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Abstract: Prior carburization of semi-finished steel sheets is a new process variant in hot stamping to
manufacture parts with tailored properties. Compared to conventional hot stamping processes, a
complex phase typed steel alloy is used instead of 22MnB5. Yet recent investigations focused on final
mechanical properties rather than microstructural mechanisms cause an increase in strength. Thus,
the influence of additional carburization on the microstructural evolution during hot stamping of a
complex phase steel CP-W®800 is investigated within this work. The phase transformation behavior,
as well as the grain growth during austenitization, is evaluated by in-situ measurements employing
a laser-ultrasound sensor. The results are correlated with additional hardness measurements in as-
quenched condition and supplementary micrographs. The experiments reveal that the carburization
process significantly improves the hardenability of the CP-W®800. However, even at quenching rates
of 70 K/s no fully martensitic microstructure was achievable. Still, the resulting hardness of the
carburized samples might exceed the fully martensitic hardness of 22MnB5 derived from literature.
Furthermore, the carburization process has no adverse effect on the fine grain stability of the complex
phase steel. This makes it more robust in terms of grain size than the conventional hot stamping
steel 22MnB5.

Keywords: hot stamping; phase transformation; quenching; grain growth; carburization

1. Introduction

Today’s automotive industry faces various challenges. One of the biggest drivers of
innovations is the desire to lower pollutant emissions by either reducing fuel consump-
tion or by establishing new propulsion concepts. Within the last decade, especially the
lightweight design of car body parts was a common approach to reach this goal. Besides
conventional lightweight materials such as aluminum or fiber-reinforced plastics, steel is
still utilized, in particular when considering costs [1] and life cycle assessment (LCA) [2].
In this context, the application of ultra-high strength steels is of high interest primarily
concerning safety-relevant components, such as b-pillars or front bumpers [3]. Against
this backdrop, hot stamping of boron-manganese steels has developed to a state-of-the-
art process within recent years. This process consists out of a full austenitization of the
sheets above AC3; temperature subsequently followed by immediate combined forming
and quenching. By exceeding the material-specific critical cooling rate, a fully martensitic
microstructure is achieved, which results in tensile strength above 1500 MPa [4]. There are
several process variants to manufacture parts with tailored properties by hot stamping [5].
Most of them aim to improve the ductility of the final components, which can be beneficial
regarding crash behavior since energy absorbance can be improved [6]. Examples for
these state-of-the-art process adaptions are specific heating strategies with only localized
austenitization [7] or partial quenching to reduce the cooling rate in particular areas [8].
However, with several limitations regarding the flexibility of these processes [9] as well as
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other disadvantages such as longer process chains [5] or thermal distortions [10], the devel-
opment of an alternative approach is reasonable. The concept of tailored carburization is a
new process variant, which aims to adjust the mechanical properties by locally increasing
the carbon content [11]. Contrary to the other process variations, local strengthening is
desired rather than improved ductility. For instance, this can be advantageous in terms of
battery electric vehicles, where the battery housing is often referred to as a non-deformation
zone and highest structural integrity is mandatory to prevent even small damage [12].

In the process of tailored carburization, the sheets are locally coated with carbonic
material. During several hours of heat treatment, the carbon atoms diffuse in the base
material. Depending on the heat treatment parameters, a specific hardness gradient is
developed [13]. After carburization, a semi-finished part with a distinct carbon distribution
is present, which can be conventionally hot stamped afterward. Recent investigations
focused on a complex phase steel CP-W®800 as a base material since it meets the two
requirements for this process. Firstly, it is press hardenable and its carbon content in
as-delivered condition allows a further increase in strength by carburization.

Compared to the conventional hot stamping steel 22MnB5 or state-of-the-art process
variants, hot stamping of a locally carburized complex phase steel exhibits higher flexibility.
The mechanical properties can be adjusted in a wide range, which is not bound to any
tool modifications or adjustments regarding the oven technology. The same applies to the
geometrical design of the zones with different tailored properties. However, the required
time for the additional heat treatment for carburization might be obstructive in terms of
a large-scale industrial application. As concluded in a previous study [13], the process
of combined carburization and hot stamping might be suitable especially for small batch
size productions and prototyping, where high flexibility is crucial. Since these types of
manufacturing are often associated with a lower degree of automation, small fluctuations of
individual process steps cannot be precluded. This is especially related to the heat treatment
procedure. Therefore, a robust material behavior during austenitization is advantageous.
To enable a suitable process design, as well as in terms of process control, it is necessary to
investigate the microstructural evolution during the hot stamping process.

Regarding the complex phase steel, several studies on the phase transformation were
already undertaken. Hairer et al. [14] investigated the influence of different quenching rates
between 0.6 K/s and 120 K/s. Their experiments revealed, that a mixed microstructure
is present at each of their analyzed cooling rate. They concluded that faster quenching
increases the martensitic phase fraction in favor of ferrite. As stated by the authors, the
martensite gets auto-tempered at high cooling rates, which makes it hardly distinguishable
from bainite. Comparable results can be found in the study of Kang et al. [15]. While
the overall hardness of as-quenched samples is lower compared to Hairer et al. [14], the
determined phase transformation behavior is similar. Furthermore, Kang et al. [15] also
notice the formation of auto-tempered martensite.

As summarized by Nanda et al. [16], there are several more studies on the phase
transformation behavior of complex phase-type steels. However, most of their chemical
composition is different from the CP-W®800 investigated within this publication. Therefore,
a more detailed discussion on these references is not provided.

While different studies already indicate the phase transformation behavior of the
conventional CP-W®800 during quenching, the influence of the various carbon content
after carburization is unknown. Previous investigations on the process combination of
carburization and hot stamping mainly concentrated on the final mechanical properties.
The mechanisms for the increase in strength are not yet analyzed in detail. In this context,
especially the effect of additional carbon content on the hardenability during quenching and
the impact on the hardness of martensite is of interest. Further focus lies on the evaluation
of the grain growth behavior. Although complex phase steels have good fine-grain stability
due to microalloying [16], the carburization process might influence grain coarsening since
the carbon content is linked to the solubility of microalloying precipitates [17].
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Therefore, in this study, the phase transformation during hot stamping of a complex
phase steel in carburized, as well as in as-delivered condition, is investigated. The results
are correlated with hardness measurements and additional micrographs. The second part
of this study focuses on the analysis of the grain growth behavior since grain size can
significantly influence the mechanical properties as known from the Hall-Petch relationship.
The measurement of the grain size and the determination of phase transformation are
conducted by employing a laser-ultrasound sensor, which allows for the in-situ evaluation
of microstructural changes.

2. Materials and Methods
2.1. Methodology

This investigation focuses on the microstructural changes during the hot stamping
process of a carburized complex phase steel. This refers to the grain growth behavior
during austenitization as well as to the phase transformation during quenching. The
influence of the additional carburization process is assessed by analyzing carburized
and non-carburized samples of the respective steel alloy. To enable an overall process
evaluation regarding the microstructural evolution of the carburized complex phase steel
during hot stamping, the results are compared to the material behavior of the conventional
hot stamping steel 22MnB5.

The chosen methodology within this study is shown in Figure 1. The hot stamping
process is replicated with a thermophysical simulator. During the heat treatment, the
grain growth behavior, as well as the phase transformation, are analyzed by employing
a laser-ultrasound sensor. In terms of the phase transformation, the influence of various
quenching rates will be taken into account. The results from the ultrasonic testing during
simulated hot stamping is correlated with complementary investigations on secondary
samples, which refers to hardness measurements and metallographic analysis.

As-delivered |, Influenceof | Carburized |, Process | 29MnB5
CP-W®800 |  carbon | CP-W®800 | evaluation

v
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Figure 1. Methodology used to investigate the microstructural evolution during hot stamping of a carburized complex
phase steel.

The experiments on the phase transformation behavior are limited to the carburized
and non-carburized complex phase steel since phase transformation data of 22MnB5 is
broadly available in the literature. Regarding the grain growth during austenitization, the
tests are done with 22MnB5 as well.
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2.2. Materials
2.2.1. Investigated Materials

The base material in this study is the complex phase steel CP-W®800 (Thyssenkrupp
AG, Essen, Germany) with a sheet thickness of 1.6 mm. As already mentioned in the
introduction, this steel grade is press hardenable and its carbon content in the as-delivered
condjition is significantly lower compared to the conventional hot stamping steel 22MnB5.
The exact chemical compositions are shown in Table 1. Since 22MnBS5 is the most common
steel grade for hot stamping, the results of CP-W®800 are compared to those of 22MnB5.
While phase transformation data is broadly available for 22MnB5, continuous grain growth
behavior is not. Several studies might have analyzed prior austenite grain size depending
on different austenitization parameters, however, a continuous evaluation of the grain
size during holding above ACj3 is nonexistent. Therefore, the experiments with the laser-
ultrasound sensor for the in-situ characterization of the grain size is done for 22MnB5 as
well for comparison.

