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Abstract: It has been proven that through targeted quenching and partitioning (Q & P), medium
manganese steels can exhibit excellent mechanical properties combining very high strength and
ductility. In order to apply the potential of these steels in industrial press hardening and to avoid
high scrap rates, it is of utmost importance to determine a robust process window for Q & P. Hence,
an intensive study of dilatometry experiments was carried out to identify the influence of quenching
temperature (TQ) and partitioning time (tp) on phase transformations, phase stabilities, and the
mechanical properties of a lean medium manganese steel. For this purpose, additional scanning
electron microscopy (SEM), electron backscatter diffraction (EBSD), and energy dispersive X-ray
spectroscopy (EDX) examinations as well as tensile testing were performed. Based on the dilatometry
data, an adjustment of the Koistinen–Marburger (K-M) equation for medium manganese steel was
developed. The results show that a retained austenite content of 12–21% in combination with a
low-phase fraction of untempered secondary martensite (max. 20%) leads to excellent mechanical
properties with a tensile strength higher than 1500 MPa and a total elongation of 18%, whereas
an exceeding secondary martensite phase fraction results in brittle failure. The optimum retained
austenite content was adjusted for TQ between 130 °C and 150 °C by means of an adapted partitioning.

Keywords: medium manganese steel; quenching and partitioning; dilatometry; martensitic phase
transformation; press hardening

1. Introduction

The reduction in CO2 emissions is one of the most important issues in the automotive
industry. One effective way of reducing emissions of passenger cars is to lower vehicle
weight. The greatest potential for savings can be found in the area of autobody design,
where, for example, high-strength steels are now replacing conventional deep drawing
sheet material [1,2]. One of the most efficient processes for the production of high-strength
crash-relevant components is press hardening, in which forming and hardening are com-
bined in a single process step (direct press hardening) [3]. Currently, manganese-boron
steels such as 22MnB5 or 20MnB8 are used for this purpose. In their initial state, these
steels have a ferritic-pearlitic (FP) microstructure, which is completely transformed into
martensite with tensile strengths of 1500 MPa and higher by austenitizing and press hard-
ening [4]. Alloying elements such as carbon, manganese, chromium, and boron increase
the strength attainable by this process and, above all, suppress the diffusion-controlled
FP transformation, which allows the critical cooling rate for the formation of martensite
to be reduced to a technically feasible value of at least 27 K/s [5]. However, the residual
formability (approx. 7%) is greatly reduced by the complete formation of martensite,
which is why these components are only suitable to a limited extent for crash-relevant
anti-intrusion areas of the car body. For this reason, tailoring methods such as tailored
tempering with a partially heatable die [6] or tailored furnace modules for precise local
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heat treatment [7], as well as the use of third-generation advanced high-strength steels
(AHSS) [8–11], are proceeding in the focus of research and development activities in the
area of press hardening [3,12–14].

Compared to 22MnB5, medium manganese steels can have a significantly lower criti-
cal cooling rate as well as lower transformation temperatures due to an adapted alloying
concept. Consequently, this allows a more robust process control and, in addition, a signifi-
cantly lower austenitization temperature. In comparison to manganese boron steels, the
austenitization temperature of medium manganese steels can be lowered by 100–200 °C [15],
which is associated with considerably reduced energy consumption [16]. Furthermore, the
lower austenitization temperature leads to a comparatively finer microstructure, which
positively influences both the strength and the ductility of the material, respectively [17].

In addition, it is possible to set a multiphase microstructure consisting of a combination
of hard and ductile phases through targeted temperature control during the press hardening
process, which leads to an improved combination of strength and residual formability.
One approach is to integrate quenching and partitioning (Q & P) into the press hardening
process. After austenitizing, the material is stamped within a temperature-controlled die
and initially quenched to a temperature range between the martensite start temperature
Ms and the martensite finish temperature Mf to partially produce fresh primary martensite
(α’FP). Partitioning subsequently occurs during annealing at temperatures between Ms
and AC1. At elevated temperatures, carbon and manganese diffuse from the martensite
into the austenite, which leads to tempering of primary martensite and a stabilization of
austenite and hence to retained austenite in the final microstructure after quenching to
room temperature since Mf dropped below room temperature (Figure 1) [18].

Figure 1. Schematic description of the Q & P process and the microstructural evolution during the
heat treatment.

