations. The
first column shows the results of the water-quenched condition. Partitioning results (at 250 °C) with
a holding time of 60 s and 300 s are shown in the second and third columns, respectively. Figures 8a-
¢ show orientation maps (superimposed by image quality) of the microstructure for each of the three
conditions. The microstructure consistently features the typical fine lamellae of martensite arranged
in blocks and packets of random orientation within the previous austenite grain boundaries.
Irrespective of the heat treatment routine used, the blocks and packets appear to be of similar size
and morphology. There are a few isolated small voids, presumably due to microstructural
components (carbides, retained austenite) that have fallen out during preparation.
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Figure 8. Representative EBSD data of the heat-treated conditions water-quenched (first column),
Q&P 250°C 60 s (second column) and Q&P 250°C 300 s (third column) in the y-plane of the sheets.
The first row (a-c) shows orientation maps of the microstructure, which is predominantly martensitic.
The second row (d-f) shows phase maps to differentiate between martensite and small regions of
retained austenite. The third row (g-i) shows orientation maps of parent grains reconstructed from
the EBSD data assuming the validity of the Nishiyama-Wassermann orientation relationship. The
band contrast results are superimposed on all maps.

Figures 8d-f show phase maps using the best-fit lattice structure to distinguish between face-
centered cubic austenite (green) and tetragonally distorted body-centered cubic martensite (red). The
phase maps of all conditions show a predominantly martensitic matrix (red). This matrix is only very
rarely interrupted by small, mostly blocky, austenitic regions. However, the additional detailed views
suggest that some of the retained austenite is very likely located in a film-like layer between the laths.
Much higher resolution micrographs or postprocessing methods, e.g., neighbor pattern averaging
and reindexing, would be required to confidently locate regions of retained austenite [15]. In
addition, it is worth noting that EBSD data do not allow an accurate quantification of the absolute
amount of retained austenite and are likely to underestimate the austenite fraction, again because of
the physical resolution limits. Despite these issues, the very finely distributed small amounts of
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retained austenite generally and qualitatively agree well with the rather small amounts of retained
austenite determined by XRD.

Besides the volume fraction of retained austenite, the pre-quenching austenite grain size
distribution is of great interest in the design of an appropriate partitioning strategy because it directly
affects the size and orientation of blocks and packets and the resulting mechanical properties. On the
basis of the EBSD orientation maps, the parent grains were reconstructed assuming a Nishiyama-
Wassermann orientation relationship. Figures 8g-i show orientation maps (superimposed by image
quality) of the parent grains reconstructed from the EBSD data. Randomly oriented, quite globular
grains of varying size are observed in all conditions. The mean grain size for all conditions remains
at a similar level of about 25 to 27 um. The reconstructed austenite grain size fits well with the equal
heat-up and holding times for the differently quenched conditions. Compared to the initial grain size
of about 10pum, the grain size has more than doubled as a result of heat treatment, which can
potentially negatively affect the achievable mechanical strength. When designing the final forming
process, one should therefore realize the highest possible heating rates (>5K/min) with
correspondingly short heating times.