Table 1. Chemical composition of CP-W®800 [18] and 22MnB5 [19] in wt.%.

Material C Mn P S Al Ti + Nb Cr + Mo A% B
CP-w®800 0.14 2.20 0.080 0.015 0.015-2.0 0.25 1.00 0.20 0.005
22MnB5 0.25 14 0.025 0.010 0.015 - 0.50 - 0.005

Within this work, three different material conditions of CP-W®800 are investigated.
The first one is the as-delivered condition. This is also referred to as the non-carburized
condition and the conventional hot stamping process. To assess the influence of the
additional carburization process, specimens with two different carburization treatments
are tested as well. While the carburization temperature of these both conditions amounts
to 900 °C, their respective carburization time is 3 h and 6 h. The parameter combinations
were chosen based on previous investigations [13]. After a carburization treatment of
3 h, a distinct carbon gradient is present, while 6 h of carburization results in a more
homogeneous distribution. Analyzing two material conditions with a different degree
of carburization helps to improve process understanding in terms of the influence of the
additional carburization on the microstructural evolution during hot stamping.

2.2.2. Mechanical Properties of Carburized Complex Phase Steel

Regarding the complex phase steel, three different material conditions are investigated
within this study. As described in the introduction section, the carburization process leads
to a carbon gradient along the sheet thickness which can be visualized through the hardness
distribution. Contrary to that, the samples being hot stamped from the as-delivered
condition exhibit homogeneous material properties. One part of this investigation focuses
on the analysis of the hardness of as-quenched samples as a function of the different
material conditions and various quenching rates. For assessing the resulting hardness, it is
necessary to set up a benchmark for each material condition. For this purpose, the hardness
of carburized and non-carburized samples after imitated hot stamping is shown in Figure 2.
Each of these samples underwent austenitization for 4 min at 900 °C. To simulate the
hardening step in hot stamping, the sheets were water quenched after austenitization.
Since specimens without carburization do not exhibit a hardness gradient, the values
are presented as a horizontal line. In the as-quenched condition, the hardness of non-
carburized specimens amounts to around 420 HV0.2. This is in good agreement with a
previous study from Merklein and Svec [20], where a suitable process window for the
austenitization of CP-W®800 was defined on basis of hot stamping experiments. In their
work, the authors used a special quenching tool for their experiments. Since the hardness
of water-quenched and tool-quenched samples are coincident, the approach with water
cooling for simulated hot stamping is suitable.
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Figure 2. Hardness distribution in as-delivered condition as well as after hot stamping.

Due to the symmetry of the carbon diffusion process, the hardness profile of the
carburized samples presented in Figure 2 is only shown from the mid-section (x = 0 mm)
to the edge (x = 0.8 mm). It can be seen that after 6 h at 900 °C that the hardness gradient is
a significantly smaller compared to the treatment of 3 h so that the hardness distribution is
more homogeneous. This can also be seen through the carburization depth, which is often
referred to as the distance from the surface, where a hardness of 550 HV is achieved [21]. In
the case of the 3 h at 900 °C, the carburization depth amounts to 0.4 mm and in the case of
6 h, nearly complete through hardening is reached with respect to the standard deviation.
The resulting hardness ranges between 480 HV0.2 and 620 HV0.2 after 3 h of carburization
and from 520 HV0.2 to 580 HV0.2 after 6 h of carburization.

2.3. Experimental Methods
2.3.1. Simulation of the Thermal Treatment during the Hot Stamping Process

The experiments for the investigation of the microstructural evolution are done in a
thermophysical simulator Gleeble 3500 GTC from Dynamic Systems Inc. (Poestenkill, NY,
USA). to simulate the actual hot stamping process. The sheets are heated with a heating rate
of 15 K/s to a temperature of 900 °C and held for 4 min. To replicate the in-die quenching
step of conventional hot stamping processes, the samples are cooled with compressed
air after austenitization. To investigate the cooling rate dependent phase transformation
behavior, nominal quenching rates of 10 K/s, 30 K/s, 50 K/s, 70 K/s, and 100 K/s are
applied. The temperature is controlled using point welded thermocouples type K. The
nominal cooling rate is constant upon the beginning of phase transformation. Due to latent
heat during phase transformation, the effective quenching rate is lower. The resulting
average quenching rates in the temperature range between 800 °C and 250 °C are listed
in Table 2. To reduce any oxidation of the samples, which significantly influences the
signal-to-noise ratio during laser-ultrasonic testing, the experiments are done in a vacuum.
To improve the significance of the experimental results, each parameter combination is
tested three times as indicated in any figure by n = 3.
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Table 2. Average quenching rates between 800 °C and 250 °C.

Nominal Quenching Rate

10 30 50 70 100
Thom in K/s
_ Non-carburized 10.0 30.0 + 0.1 49.7 +0.3 62.8 + 1.5 69.8 +1.5
+ simulated hot stamping
[Carburized, t =3 h 10.0 299 478+ 05 60.6 + 0.5 679 + 0.9
+ simulated hot stamping
Carburized, t =6 h 10.0 299 478402 612 + 0.3 69.3 + 0.9

+ simulated hot stamping

Besides this described process sequence, additional tests are done with longer holding
times up to 6 min to estimate the sensitivity of the grain size to fluctuations of the dwell time.
These supplementary tests are done with carburized samples and with the conventional
hot stamping steel grade 22MnB5 for comparison.

2.3.2. In-Situ Analysis of the Microstructure by Laser-Ultrasonics

The evaluation of the microstructural changes during the simulated heat treatment of
the hot stamping process is done using a laser-ultrasonic technique. This measurement
principle is based on the interaction between a laser-generated ultrasound impulse and
the sample material [22]. For this purpose, a LUMet system from Dynamic Systems Inc.
(Poestenkill, NY, USA) and Tecnar (Saint-Bruno-de-Montarville, Canada) is used, which is
directly coupled to the thermomechanical simulator Gleeble 3500-GTC (Dynamic Systems
Inc., Poestenkill, NY, USA). The system utilizes a frequency-doubled Nd:YAG laser pulse
to vaporize a small amount of material on the sample’s surface. The vaporization depth is
only in the order of around 10 nm [23]. The thermomechanical pressure on the surface due
to the ablation process generates an ultrasonic pulse in the sample. This impulse travels
through the sample and is reflected on the rear side. The incoming echo on the front is
then detected by a laser interferometer. This happens not only for the first but also for the
consecutive echoes. The measured ultrasound signal represents the average characteristics
of the measuring volume, which consists out of the laser spot with a diameter of around
2 mm times the sample’s thickness. The experimental setup is shown in Figure 3.

Sample i nQ:ZeZTghing

Laser pulse

Thermocouple

Figure 3. Experimental setup for the evaluation of the microstructural evolution during hot stamping
employing a laser-ultrasound sensor.

The determined ultrasound signal has two measurands that can be used for the char-
acterization of the material’s properties. The ultrasonic velocity is influenced by the elastic
moduli [24], which is itself affected by other factors such as temperature, alloying and
phase transformation [25]. In their review on the correlation between ultrasonic properties
and microstructural evolution, Toozandehjani et al. [22] presented several empirical formu-
las for the relationship between the elastic constants and the ultrasonic velocity. During
ultrasonic testing, the velocity is identified from two consecutive echoes of one ultrasound
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signal. From the temporal delay between those echoes and the known sample thickness,
which corresponds to the covered distance, the velocity can be calculated. Since other
factors such as alloying are constant during experiments or can be directly measured like
temperature, the velocity can be used to detect phase transformations. The applicability
of this method was already validated by several studies. In the investigation of Militzer
et al. [26], the results from ultrasonic testing show good agreement with conventional
dilatometry. Dubois et al. [25] validated the mathematical relationship by comparing the
measured velocity with calculated values. Kruger and Damm [27] investigated different
steels with various carbon content and concluded that the carbon content of the alloy has
only a negligible effect on the velocity. However, in a further study, Kruger et al. [28]
also noticed a deviation between dilatometry and laser ultrasonics during an isothermal
phase transformation into bainite. The authors refer to this behavior as a possible carbon
enrichment of austenite, which influences elastic constants [29].