In sensitive dependence on the Q & P parameters, highly complex final microstructures
of tempered primary martensite (α’P), fresh secondary martensite (α’S), and retained austen-
ite (γr) are formed, whereby the mechanical properties can be precisely adjusted [18,19].
This has been proven, among others, by the investigations of de Cooman et al. [20] and
de Moor et al. [21], who performed Q & P treatments on medium manganese steels in a
dilatometer and in salt baths, respectively, and achieved tensile strengths of 1500 MPa at
total elongation of 15%.
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However, in industrial production, variations in the process parameters occur unregu-
larly, which means that the exact control of the optimum heat treatment parameters cannot
be guaranteed. In order to minimize possible scrap, the aim of this work was to determine
a process window for quenching and partitioning treatment for a lean medium manganese
steel that is as robust as possible, as well as to investigate how possible variations in
quenching temperature can be compensated by adjusting the partitioning treatment. To
achieve this, a precise knowledge of the phase transformation kinetics and phase stability
as a function of the process parameters is of great importance. For this purpose, different
series of dilatometer experiments were carried out, in which the quenching temperature
and the partitioning time were varied, and the respective phase transformations were
identified and quantified. Furthermore, the microstructure was characterized in detail and
correlated with the mechanical properties from the tensile test.

2. Materials and Methods

For the experiments, an ingot of 80 kg (cross-section 140 × 140 mm²) of a medium
manganese steel with a nominal composition of Fe-0.3%C-5%Mn-1.5%Si (wt.%, details in
Table 1) was produced by a laboratory vacuum-induction melting process. The ingot was
homogenized at 1150 °C for 2 h and subsequently forged to a cross-section of 120 × 120 mm²
in a temperature range between 1150 °C and 850 °C. This was followed by a second homog-
enization for 5 h at 1150 °C and furnace cooling. The forged ingot was then hot-rolled to a
thickness of 3 mm, annealed at 650 °C for 2 h and cold-rolled to a final thickness of 1.5 mm.

Table 1. Chemical composition (in wt.%) of the studied medium manganese steel.

Fe C Mn Si Al Cr P S N

bal. 0.30 4.99 1.55 0.004 0.04 0.005 0.003 0.004

For a detailed understanding of the material´s phase transformation behavior, THER-
MOCALC simulations with the TCFE9 database were performed. Dilatometer experiments
were carried out using a BÄHR Dil 805 A/D dilatometer (TA instruments, Hüllhorst, Ger-
many) in combination with specimens of a size of 7 × 4 × 1.5 mm³ cut from the cold-rolled
sheet material. The Ac1 and Ac3 temperatures were determined at a heating rate of 0.05 K/s.
The austenitization for the following experiments was then set at Ac3+60 °C for a duration
of 300 s to ensure fully austenitic microstructure before cooling. Ms and Mf were deter-
mined for the selected austenitization followed by cooling to room temperature using
argon.

For the quenching and partitioning experiments, samples were first austenitized and
immediately quenched to an intermedium temperature TQ between Ms and Mf. After an
isothermal holding time of 10 s at TQ, in order to ensure an even heat distribution within
the sample, the samples were heated to a partitioning temperature Tp = 400 °C and held
isothermally for 60 s before final quenching to room temperature.

The suitable range for TQ (130/150/170/190/210 °C) was estimated by adapting the
lever law to dilatation curves to determine the amount of formed primary martensite after
initial quenching (Vm), as well as by adjusting and rearranging the Koistinen–Marbuger
(K–M) equation (Equation (1)) [22] (Vγ= phase fraction of austenite; α and β = empirical
parameters):

Vγ = exp(−1.10 ∗ 10−2(Ms − TQ)) (1)

Vm = 1 − exp(−α(Ms − TQ)
β) (2)

Within a second experimental series, TQ was set fixed to 150 °C and 170 °C while the
partitioning time tP (60/180/300 s) was varied (Figure 2). In the following, the different
quenched and partitioned states will be described as “QPTQ_tP”.
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Figure 2. Schematic temperature–time diagram of the quenching and partitioning experiments for
first (varying TQ and tP = 60 s) and second experimental series (TQ = 150/170 °C and varying tP).

To determine the mechanical properties of the material, selected heat treatments
were duplicated in salt baths on dog-bone-shaped tensile samples (A30, cut along rolling
direction). Subsequent uniaxial tensile tests were performed with ZWICKROELL Z100
(ZwickRoell GmbH & Co. KG, Ulm, Germany) at room temperature at a strain rate of
0.0005/s using an optical strain measurement with an accuracy class of 0.5.