3.4. Tensile properties at room temperature

Figure 9 shows selected engineering stress-strain curves of the 375iB6 steel at all heat treatment
conditions for the tensile tests at a strain rate of 10°s?. In addition, Figure 10 summarizes the
mechanical parameters (yield strength, tensile strength, and elongation at fracture) obtained from all
tests to quantify the mechanical behavior. Figure 9a shows representative stress-strain curves of the
initial condition for different orientations with respect to the rolling direction (0°, 45°, 90° to RD). The
low-alloyed steel is characterized by medium strength and achievable elongation at fracture up to
30% in the normalized condition. The elongation at fracture shows slightly reduced values of approx.
25% for the orientations 45° and 90° to the RD, which indicates a minor anisotropy due to a mild
rolling texture. The average elongation at fracture (Figure 10c) of the initial condition is 27.5%. The
average yield strength of the normalized initial condition is 460.1 MPa (Figure 10a), while the tensile
strength is 627.0 MPa (Figure 10b). Figure 9b shows the reproducibility of the heat treatment using
the stress-strain curves of three individual samples oriented in RD. Compared to the initial condition,
there is a significant increase in strength of 241% to a yield strength of 1568.1 MPa (Figure 10a).
Tensile strength increases to an average of 2194.8 MPa (Figure 10b), a 250% increase from the initial
condition. The pronounced increase in strength is accompanied by a significant decrease in
elongation at fracture to an average of 4.8% (Figure 10c). Both values can be explained by the almost
fully martensitic microstructure as determined by XRD and SEM.
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Figure 9. Exemplary (tensile) engineering stress-strain curves of the low-alloyed steel 375iB6 for a
strain rate of 10°s™: (a) the initial condition for 0° (grey), 45° (light green) and 90° (dark green)
orientation to RD; (b) three individual samples (RD) of the austenitized and water-quenched material;
(c) conditions after Q&P heat treatment for holding times of 60 s, 300 s, 600 s.
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Figure 10. Evolution of mechanical properties due to heat treatment, calculated from the engineering
stress-strain data of tensile tests at a strain rate of 10%: (a) evolution of yield strength; (b) evolution
of tensile strength; (c) evolution of the elongation at failure. Arithmetic mean values from all
measurements are highlighted by diamond markers and medians by horizontal lines. Arithmetic
mean values are additionally given as values. The boxes mark the interquartile range (IQR), while the
bars represent all values within in a region of 1.5 x IQR (for easy definition of outliers, marked where
needed by an asterisk *).

Figure 9¢ shows representative Q&P conditions for various increasing holding times of 60s,
300 s and 600 s for a partitioning heat treatment at a salt bath temperature of 250 °C. Compared to
the water-quenched condition, the stress-strain curves of the quenched and partitioned states show
a slight decrease in strength and a significant increase in elongation at fracture. In particular, for the
first 60 s of the partitioning time, a significant increase in the elongation at fracture of an average of
1.3% is already achieved (see Figure 10c). The yield strength decreases by approximately 26% and the
tensile strength by 15% (see Figures 10a-b). Longer holding times of 300 s and 600 s result in further
improvements in elongation of 0.8% (Q&P 250°C 300s) and 0.2% (Q&P 250°C 600s), respectively (see
Figure 10c). The increase in achievable elongation at fracture with increasing partitioning time agrees
well with the increase in retained austenite fraction found in the XRD measurements. With increasing
partitioning time, the strength values appear to converge towards a threshold value of about
1000 MPa for the yield strength and 1800 MPa for the tensile strength. A similar behavior can be
observed for the reduction in elongation at fracture. As partitioning time increases, a threshold of
approximately 7% (engineering strain) elongation at fracture is approached. While ductility increases
only slightly as partitioning time increases, a steady decrease in strength can be observed. Therefore,


https://doi.org/10.20944/preprints202307.0559.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 July 2023

do0i:10.20944/preprints202307.0559.v1

15

from a processing perspective, the most significant improvement can already be achieved with the
short partitioning time of 60 s.

3.5. Numerical Process Design for Press-Partitioning

Figure 11 shows the simulation results obtained for the heating (1) and transfer (2) process steps.
The heating process (Figure 11a) in the furnace is linear up to the experimentally determined
austenitizing temperature of 950 °C. When the sheet is heated, there is a thermally induced expansion
of the sheet by approx. 1%. The dimensions are then 242.6 x 144.1 x 1.516 mm?. The heated sheet
results were then applied to the transfer simulation (2). The duration of the transfer into the die is
based on experimental data and was set to 10 s. During this time, heat loss occurs due to convection
and radiation. The temperature drops from 950 °C to 780 °C (Figure 11b). The temperature
distribution in the sheet is completely homogeneous.