The second measurand is the attenuation of the amplitude between consecutive echoes,
which is caused by scattering, diffraction, absorption, and reflection. In polycrystalline
materials, the dominant mechanism scatters at grain boundaries. Depending on the ratio
between the acoustic wavelength and the grain size, the relationship between grain size
and attenuation is either a direct or an indirect proportional [30]. The evaluation of the
ultrasound signal is done with the related software CTOME® (V2.31.03, 2021, CTOME
Software & Consulting Inc., Vancouver, Canada). Compared to conventional methods,
such as a contact dilatometer and metallographic analysis, laser-ultrasonics has several ad-
vantages. Especially in systems with resistance heating, a temperature gradient influences
the measurement of phase transformation. This phenomenon is even more apparent when
using a contact linear variable differential transducer (LVDT), where air-cooled quartz rods
are in contact with the heated sample. On the contrary, laser-ultrasonics is based on a small
measuring volume, where constant temperature can easily be achieved. Regarding the
evaluation of grain size, it is possible to do continuous in-situ measurements at elevated
temperatures with up to 50 Hz. Conventional metallographic analysis would require a
significant amount of sample preparation work to get a fraction of measurement density.
This measuring principle was already used and validated for several applications. Garcin
et al. [31] investigated the influence of prior austenitic grain size and phase on the growth
during reheating. In their work, Militzer et al. [26] measured inter alia the phase trans-
formation and grain development during the simulation of a dual torch welding process.
While these studies focus on steel, also other materials can be evaluated, as seen with
titanium by Shinbine et al. [23] or superalloys by Garcin et al. [32].

2.3.3. Supplementary Experiments

After the simulated hot stamping process in the thermophysical simulator Gleeble
GTC (Dynamic Systems Inc., Poestenkill, NY, USA), secondary samples are taken from
the heat-treated specimens for further investigations. This includes microhardness mea-
surements using a Fischerscope HM2000 (Helmut Fischer GmbH, Sindelfingen, Germany)
and metallographic analysis. Regarding the microscopy work, the samples are etched with
3% Nital for the qualitative identification of different phases as well as with the etchant
“Griin QT” from Schmitz Metallographie GmbH (Herzogenrath, Germany) to make prior
austenitic grain boundaries visible.

3. Results and Discussion
3.1. Phase Transformation during Hot Stamping
3.1.1. Procedure for the Evaluation of the Testing Results

The first part of the results section focuses on the phase transformation during hot
stamping depending on various quenching rates and material conditions. This is done
by comparing the temperature-dependent decomposition of the austenitic phase, as well
as by determining the beginning and end of the phase transformation. The calculation of
the transformed fraction & is done from the resulting data from the ultrasound evaluation
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computed in the CTOME® software. In Figure 4a, the development of the ultrasonic
velocity during the simulation of the hot stamping process in the Gleeble is depicted.

a) Evaluated ultrasonic velocity b) Calculation of the transformed fraction
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carburized n=3 t,=16mm tean =3 h Toom = 100 K/s

Velocity upon
heating (shifted)

Figure 4. (a) Results from the measured ultrasonic velocity and (b) calculation of the transformed fraction.

The system continuously measures the velocity from 75 °C up to 900 °C during heating
and austenitization and until 100 °C during quenching. From this data, two important
aspects are visible. During heating, the change in velocity is non-linear. Furthermore,
there is a distinctive change in slope at a temperature of around 770 °C, which is equal
to the Curie temperature of the x-phase. For higher temperatures, the velocity of «
changes linearly. For the austenitic phase, the linear correlation between temperature and
velocity is valid for all temperatures. Since the velocity of the y-phase and the x-phase
only exhibit minor differences above the Currie temperature of e and both vary linearly,
phase transformations are barely detectable in this temperature range [27]. This has to
be taken into account when trying to investigate phase transformations. Since previous
investigations from Hairer et al. [14] and Kang et al. [15] on the current CP-W®800 suggest
that the onset of phase transformation is at around 700 °C, the ultrasonic measurement
method is applicable.

Another conclusion that can be derived from the change in slope of the ultrasonic
velocity above Tcyyie is that the classical lever rule with two tangents cannot be applied,
since the velocity of the x-phase shows a non-linear dependence. Therefore, an approach
proposed by Militzer et al. [26] is used, where a lever rule between the tangent of the
linear varying austenitic phase and the non-linear varying « phase, measured during
heating, is applied. As presented in Figure 4b, a tangent is fitted in the high-temperature
range before the onset of phase transformation of the ultrasonic velocity curve during
quenching as in conventional dilatometry. This corresponds to the ultrasonic velocity of
the austenite vaust(T). To account for the non-linearity of the x-phase, the measured curve
upon heating is shifted to match the ultrasonic velocity curve measured during quenching
in the low-temperature range. The transformed fraction £ is calculated according to the
lever rule shown in Figure 4b.

3.1.2. Phase Transformation of Non-Carburized CP-W®800 during Conventional
Hot Stamping

Figure 5 shows the decomposition of the austenitic phase during the quenching
of non-carburized samples. Nominal cooling rates between 10 K/s and 100 K/s were
applied. An increase in cooling speed reduces the onset of phase transformation. For
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Figure 5. Decomposition of the austenitic phase during quenching of non-carburized samples.

Another difference is visible regarding the slope of the decomposition curve. For
10 K/s, 30 K/s, and 50 K/s the curve progression is very similar, where the respective
graphs exhibit a nearly constant shift in temperature between each other. Comparing
50 K/s and 70 K/s, different behavior is observable. In the high-temperature range at the
beginning of the transformation, the graph for 70 K/s is shifted to lower temperatures, as
already seen for quenching rates between 10 K/s and 50 K/s. At around 50% transformed
fraction, the slope in the decomposition curve increases for a cooling rate of 70 K/s, so that
the transformation is finished at a higher temperature. This progress is even more apparent
for a quenching rate of 100 K/s, where the change in slope already begins at a transformed
fraction of around 0.3. These differences regarding the transformation rate might be an
indication of significant changes regarding the phase composition.

Various authors already analyzed the transformation behavior of complex phase steels,
as seen in the review of Nanda et al. [16]. When comparing the results of these investi-
gations to the current study, varying phase compositions have to be taken into account,
especially since the exact alloying system is not listed completed in any case. Furthermore,
differences regarding the heat treatment have an additional influence. However, quite
similar material behavior can be seen. In the work of Hairer et al. [14], quenching rates
from 0.6 to >80 K/s were investigated. The onset of phase transformation is slightly higher
compared to the current results but it is in the same range of approx. 600 °C to 700 °C and
shows the same trend. A very good agreement can be observed with the results published
by Kang et al. [15]. This relates to the decrease in temperature regarding the onset of phase
transformation as well as the transformation rate.

3.1.3. Comparison of Start and End Temperatures of the Phase Transformation of
Carburized and Non-Carburized Semi-Finished Parts during Simulated Hot Stamping

For a more quantitative analysis, the beginning and end of the phase transformation
were calculated from the decomposition curves for non-carburized as well as carburized
samples. Figure 6 shows the respective values, whereby the start of phase transformation
equals a transformed fraction of 5% and the end of transformation equals 95%. There is
no significant effect of the material condition in terms of the beginning of phase trans-
formation. For all three tested conditions, the onset of phase transformation is shifted to
lower temperatures with an increasing quenching rate. However, the difference in the start
temperature amounts to less than 75 °C between cooling rates of 10 K/s and 100 K/s. The
overall high start temperatures are an indication, that a ferritic phase fraction is present for
all three material conditions.
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Figure 6. (a) Start and (b) end temperature of the austenite decomposition.

Regarding the conventional hot stamping alloy 22MnBS5, different studies suggest
that a comparatively low quenching rate is sufficient to prevent the formation of ferrite.
Aranda et al. [33] presented a CCT (continuous cooling transformation) diagram, which
indicates a necessary cooling rate of 10 K/s to have a solely bainitic and martensitic phase
composition. In their work, Nikravesh et al. [34] identified a cooling rate of 16 K/s to
prevent the formation of ferrite during quenching of non-deformed 22MnB5. Comparable
results can be found in the investigation of Horn et al. [35]. While the transformation
curves upon quenching with 10 K/s exhibit a ferritic transformation, those with a cooling
rate of 20 K/s do not. The significantly bigger driving force for ferrite formation in CP-
W®800 can be explained by the differences in Si content. Silicon boosts the nucleation rate
of ferrite since it enhances the carbon diffusivity in austenite by preventing the formation
of carbides [36].

Regarding the end of phase transformation, which equals a transformed fraction
of 0.95 in this case, there are more pronounced differences between the respective mate-
rial conditions. Within the investigated cooling rates, the carburized samples exhibit a
decreasing finish temperature with increasing quenching rates.

Between nominal rates of 70 K/s and 100 K/s, the change in Tepq is not significant due
to the standard deviation, which can be linked to the low differences regarding the effective
cooling rate shown in Table 2. For all cooling rates, samples with 6 h of carburization
exhibit the lowest finish temperature for phase transformation. Under consideration of the
standard deviation, the lowest value of around 300 °C is already reached at a quenching
rate of 50 K/s. In the case of semi-finished parts with three h of carburization, the descent
to the minimum of Te,g takes until a cooling rate of 70 K/s.

Finish temperatures below 400 °C are normally associated with the formation of
martensitic phase fractions. Therefore, in the case of carburized samples, martensite is
expectable for quenching rates of at least 50 K/s. However, it must be considered, that the
measured phase transformation behavior is an average of the measuring volume. In the
case of the carburized samples, this refers to different sections with various carbon content.
A more detailed analysis of this is done through the hardness measurements in Section 3.2.

Regarding the hot stamped samples from the as-delivered condition, at a cooling rate
of 10 K/s, the phase transformation ends at a significantly higher temperature compared to
the carburized material condition. With an increasing quenching rate, this end temperature
decreases to a minimum at a cooling rate of 50 K/s and goes up again for further increase
in the quenching rate. In the case of cooling rates of 30 K/s and 50 K/s, the phase
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transformation finishes at a temperature, which is even below the end temperature of
samples with prior carburization of 3 h.

As previously stated, low finish temperatures are normally associated with the for-
mation of martensite. However, the significant increase in Teng for cooling rates above
50 K/s suggests something else. Moreover, as later results from hardness measurements
and metallographic analysis will show, no martensitic phase fractions are detectable in the
as-quenched condition of as-delivered samples. Therefore, the drop in phase transforma-
tion finish temperature is linked to another factor than martensitic transformation. More
likely than this is carbon enrichment during the ferrite transformation, which increases the
carbon content of the remaining austenite. Due to the higher carbon content, the formation
of subsequent phases such as bainite is shifted to lower temperatures [37]. This effect is
present at low cooling speeds, where a significant amount of ferrite is likely to form. With
higher cooling rates, the amount of ferrite is expected to decrease and therefore, the effect
of the carbon enrichment decreases. As a result, the transformation process is shifted back
to higher temperatures [38]. Kang et al. [15] as well as Hairer et al. [14] also observe carbon
enrichment in their investigations on the transformation behavior on complex phase typed
steel alloys.

In this section, the influence of the additional carburization on the start and end
temperatures of phase transformation during hot stamping was shown. The measurement
data revealed, that the carburization process does not have an impact on the start tempera-
ture, while the end temperature is significantly lowered. Compared to the non-carburized
samples, the lowering of the end temperature was associated with a shift of the phase
composition towards harder fractions rather than carbon enrichment. For a more detailed
analysis, it is necessary to evaluate not only the start and end temperature but also the
whole progress of the decomposition of austenite.

3.1.4. Comparison of the Austenitic Decomposition of Carburized and Non-Carburized
Semi-Finished Parts during Simulated Hot Stamping

Besides the start and end temperatures of the phase transformation, also the curvature
of the fraction transformed shows clear differences between the three material conditions.
Figure 7 exemplarily shows the development of the austenite decomposition depending on
two different quenching rates.

a) Decomposition of the austenitic phase at 30 K/s b) Decomposition of the austenitic phase at 70 K/s
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Figure 7. Decomposition of the austenitic phase at a quenching rate of (a) 30 K/s and (b) 70 K/s for all three different
material conditions.

While the beginning of the phase transformation is nearly identical for all three
semi-finished parts and both quenching rates, the transformation curve is shifted to lower
temperatures. Due to the additional carburization process and the increased carbon content,
the austenitic phase is thermally stabilized [39]. In the case of a quenching rate of 30 K/s,
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a) Hardness in the near-surface area
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there were only minor differences between the material conditions regarding T.,q. After
3 h of carburization, the shift of the transformation curves is only small and no changes
in the curvature are observable. Regarding samples with 6 h of carburization, the shift
is more pronounced. Furthermore, the phase transformation activity is only small above
600 °C. This can be associated with the formation of less ferrite compared to the other two
material conditions.

While the differences between the curves are mainly limited to the beginning of the
phase transformation at 30 K/s, the whole curvature is affected at a quenching rate of
70 K/s. Again, the expected ferrite transformation above temperatures of 550 °C is less
pronounced for the carburized samples. The subsequent formation of bainite presumably
ends at a transformed fraction of 0.6. This is linked to a distinct change in the curvature at
a temperature of around 380 °C. Considering the resulting hardness values in Figure 8, this
can be associated with the martensite start temperature.

b) Hardness in the mid-section
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Figure 8. Development of Vickers hardness in the (a) near the edge and (b) in the mid-section as a function of the average

quenching rate.

As might have been indicated from the results in Figure 7, the carburized samples
exhibit a cyclic behavior. At a quenching rate of 10 K/s, the decomposition of the austenitic
phase is similar for both carburization times. With increasing cooling rates, both curves
diverge from each other first but then converge again. This can be traced back to the
pronounced gradient in carbon content due to insufficient carburization time after three
h. As presented in Figure 2, especially in the mid-section of the samples, the hardness
difference between conventionally hot stamped specimens and those being additionally
carburized for three h amounts to only 50 HV. The transformation behavior of these only
slightly carburized areas is more like the behavior of the as-delivered material condition,
while the outer areas with higher carbon content exhibit different behavior.

At a low quenching rate of 10 K/s, the hardenability of neither the mid-section nor
the outer area is sufficient for a significant variation in the transformation behavior. With
a faster cooling rate of 30 K/s, a higher degree of carburization leads to a change in the
decomposition of the austenitic phase. In the case of specimens being carburized for 3 h,
this applies only to the edge region with more elevated carbon content, so that there is
a gradient regarding the transformation kinetics. The measurement principle of laser-
ultrasonics delivers an average value of the measuring volume, which includes areas with
a low and high degree of carburization. As a result, the calculated decomposition of the
austenitic phase of these samples is approximately an average between the as-delivered
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condition and the fully carburized condition after a heat treatment of 6 h. At even higher
cooling rates, the degree of carburization in the mid-section of samples being carburized
for three h is then sufficient to change the transformation behavior as well. Therefore,
with increasing quenching speed, the respective curves of both carburized conditions
converge again.

For a suitable classification of the phase transformation behavior of the carburized
and the as-delivered CP-W®800, the conventional hot stamping steel 22MnB5 is used
as a reference. Its transformation behavior was already widely investigated by various
authors, such as Naderi [40], Barcellona et al. [41], and Nikravesh et al. [42]. Compared
to the data available in the literature for the 22MnB5, the experimentally determined
phase transformation curves in this study indicate a significantly lower hardenability of
CP—W®800, both in as-delivered and carburized condition. The critical quenching rate for
22MnB5 amounts to approximately 27 K/s [33] for a fully martensitic microstructure.

The respective martensite start temperature is around 400 °C [43]. While the transfor-
mation curves of the conventionally hot stamped CP-W®800 did not exhibit any signs of
martensitic transformation, the martensite start temperature of carburized samples was
in a comparable temperature range. However, within the investigated quenching rates,
the onset of phase transformation for all material conditions was above 600 °C, which
is associated with the existence of ferritic phase fractions. Therefore, the results of the
transformation curves indicate, that a fully martensitic microstructure was not achievable
for the complex phase steel within the given range of cooling rates, neither in as-delivered
condition nor after additional carburization.

Through the decomposition of the austenitic phase, it was shown, that the additional
carburization process leads to a shift of the phase transformation behavior towards lower
temperatures and therefore probably harder phases. The results revealed that the effect is
more pronounced for longer carburization times. This was justified with a higher degree
of carburization. In this context, the increased stability of the austenitic phase due to the
elevated carbon content has to be mentioned. By means of the two decomposition curves of
the carburized samples in Figure 7, it could be seen that the additional stability of austenite
lowers the phase transformation temperatures. However, a more detailed analysis of this
behavior is rather challenging on basis of the present experimental data, since none of
these samples exhibits a homogeneous carbon content. The measured ultrasonic velocity
corresponds to an average value of the measuring volume. Therefore, different layers
with various carbon content are included in this data. Moreover, possible effects of carbon
enrichment on the ultrasonic velocity are neglected within this analysis. While Kruger and
Damm [27] concluded that the carbon content of the respective alloy only has a negligible
effect, Kruger et al. [28] noticed a possible influence of carbon enrichment during isothermal
phase transformation. In future investigations, the effect of additional carbon enrichment
could be taken into account, i.e., by adapting the approach suggested by Kop et al. [44].

3.2. Hardness of As-Quenched Samples

After quenching, secondary samples were taken from the heat-treated samples and
the hardness of the hot stamped specimens was measured. To account for the variable
hardness gradient along the sheet thickness of carburized samples, the hardness was
evaluated in the mid-section and 200 um below the surface. The results are depicted in
Figure 8, whereby the cooling rates on the x-axis correspond to the effective values and
not to the nominal rates. For a suitable comparison of CP-W®800 to the conventional
hot stamping steel 22MnB5, its hardness values in as-quenched conditions derived from
literature are included as well. In this context, it is noteworthy, that the hardness values in
the mid-section and near the surface are the same for 22MnB5 since no hardness gradient
is existent.