= 1000 "—— heating %) 1000 —o— transfer
950 - A 950
&) ~ O S
°_ 900+ 274 °_ 9001 g
= s £ ey,
£ 850 (j/* 2 8501 o
£ 800 P £ 8007 Re g
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Figure 11. Numerically determined temperature-time curves in the sheet during (1) heating to 950 °C
(a) and (2) during the transfer (in 10 s) to the die (b). The temperature in the sheet is completely
homogeneous.

The simulation results for process step (3), insertion into the lower die, are shown in Figure 12.
Figure 12a shows the sheet with a final temperature of 780 °C after transfer (2). The time for insertion
into the die is 1 s. Figure 12b shows the temperature distribution after 1 s. For better visualization,
five points (A - E) were defined at representative areas on the sheet surface for further analysis and
the temperature-time curves were evaluated (Figure 12c). In the insertion process step, it is evident
that due to the inclination of the die geometry (5.4 mm height difference between the left and right
sides), the initial contact between sheet and die occurs in the area of point B. This results in the most
pronounced cooling in this area. The results shown in Figure 12b were obtained for a simulated die
temperature of 50 °C. Simulation results for die temperatures of 100 — 200 °C are almost identical;
only the temperatures reached after die contact are slightly different. The largest difference is at point
B, where the temperature for the four different die temperatures is between 690 and 712 °C. The
results for all simulations with different die temperatures are summarized in Table 4. After
simulating the insertion for the four die temperatures, the results were transferred to the forming
simulation (4) and used, again, as initial values.
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Figure 12. Sheet (780 °C) with five representative points (A-E) to study the local temperature-time
curves before insertion (3) into the die (a). Sheet after insertion into the die and a cooling time of 1 s
(b). Temperature-time curves for points A-E (c). Only the lower die is shown.

Table 4. Temperature at points A-E after insertion (3) into the die for four different die

temperatures.
die temperature A B C D E
in °C in °C in °C in °C in °C in °C
50 771 690 772 772 755
100 771 703 772 772 756
150 771 709 772 772 757
200 771 712 772 772 759

Figure 13 shows exemplary results of forming in the die at a temperature of 50 °C. The forming
process and closing of the tool has a total duration of 1 s. During forming, the sheet metal comes into
contact with the die at different times at different locations, which consequently leads to strong heat
conduction in these areas of the sheet. This is particularly evident in point D. Evaluation of the cooling
curves at the five representative points for the four die temperatures in Figure 14 shows that rapid
bilateral die contact occurs at point D due to the steep flank angle of 87° (see Figure 3), and thus the
temperature drop is most pronounced. The cooling rate at point D is approximately 80 - 100 K/s. All
other points are subjected to cooling rates of about 20 - 30 K/s. The temperature distribution in the
sheet is relatively homogeneous. Only the flanks are cooled to significantly lower temperatures (648
- 683 °C). Points A, C and E are the last to have tool contact on both sides and therefore exhibit the
highest temperatures (723 — 755 °C). The temperatures obtained after closing (4) the heated die were
then transferred to the next simulation step (5) as starting parameters.

780 5

775
770
765
760
755
750
745
740
735
730

Figure 13. Temperature distribution before (a) and after (b) forming (4) in the die at a die temperature
of 50 °C and and a forming time of 1 s. Only the lower die is shown.
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Figure 14. Temperature-time curves during forming (4) for four different die temperatures (a-d).