There are distinct differences regarding the condition of the semi-finished parts and in
terms of the measurement area of CP-W®800. Within the investigated cooling rates, there is
only a small effect on the resulting hardness of as-quenched samples from the as-delivered
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condition. While there is an increase of 20 HV0.2 between cooling rates of 30 K/s and
50 K/s, for faster quenching rates, the hardness remains around 270 HV0.2 to 275 HVO0.2.
This is in good agreement with previous findings from Figure 5, where the decomposition
of the austenitic phase showed only minor differences for nominal quenching rates between
50 K/s and 100 K/s. Moreover, the drop in transformation finish temperature at 50 K/s was
explained with carbon enrichment rather than the formation of martensite. The hardness
values do support this since the formation of martensitic phase fractions would significantly
increase the hardness. Considering the average quenching rates between 800 °C and 250 °C,
the results are in good accordance with the measured values from Kang et al. [15]. However,
after being heat-treated with the described parameters, the samples have a lower hardness
compared to the water quenched samples, as well as in the as-delivered condition shown
in Figure 2.

Contrary to these samples, previously carburized semi-finished parts exhibit a strong
influence on the quenching rate. Within this context, it must be distinguished between both
measurement areas, especially for samples being heat-treated for 3 h. At the measuring
spot 200 pm below the surface, the hardness shows higher values compared to the mid-
section. This can easily be attributed to the increased carbon content in this area since
carbon diffusion is directed from the surface to the mid-section. The hardness increases
more rapidly above averaged quenching rates of 60 K/s, which corresponds to the nominal
quenching rates of 70 K/s and 100 K/s. This is in good agreement with the results from the
ultrasonic phase transformation measurements, where the transformation curves indicated
the formation of martensitic phase fractions. Increasing the holding time for carburization
from 3 h to 6 h, a homogeneous carbon distribution is present in the material. As a result,
the hardness and influence of the quenching rate are identical in the mid-section and near
the surface. Contrary to that, after 3 h of carburization, the mid-section has a significantly
lower carbon content, which ranges between the as-delivered condition and the six-hour
carburization condition. Still, the increase in carbon by additional carburization is sufficient
to improve hardenability. In the case of the samples in the as-delivered condition, the
transformation curves indicated a mainly ferritic phase composition with small amounts
of bainite, which is in good agreement with the resulting hardness. Due to the prior
carburization of three h at 900 °C, the phase transformation is shifted towards harder
phases. As a result, the increase in hardness with a rising quenching rate is significantly
more pronounced in the case of the carburized samples. However, the carbon content in the
mid-section for these samples is insufficient for the formation of martensite. While samples
with 6 h of carburization exhibit a pronounced increase in hardness in the mid-section
for an averaged quenching rate above 60 K/s, the ones with 3 h of carburization run
into a plateau.

The resulting hardness of the samples in as-quenched condition show, that the hard-
enability of the complex phase steel can be significantly improved by prior carburization.
Still, the phase transformation curves shown in Section 3.1.4 indicated that an average
quenching rate of up to 70 K/s is insufficient for a complete martensitic microstructure.
Compared to the conventional hot stamping steel 22MnB5, the overall hardenability is
lower. At a quenching rate of 10 K/s, the hardness of 22MnB?5 is in the same range as the
hardness below the surface of the carburized CP-W®800. Increasing the quenching rate to
20 K/s and further to 30 K/s significantly improves the hardness of 22MnB5, while only
a slow rise can be seen in the case of the carburized complex phase steel. This is directly
linked to the growth of the martensitic phase fraction of 22MnB5 after hot stamping [35].
Further acceleration of the quenching process does not entail an additional enhancement of
the hardness, as shown in Figure 8. In contrast to this, the carburized complex phase steel
shows a continuous increase in hardness with rising cooling speed. A sufficient quench-
ing rate assumed that after 6 h of carburization at 900 °C the hardness of the complex
phase steel exhibits values of around 530 HV0.2 near the surface and 460 HV0.2 in the
mid-section. This hardness is achieved, although a mixed microstructure is present. This
can be explained by the fact that an increase in carbon not only improves the hardenability
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in terms of the transformation kinetics but also increases the hardness of the martensite as
well [45]. As a result, the as-quenched hardness of the carburized complex phase steel is
comparable to the hardness of the fully martensitic 22MnB5 even though other phases like
ferrite and bainite are coexistent in CP-W®800.

Especially in the case of carburized samples with 6 h of heat treatment, the devel-
opment of the hardness suggests, that even higher values are achievable with a further
increase of the quenching rate. The hardness values of water quenched samples shown in
Figure 2, which can be seen as the benchmark in terms of the achievable hardness, confirm
this assumption. At a measuring spot of 200 pm below the surface, carburized samples
exhibit a hardness of around 615 HV and approximately 580 HV. This is slightly higher
compared to the results from Figure 8 with controlled cooling rates between 10 K/s and
70 K/s. Regarding the hardness in the mid-section, the differences are bigger. After water
quenching, the resulting hardness of carburized samples is 130 HV0.2 and 60 HV0.2 higher
compared to the values in Figure 8. In the case of the as-delivered material condition, the
increase in hardness after water quenching is even more pronounced. While the maximum
hardness amounts to around 260 HV0.2 in Figure 8, values of 420 HV(0.2 are presented in
Figure 2. It can be derived from the results in Figures 2 and 8 that a further acceleration
of the cooling process will increase the hardness beyond the values identified within the
conducted experiments. However, due to latent heat, it was not possible to investigate
higher average quenching rates under controlled test conditions within this study.

3.3. Metallographic Analysis

After analyzing the hardness of carburized and non-carburized samples after quench-
ing, a qualitative evaluation of the microstructure is conducted. Figure 9 shows the
micrographs after etching with Nital. Three different nominal quenching rates of 30 K/s,
50 K/s, and 70 K/s are depicted. To enable a suitable classification of the results, the
decomposition of the austenitic phase is depicted as well for each cooling rate. To improve
readability, no standard deviation is shown. However, the repeatability of the experimental
results is in the same range as apparent from Figure 7.

As expected, there are distinctive differences between the three material conditions
and the various quenching rates. Regarding the samples being hot stamped from the
as-delivered condition, only small changes in the microstructure are visible. As derived
from the phase transformation curves and the hardness measurements, the microstructure
is mainly composed of ferrite (F). Increasing the quenching rate, areas with bainite (B) also
occur. Martensitic phase fractions are not detectable, which is in good agreement with
previous findings. Before hot stamping, the as-delivered samples exhibited a mixture of
bainite, tempered martensite and ferrite [46]. The lack of martensite also explains the fact
that the hardness in the as-quenched condition of these samples is below the hardness in
as-delivered condition before hot stamping, depicted in Figure 2.

For samples being carburized for 3 h before hot stamping, the microstructure also
exhibits a lot of ferrite for a nominal quenching rate of 30 K/s. Since these micrographs
were taken in the mid-section of the samples, this was expectable from the hardness values.
In the case of the sheets with 6 h of carburization, the amount of the bainitic phase fraction
is significantly higher. These findings are in good agreement with the assumptions derived
from Figure 7. For a cooling rate of 50 K/s, the amount of ferrite decreases in favor of
bainite (B) and possibly tempered martensite, which is hardly distinguishable [47]. As
expected from the transformation curves in Figure 7, the micrographs of the carburized
sheets in Figure 9 show martensitic structures for a nominal quenching rate of 70 K/s.

As already derived from the phase transformation curves and the hardness values,
the micrographs also confirm the decreased hardenability of the complex phase steel in
comparison with 22MnB5. For all presented micrographs, a mixed microstructure with
soft phases like ferrite is present. In contrast, the 22MnB5 exhibits a fully martensitic
microstructure for cooling rates of at least 27 K/s [33].
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Figure 9. Etched micrographs of carburized and non-carburized samples after quenching with
different cooling rates.

3.4. Assessment of Grain Growth

Besides the phase composition, the grain size must be considered in terms of a mi-
crostructural analysis. This is even more apparent regarding the carburization process
lasting for hours and its influence on the austenitization process. Within this work, espe-
cially the grain growth during the hot stamping process is evaluated. For this purpose, the
laser-ultrasound sensor is utilized as well. The grain growth is assessed through ultrasonic
attenuation. The attenuation of an ultrasound signal traveling through the material is
caused by either grain scattering, diffraction, or internal friction [48]. Depending on the
ratio between grain size and ultrasonic wavelength, the scattering of the ultrasonic signal
can be associated with one of three different regimes, which influences the relationship be-
tween the attenuation coefficient and the grain size [49]. A more detailed description of the
procedure for evaluating the grain scattering associated attenuation from raw data under
consideration of other sources for attenuation can be found in [32]. The calculated grain
size from ultrasonic measurement data corresponds to the average value of the cylindrical
measuring volume with the laser spot as base area and the sheet thickness as height.
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Figure 10 shows the grain size development of the three different material conditions
during the austenitization phase of the preceding quenching test. For a qualitative valida-
tion of the grain size, micrographs of etched samples are included in the depiction. A time
of 0 s corresponds to the beginning of the holding time, after heating to the austenitization
temperature of 900 °C.
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Figure 10. Development of the grain size during austenitization from as-delivered and carburized condition.

There is no grain growth neither in the as-delivered nor in the carburized condition.
This can be attributed to the microalloying elements like vanadium, titanium, or niobium.
These alloys retard grain growth due to the solute drag and Zener-drag effect [50]. Es-
pecially the formation of carbides such as NbC exerts a pinning pressure on the grain
boundaries, as concluded in various studies such as [51] or [52]. The measured grain size
during austenitization is in good agreement with the results from Militzer et al. [53]. In
their study, the grain size of the investigated complex phase typed steel was on a constant
level of around 5 um during 15 min of holding at 900 °C.

While the overall grain size of the carburized samples is higher, neither a distinct
influence of the carburization time nor an influence of the austenitization time is observable.
Even though grain growth appears during the several hours of carburization, the grain
size is in the range of 10 £ 2 um throughout the whole austenitization process. This can
be linked to a grain refinement during the cc—p transformation upon heating [54]. The
austenite grains primarily form at previous austenitic grain boundaries [55] and packet
and block boundaries within martensite [56]. Regarding the micrographs of the etched
samples included in Figure 10, the results determined from the laser-ultrasound sensor are
in good agreement. Especially the grain size of the carburized samples is predicted with
good quality. In terms of the as-delivered condition, the grain size appears to be slightly
overestimated with around 4 um. Other investigations such as from Heibel et al. [46]
suggest a grain size below 2 um, which would be in a better agreement with the micrograph.
However, since this grain size is on the absolute lower detection limit on the sensor, the
results are still satisfactory.

While the grain size stability of the CP-W®800 is well known due to the alloy com-
position, the results indicate a sufficient grain size stability in the case of prior carburized
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Grain size —

material as well. To put the result in context, additional experiments are carried out with
the conventional hot stamping steel 22MnB5. To demonstrate the advantages of the car-
burized complex phase steel, the holding time is increased to 6 min. Considering the
additional time for the heating process, the overall heat treatment process is slightly longer
than conventional austenitization procedures at 900 °C with around 6 min [57] in total.
However, minor incidents in the production cycle could result in a prolongation of the
furnace lead time. Therefore, the investigation of holding times above conventional dwell
times is expedient to evaluate the robustness of the respective alloys in terms of grain size.
Since previous findings from Figure 10 suggest that the carburization time has no influence
on the grain growth behavior during reaustenitization, only samples being carburized for
three h are taken for the comparison. The respective results as well as two exemplarily
micrographs are shown in Figure 11. To improve the visibility of the measurement data, no
standard deviation is shown in the depiction. In the case of 22MnB5, the average standard
deviation is 6.8 um and in the case of the carburized CP-W®800 2.5 pum.

Holding time —

® 22MnB5, t; = 1.5 mm » CP-W®800, Carburized, t =3 h, ;= 1.6 mm
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Figure 11. Grain growth of carburized complex phase steel and 22MnB5. The figure includes micrographs of the etched
grain size of (a) 22MnB5 and (b) the carburized complex phase steel.

It can be seen, that the 22MnB5 exhibits a significantly more pronounced grain growth
behavior compared to the carburized complex phase steel. Upon reaching the austenitiza-
tion temperature of 900 °C the grain size is in the same range of around five to ten microns.
While the grain size stays around 10 pm in the case of the carburized sample, it significantly
increases for the 22MnB5 up to around 30 pm. These results are in good agreement with
the micrographs depicted. Regarding the grain size of 22MnB5, the investigations of Cai
et al. [58] additionally confirm the measurement data in Figure 11. In their study, the
authors identify a grain size of 23 um after an austenitization time of 5 min at 900 °C.
This is slightly lower compared to the depicted values in Figure 11 but lies within the
range of the average standard deviation of £6.8 um. In principle, the 22MnB5 exhibits
more scattering regarding the standard deviation, which can be traced back to single large
grains that influence the measurement [53], as visible from the micrograph. Based on these
results, it can be stated, that 22MnB5 is more prone to grain growth, even at a comparable
low austenitization temperature of 900 °C. The grain size does not only influence the
mechanical properties but also the phase transformation during quenching [59]. Therefore,
improving fine grain stability is one of the current research trends in hot stamping [60].
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4. Conclusions

In this study, the influence of additional carburization of semi-finished sheets of a
complex phase steel before hot stamping on the microstructural evolution during austeniti-
zation and quenching was investigated. The results lead to the following conclusions:

e  Additional carburization enhances the hardenability of the CP-W®800 steel sheets.

For a given quenching rate, the phase transformation is shifted to lower temperatures,
which is accompanied by the formation of harder phases.
Due to a gradient in carbon content, the hardenability varies along the sheet thickness.
Although a multiphase microstructure was present for all quenching rates and material
conditions, the hardness of fully martensitic 22MnB5 could partially be exceeded,
which is a consequence of the influence of carbon content on martensitic hardness.

e  Special care has to be taken in terms of the process design to ensure a sufficient
heat transfer during cooling since the mechanical properties exhibited a distinctive
dependence from the quenching rates within the investigated range of parameters.

e  The in-situ study of the grain growth behavior showed that the additional carbur-
ization process leads to an increase in prior austenite grain size from 4 um to 10 pm
after hot stamping. However, grain size stability was not affected by the carburization
process. Compared to the conventional 22MnB5 the carburized complex phase steel
exhibits higher process robustness in terms of austenite grain size control while having
comparable mechanical properties.

e  The material behavior of CP-W®800 during hot stamping underlines the suitability of
the recommended scope of application in small batch size productions and prototyp-
ing. The robustness regarding the grain size during austenitization is advantageous in
these manufacturing processes where fluctuations in the heat treatment can occur due
to a lower degree of automation. Furthermore, cycling time is not an issue and so a
sufficient cooling performance of tools can be ensured.

5. Outlook

Within this study, the influence of additional carburization treatment on the evolution
of microstructure during hot stamping was investigated. Within the investigated parame-
ters, all material conditions exhibited a mixed microstructure after quenching. However,
a quantification of the respective phase fraction was not undertaken. Therefore, further
research should not only focus on higher cooling rates up to 100 K/s but also include
quantitative phase fraction analysis. In the context of faster cooling, occurring latent heat
must be compensated in future experiments to guarantee constant quenching rates. Fur-
thermore, the additional analysis should include higher austenitization temperatures, since
a heat treatment temperature of 900 °C is in the lower range of relevant carburization and
austenitization temperatures.

Author Contributions: Conceptualization, A.H. and M.M.; investigation, A.H.; methodology, A.H.
and M.M.; supervision, M.M.; writing—original draft, A.H.; writing—review and editing, M.M. All
authors have read and agreed to the published version of the manuscript.

Funding: The laser-ultrasound sensor was funded by German Research Foundation (DFG) within
the research project DFG ME 2043 /38-1 (AOBJ-Nr. 602353) associated with the “Gottfried Wilhelm
Leibniz-Preis”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank the German Research Foundation (DFG) for
funding the laser-ultrasound sensor within the research project associated with the “Gottfried
Wilhelm Leibniz-Preis”.



Materials 2021, 14, 1836 20 of 22

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Tisza, M,; Czinege, I. Comparative study of the application of steels and aluminium in lightweight production of automotive
parts. Int. |. Lightweight Mater. Manuf. 2018, 1, 229-238. [CrossRef]

2. Sun, X.; Meng, F; Liu, J.; McKechnie, J.; Yang, J. Life cycle energy use and greenhouse gas emission of lightweight vehicle—A
body-in-white design. J. Clean. Prod. 2019, 220, 1-8. [CrossRef]

3.  Hein, P; Wilsius, ]. Status and Innovation Trends in Hot Stamping of USIBOR 1500 P. Steel Res. Int. 2008, 79, 85-91. [CrossRef]

4.  Karbasian, H.; Tekkaya, A.E. A review on hot stamping. J. Mater. Process. Technol. 2010, 210, 2103-2118. [CrossRef]

5. Merklein, M.; Wieland, M.; Lechner, M.; Bruschi, S.; Ghiotti, A. Hot stamping of boron steel sheets with tailored properties: A
review. . Mater. Process. Technol. 2016, 228, 11-24. [CrossRef]

6. Xu, E; Zhang, X.; Zhang, H. A review on functionally graded structures and materials for energy absorption. Eng. Struct. 2018,
171, 309-325. [CrossRef]

7.  Maikranz-Valentin, M.; Weidig, U.; Schoof, U.; Becker, H.-H.; Steinhoff, K. Components with Optimised Properties due to
Advanced Thermo-mechanical Process Strategies in Hot Sheet Metal Forming. Steel Res. Int. 2008, 79, 92-97. [CrossRef]

8.  Omer, K,; ten Kortenaar, L.; Butcher, C.; Worswick, M.; Malcolm, S.; Detwiler, D. Testing of a hot stamped axial crush member
with tailored properties—Experiments and models. Int. J. Impact Eng. 2017, 103, 12-28. [CrossRef]

9. Mori, K,; Bariani, P.F,; Behrens, B.-A.; Brosius, A.; Bruschi, S.; Maeno, T.; Merklein, M.; Yanagimoto, J. Hot stamping of ultra-high
strength steel parts. CIRP Ann. 2017, 66, 755-777. [CrossRef]

10. Merklein, M.; Svec, T. Hot stamping: Manufacturing functional optimized components. Prod. Eng. 2012, 7, 141-151. [CrossRef]

11. Rolfe, B.; Abdollahpoor, A.; Wang, Y.; Pereira, M.; Kong, H.; Fabijanic, D.; Hu, K.; Han, R.; Gao, K.; Liu, A.; et al. Local
Patchworking of Sheet Properties Combining Carburization and Hot Stamping. In Proceedings of the 3rd International Conference
on Advanced High Strength Steel and Press Hardening, Xi’an, China, 25-27 August 2016; pp. 346-351.