Figure 15 and Figure 16 show the results of the simulations of the final process step, closed die
quenching (5). This is where heat conduction is highest due to the high surface pressure. This in turn
leads to very high cooling rates of >500 K/s in the component. The cooling considered here covers a
period of 10 s, after which time the temperature in the component is almost constant. The goal of the
entire process design is to be able to partition the part in the die and thus improve the mechanical
properties through the Q&P process. Consequently, the temperature of the component must not drop
below the experimentally determined Mr temperature of 183 °C at any point. Figure 15 shows the
cooling of the part at different times from start at 0 s to 5 s in the die heated to 50 °C. The results
demonstrate that the temperature in the component is completely homogenized in a very short time.
After 5 s, the temperature in the entire part is already below 100 °C, well below the M temperature,
which means that this die temperature is not suitable for partitioning. The detailed quenching curves
of the four die temperatures are shown in Figure 16. The range between Ms and M:is also highlighted.
At die temperatures up to 100 °C, the temperature drops below the Mt temperature within 1.0 to 1.5
s, making these die temperatures unsuitable for partitioning. From a die temperature of 150 °C, a
final temperature of 177 °C can be homogeneously achieved in the component, at least in the
calculated 10 s, which is just below the M temperature of 183 °C. This shows that even 150 °C is too
low for partitioning in the die. At higher die temperatures, partitioning can be realized safely in the
process. This is shown in Figure 16d for a die temperature of 200 °C: After 10 s, the temperature
(225 °C) is homogeneously distributed throughout the component. This ensures that the material has
sufficient time to partition, even with longer partitioning times. The difference between the relevant
die temperatures and the target temperature is approximately 25 °C. In summary, a die temperature
of >175°C can be recommended in the experimental die design considered here to ensure
partitioning temperatures of at least 200 °C. It should be noted that the geometry of the part is
expected to play only a minor role due to the high cooling rates during quenching. The Ms
temperature is reached at all die temperatures with a maximum difference of 0.5 s between each area
of the part.
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Figure 15. Temperature distribution in the sheet at different times (a-c) during cooling (5) for a die
temperature of 50 °C.
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Figure 16. Temperature-time curves during cooling (5) for four different die temperatures (a-d). The
targeted process window between the Ms and Mt temperatures is also shown. Reliable partitioning
above the Mt temperature can only be achieved at die temperatures of 200 °C.

4. Summary and Conclusions

In the present study, the new low-alloy steel 37SiB6 was for the first time qualified for Q&P heat
treatment directly in the press hardening process. For this purpose, the austenitizing temperature
(895 °C) and the Ms (358 °C) and M (183 °C) temperatures were determined experimentally. The
relevant Q&P process parameters were then derived. The austenitizing temperature was set at 950
°C and the partitioning temperature was set at 250 °C. The austenite grain size was determined by
EBSD and was approximately 25 um. Partitioning times of 60 s, 300 s and 600 s were investigated
experimentally. These resulted in variable retained austenite contents (between 2.1 and 6.3%) as
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determined by XRD. The results demonstrate that the greatest benefit in terms of strength and
ductility was achieved after 60 s. With longer partitioning times, strength decreased and ductility
increased only slightly. The boundary conditions and parameters for subsequent numerical
simulations were derived from the experimental results. The aim of the simulations was to perform
partitioning directly in the process. For this purpose, the cooling rates at different points of a part
during the entire press hardening process were investigated numerically. It was shown that die
temperatures of at least 175 °C are required to enable partitioning above the Mt temperature. The key
findings of our experiments and simulations can be summarized as follows:

e  37SiB6 steel is suitable for Q&P heat treatment. A significant increase in strength and ductility
can be achieved by Q&P.

e A most favorable combination of strength and ductility was achieved after 60 s of partitioning
at 250 °C.

e Q&P heat treatment in the die is possible due to the short partitioning times.

e  Die temperatures >175 °C must be used so that the part does not cool below the Mr temperature.

e  Part geometry and various contact locations with the die prior to quenching play only a minor
role. The die temperature is the dominant factor in achieving partitioning in the press hardening
process.

Our study presents first results of the qualification of the material for Q&P heat treatment and
the numerical design of the press hardening process with special consideration of the local cooling
curves. The results clearly demonstrate that this process of press-partitioning can be implemented in
real-life experimental setups. Detailled experimental validation of the process is currently under way.
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