12.  Zhu, J.; Zhang, X.; Luo, H.; Sahraei, E. Investigation of the deformation mechanisms of lithium-ion battery components using
in-situ micro tests. Appl. Energy 2018, 224, 251-266. [CrossRef]

13.  Horn, A.; Merklein, M. Functional optimization of hot-stamped components by local carburization. Int. J. Lightweight Mater.
Manuf. 2020, 3, 43-54. [CrossRef]

14. Hairer, F; Karelova, A.; Krempaszky, C.; Werner, E.; Hebesberger, T.; Pichler, A. Influence of heat treatment on the microstructure
and hardness of a low alloyed complex phase steel. In Proceedings of the International Doctoral Seminar, Smolenice, Slovakia,
17-19 May 2009; pp. 78-83.

15. Kang, H.C,; Park, BJ,; Jang, ].H.; Jang, K.S.; Lee, K.J. Determination of the continuous cooling transformation diagram of a high
strength low alloyed steel. Metals Mater. Int. 2016, 22, 949-955. [CrossRef]

16. Nanda, T,; Singh, V.; Singh, V.; Chakraborty, A.; Sharma, S. Third generation of advanced high-strength steels: Processing routes
and properties. J. Mater. Design Appl. 2016, 233, 209-238. [CrossRef]

17. Yogo, Y.; Tanaka, K. In Situ Observation for Abnormal Grain Coarsening in Vacuum-Carburizing Process. Metall. Mater. Trans. A
2014, 45, 2834-2841. [CrossRef]

18. thyssenkrupp. Product Information for Complex-Phase Steels. Available online: https://www.thyssenkrupp-steel.com/en/
products/sheet-coated-products/multiphase-steel /complex-phase-steel / (accessed on 12 October 2017).

19. thyssenkrupp. Product Information for Manganese-Boron Steels for Hot Forming. Available online: https://www.thyssenkrupp-
steel.com/en/products/sheet-coated-products/manganese-boron-steel-for-hot-forming / mbw-manganese-boron-steel-for-
hot-forming/ (accessed on 5 March 2020).

20. Merklein, M.; Svec, T. Prozessfenster zur Verarbeitung alternativer stahlgiiten im presshartprozess. In Proceedings of the 7th
Erlanger Workshop Warmblechumformung, Erlangen, Germany, 20 November 2012; pp. 55-70.

21. ISO—International Organization for Standardization. ISO 18203: Steel—Determination of the Thickness of Surface-Hardened Layers;
ISO: Geneva, Switzerland, 2016.

22.  Toozandehjani, M.; Matori, K.A.; Ostovan, E; Mustapha, F.; Zahari, N.I.; Oskoueian, A. On the correlation between microstructural
evolution and ultrasonic properties: A review. . Mater. Sci. 2015, 50, 2643-2665. [CrossRef]

23. Shinbine, A.; Garcin, T.; Sinclair, C. In-situ laser ultrasonic measurement of the hep to bec transformation in commercially pure
titanium. Mater. Charact. 2016, 117, 57-64. [CrossRef]

24. Davies, S.J.; Edwards, C.; Taylor, G.S.; Palmer, S.B. Laser-generated ultrasound: Its properties, mechanisms and multifarious
applications. J. Phys. D Appl. Phys. 1993, 26, 329. [CrossRef]

25. Dubois, M.; Moreau, A.; Bussiere, ].F. Ultrasonic velocity measurements during phase transformations in steels using laser
ultrasonics. J. Appl. Phys. 2001, 89, 6487-6495. [CrossRef]

26. Militzer, M.; Garcin, T.; Kulakov, M.; Poole, W. Laser ultrasonics for in-situ monitoring of microstructure evolution in steels. In
Proceedings of the 5th Baosteel Biennial Academic Conference, Beijing, China, 10-14 August 2013.

27. Kruger, S.E.; Damm, E.B. Monitoring austenite decomposition by ultrasonic velocity. Mater. Sci. Eng. A 2006, 425, 238-243. [CrossRef]


http://doi.org/10.1016/j.ijlmm.2018.09.001
http://doi.org/10.1016/j.jclepro.2019.01.225
http://doi.org/10.1002/srin.200806321
http://doi.org/10.1016/j.jmatprotec.2010.07.019
http://doi.org/10.1016/j.jmatprotec.2015.09.023
http://doi.org/10.1016/j.engstruct.2018.05.094
http://doi.org/10.1002/srin.200806322
http://doi.org/10.1016/j.ijimpeng.2017.01.003
http://doi.org/10.1016/j.cirp.2017.05.007
http://doi.org/10.1007/s11740-012-0429-z
http://doi.org/10.1016/j.apenergy.2018.05.007
http://doi.org/10.1016/j.ijlmm.2019.09.002
http://doi.org/10.1007/s12540-016-6269-1
http://doi.org/10.1177/1464420716664198
http://doi.org/10.1007/s11661-014-2233-1
https://www.thyssenkrupp-steel.com/en/products/sheet-coated-products/multiphase-steel/complex-phase-steel/
https://www.thyssenkrupp-steel.com/en/products/sheet-coated-products/multiphase-steel/complex-phase-steel/
https://www.thyssenkrupp-steel.com/en/products/sheet-coated-products/manganese-boron-steel-for-hot-forming/mbw-manganese-boron-steel-for-hot-forming/
https://www.thyssenkrupp-steel.com/en/products/sheet-coated-products/manganese-boron-steel-for-hot-forming/mbw-manganese-boron-steel-for-hot-forming/
https://www.thyssenkrupp-steel.com/en/products/sheet-coated-products/manganese-boron-steel-for-hot-forming/mbw-manganese-boron-steel-for-hot-forming/
http://doi.org/10.1007/s10853-015-8855-x
http://doi.org/10.1016/j.matchar.2016.04.018
http://doi.org/10.1088/0022-3727/26/3/001
http://doi.org/10.1063/1.1363681
http://doi.org/10.1016/j.msea.2006.03.056

Materials 2021, 14, 1836 21 of 22

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kruger, S.; Moreau, A.; Monchalin, J.P. Laser-Ultrasonic Monitoring of Metallurgical Transformations in Advanced Ultra-High
Strength Steels. In Proceedings of the 1st International Symposium on Laser Ultrasonics: Science, Technology and Applications,
Montreal, QC, Canada, 16-18 July 2008.

Arnoult, WJ.; McLellan, R.B. Variation of the Young’s Modulus of Austenite with carbon concentration. Acta Metall. 1975, 23,
51-56. [CrossRef]

Dubois, M.; Militzer, M.; Moreau, A.; Bussiére, ].F. A new technique for the quantitative real-time monitoring of austenite grain
growth in steel. Scr. Mater. 2000, 42, 867-874. [CrossRef]

Garcin, T.; Ueda, K.; Militzer, M. Reverse Austenite Transformation and Grain Growth in a Low-Carbon Steel. Metall. Trans. A
2016, 48, 796-808. [CrossRef]

Garcin, T.; Schmitt, ].H.; Militzer, M. In-situ laser ultrasonic grain size measurement in superalloy INCONEL 718. . Alloys Compd.
2016, 670, 329-336. [CrossRef]

Aranda, L.G.; Chastel, Y.; Pascual, ].F.; Negro, T.D. Experiments and Simulation of Hot Stamping of Quenchable Steels. In
Proceedings of the 7th International Conference on Technology of Plasticity, Yokohama, Japan, 27 October—1 November 2002;
pp. 1135-1140.

Nikravesh, M.; Naderi, M.; Akbari, G.H.; Bleck, W. Phase transformations in a simulated hot stamping process of the boron
bearing steel. Mater. Des. 2015, 84, 18-24. [CrossRef]

Horn, A.; Hart-Rawung, T.; Buhl, J.; Bambach, M.; Merklein, M. Investigation of the phase transformation in hot stamping
processes with regard to the testing facility. In Proceedings of the Congress of the German Academic Association for Production
Technology, Dresden, Germany, 23—-24 September 2020; Springer: Berlin/Heidelberg, Germany, 2020; pp. 76-85.

Cai, M.-h.; Ding, H.; Lee, Y.-k.; Tang, Z.-y.; Zhang, ].-s. Effects of Si on Microstructural Evolution and Mechanical Properties of
Hot-rolled Ferrite and Bainite Dual-phase Steels. ISI] Int. 2011, 51, 476-481. [CrossRef]

Yakubtsov, I.A.; Boyd, ].D. Effect of alloying on microstructure and mechanical properties of bainitic high strength plate steels.
Mater. Sci. Technol. 2013, 24, 221-227. [CrossRef]

Pichler, A.; Traint, S.; Stiaszny, P.; Werner, E.; Arnoldner, M.; Pippan, R. Phase transformations during annealing of a cold-rolled
DP steel grade. In Proceedings of the Mechanical Working and Steel Processing Conference Proceedings, Toronto, ON, Canada,
22-25 October 2000; pp. 573-594.

He, B. On the Factors Governing Austenite Stability: Intrinsic versus Extrinsic. Materials 2020, 13, 3440. [CrossRef]

Naderi, M. Hot Stamping of Ultra High Strength Steels. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2007.
Barcellona, A.; Palmeri, D. Effect of Plastic Hot Deformation on the Hardness and Continuous Cooling Transformations of
22MnB5 Microalloyed Boron Steel. Metall. Trans. A 2009, 40, 1160-1174. [CrossRef]

Nikravesh, M.; Naderi, M.; Akbari, G.H. Influence of hot plastic deformation and cooling rate on martensite and bainite start
temperatures in 22MnB5 steel. Mater. Sci. Eng. A 2012, 540, 24-29. [CrossRef]

Naderi, M.; Saeed-Akbari, A.; Bleck, W. The effects of non-isothermal deformation on martensitic transformation in 22MnB5 steel.
Mater. Sci. Eng. A 2008, 487, 445-455. [CrossRef]

Kop, T.A.; Sietsma, J.; Van Der Zwaag, S. Dilatometric analysis of phase transformations in hypo-eutectoid steels. . Mater. Sci.
2001, 36, 519-526. [CrossRef]

Krauss, G. Martensite in steel: Strength and structure. Mater. Sci. Eng. A 1999, 273-275, 40-57. [CrossRef]

Heibel, S.; Dettinger, T.; Nester, W.; Clausmeyer, T.; Tekkaya, A.E. Damage Mechanisms and Mechanical Properties of High-
Strength Multiphase Steels. Materials 2018, 11, 761. [CrossRef]

Knaislova, A.; Rudomilova, D.; Novak, P.; Prosek, T.; Michalcova, A.; Beran, P. Critical Assessment of Techniques for the
Description of the Phase Composition of Advanced High-Strength Steels. Materials 2019, 12, 4033. [CrossRef]

Sarkar, S.; Moreau, A.; Militzer, M.; Poole, W.]. Evolution of Austenite Recrystallization and Grain Growth Using Laser Ultrasonics.
Metall. Trans. A 2008, 39, 897-907. [CrossRef]

Wan, T.; Naoe, T.; Wakui, T.; Futakawa, M.; Obayashi, H.; Sasa, T. Effects of Grain Size on Ultrasonic Attenuation in Type 316L
Stainless Steel. Materials 2017, 10, 753. [CrossRef]

Fu, L.M.; Wang, H.R.; Wang, W.; Shan, A.D. Austenite grain growth prediction coupling with drag and pinning effects in low
carbon Nb microalloyed steels. Mater. Sci. Technol. 2013, 27, 996-1001. [CrossRef]

Enloe, C.M,; Findley, K.O.; Speer, ].G. Austenite Grain Growth and Precipitate Evolution in a Carburizing Steel with Combined
Niobium and Molybdenum Additions. Metall. Mater. Trans. A 2015, 46, 5308-5328. [CrossRef]

Alogab, K.A; Matlock, D.K; Speer, ].G.; Kleebe, H.J. The Influence of Niobium Microalloying on Austenite Grain Coarsening
Behavior of Ti-modified SAE 8620 Steel. ISI] Int. 2007, 47, 307-316. [CrossRef]

Militzer, M.; Maalekian, M.; Moreau, A. Laser-Ultrasonic Austenite Grain Size Measurements in Low-Carbon Steels. Mater. Sci.
Forum 2012, 715-716, 407-414. [CrossRef]

Chen, R.; Zheng, Z.; Li, J.; Li, N; Feng, F. In Situ Investigation of Grain Evolution of 300M Steel in Isothermal Holding Process.
Materials 2018, 11, 1862. [CrossRef]

Tokizane, M.; Matsumura, N.; Tsuzaki, K.; Maki, T.; Tamura, I. Recrystallization and formation of austenite in deformed lath
martensitic structure of low carbon steels. Metall. Trans. A 1982, 13, 1379-1388. [CrossRef]

Furuhara, T.; Kikumoto, K.; Saito, H.; Sekine, T.; Ogawa, T.; Morito, S.; Maki, T. Phase Transformation from Fine-grained Austenite.
ISI] Int. 2008, 48, 1038-1045. [CrossRef]


http://doi.org/10.1016/0001-6160(75)90068-1
http://doi.org/10.1016/S1359-6462(00)00305-5
http://doi.org/10.1007/s11661-016-3855-2
http://doi.org/10.1016/j.jallcom.2016.01.222
http://doi.org/10.1016/j.matdes.2015.06.108
http://doi.org/10.2355/isijinternational.51.476
http://doi.org/10.1179/174328407X243005
http://doi.org/10.3390/ma13153440
http://doi.org/10.1007/s11661-009-9790-8
http://doi.org/10.1016/j.msea.2012.01.018
http://doi.org/10.1016/j.msea.2007.10.057
http://doi.org/10.1023/A:1004805402404
http://doi.org/10.1016/S0921-5093(99)00288-9
http://doi.org/10.3390/ma11050761
http://doi.org/10.3390/ma12244033
http://doi.org/10.1007/s11661-007-9461-6
http://doi.org/10.3390/ma10070753
http://doi.org/10.1179/1743284711Y.0000000001
http://doi.org/10.1007/s11661-015-3103-1
http://doi.org/10.2355/isijinternational.47.307
http://doi.org/10.4028/www.scientific.net/MSF.715-716.407
http://doi.org/10.3390/ma11101862
http://doi.org/10.1007/BF02642875
http://doi.org/10.2355/isijinternational.48.1038

Materials 2021, 14, 1836 22 of 22

57.

58.

59.

60.

Meza-Garcia, E.; Rautenstrauch, A.; Braunig, M.; Krédusel, V.; Landgrebe, D. Energetic evaluation of press hardening processes.
Procedia Manuf. 2019, 33, 367-374. [CrossRef]

Cai, H.L.; Du, PJ.; Yi, H.L.; Wu, D. Effects of Austenitizing Temperature on Microstructure and Properties of Hot-Formed Steel.
Adv. Mater. Res. 2014, 1063, 88-92. [CrossRef]

Celada-Casero, C.; Sietsma, ].; Santofimia, M.]. The role of the austenite grain size in the martensitic transformation in low carbon
steels. Mater. Des. 2019, 167, 107625. [CrossRef]

Mohrbacher, H. Property Optimization in As-Quenched Martensitic Steel by Molybdenum and Niobium Alloying. Metals 2018, 8,
234. [CrossRef]


http://doi.org/10.1016/j.promfg.2019.04.045
http://doi.org/10.4028/www.scientific.net/AMR.1063.88
http://doi.org/10.1016/j.matdes.2019.107625
http://doi.org/10.3390/met8040234

	Introduction 
	Materials and Methods 
	Methodology 
	Materials 
	Investigated Materials 
	Mechanical Properties of Carburized Complex Phase Steel 

	Experimental Methods 
	Simulation of the Thermal Treatment during the Hot Stamping Process 
	In-Situ Analysis of the Microstructure by Laser-Ultrasonics 
	Supplementary Experiments 


	Results and Discussion 
	Phase Transformation during Hot Stamping 
	Procedure for the Evaluation of the Testing Results 
	Phase Transformation of Non-Carburized CP-W®800 during Conventional Hot Stamping 
	Comparison of Start and End Temperatures of the Phase Transformation of Carburized and Non-Carburized Semi-Finished Parts during Simulated Hot Stamping 
	Comparison of the Austenitic Decomposition of Carburized and Non-Carburized Semi-Finished Parts during Simulated Hot Stamping 

	Hardness of As-Quenched Samples 
	Metallographic Analysis 
	Assessment of Grain Growth 

	Conclusions 
	Outlook 
	References