In order to analyze and quantify the phase transformation detected in the dilatometer,
the microstructure was additionally investigated on 3% HNO3 (Nital) etched samples
by means of light optical microscopy (LOM) using KEYENCE VHX6800 (Keyence Cor-
poration, Osaka, Japan) and scanning electron microscopy (SEM) in combination with
energy-dispersive X-ray spectroscopy (EDX) using ZEISS Sigma field emission gun (Carl
Zeiss AG, Oberkochen, Germany) with an acceleration voltage of 5–20 kV and a work-
ing distance of 10 mm in combination with an OXFORD INSTRUMENTS X-MAXN EDX
detector (Oxford Instruments plc, Abingdon, Great Britain) operating with OXFORD IN-
STRUMENTS AZTEC®5.0 software. Prior austenite grain size was determined on picric
etched as-quenched samples. For estimation of the retained austenite content of different
quenched and partitioned conditions, automated electron back-scatter diffraction (EBSD)
measurements with an acceleration voltage of 20 kV, a working distance of 18 mm, and a
step size of 60 nm were carried out on electropolished samples using an OXFORD INSTRU-
MENTS NORDLYSNANO EBSD detector. The electropolishing was performed for 15 s at
17 V in STRUERS electrolyte A2 (Struers GmbH, Willich, Germany). For determination of
primary and secondary martensite fraction, image contrasting method by means of ImageJ
1.47v was applied on light-optical and scanning-electron micrographs. The results were
additionally compared with the image quality (IQ) maps of EBSD measurements.

3. Results and Discussion
3.1. Phase Transformations and Initial State

Figure 3 represents the prediction of most stable phases by THERMOCALC simulation,
whereas Figure 4 shows the experimental determined CCT diagram for Fe-0.3%C-5%Mn-
1.5%Si. Next to the start (Ac1b) and finish (Ac3) temperature of austenite formation, carbide
solution was also identified during the heating of dilatometric samples. The completion of
carbide solution was reached at 735 °C (Ac1e). Additionally, the dilatometer experiments
revealed that for the investigated medium manganese steel, the bainitic transformation was
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suppressed completely, even for slow cooling with t8/5>1 h, due to the alloying concept
with 5 wt.% Mn and a relatively high 0.3 wt.% C. The decrease in hardness with slower
cooling rates can be explained by self-tempering of martensite below Ms. As suggested
by Gramlich et al. [23], the reduction in soluted C in the matrix due to the diffusion of C
to lattice defects might be a reason for lower martensite hardness. The same effect was
observed by Sackl et al. [24] by atom-probe tomography analysis on 42CrMo4.

The deviation of the expected cooling rates starting at 200 °C (Figure 4) can be ex-
plained by the martensitic tranformation being exothermic. For the fastest coolings, the
dilatometer control cannot respond quickly enough to the change in heat. It is notable
that the start of the deviation does not correspond with Ms. Taking into account Figure 5,
it can be seen that the formation rate of the martensitic phase is not linear and it is still
low shortly below Ms. The start of the deviation matches with the region of maximum
martensitic formation rate.

A comparison of experimental and simulated results displays that the transformation
temperatures from the simulation were significantly lower than those from the experimental
tests. The reason for this is the dependence of the transformation temperatures on the
thermal kinetics, which were not taken into account in the equilibrium simulation. To
ensure full austenitization, the homogenization temperature was therefore set to 840 °C for
the following heat treatments.
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Figure 3. Thermocalc simulation of most stable phases for Fe-0.3%C-5%Mn-1.5%Si.

The Ms temperature showed no dependence of the cooling rate in the investigated
range and was determined to be 244 °C which was in very good agreement with the empiric
equation for Ms as suggested by Andrews [25]:

Ms = 539.0 − 423.0 × C − 30.4 × Mn − 12.1 × Cr − 17.7 × Ni − 7.5 × Mo + 10.0 × Co − 7.5 × Si (3)

The martensitic transformation was completed at 85 °C.
To estimate the martensitic phase fractions in dependence of TQ, the K–M equation

(Equation (1)) [22] as well as adaptions of it by Seo et al. [26] and van Bohemen and
Sietsma [27] were applied to the here-studied material and compared to the experimental
results of dilatometry (Figure 5, Equation (2)). For Ms, an experimentally determined
value of 244 °C was applied. The comparison shows that for medium manganese steels,
further adaptions of the equation are needed. Hence, an adjusted K–M equation was em-
pirically determined for Fe-0.3%C-5%Mn-1.5%Si based on dilatometric data of martensitic
transformed as-quenched samples:

Vm = 1 − exp(−0.00203(Ms − TQ)
1.54765) (4)
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According to Equation (4), the martensite phase fraction was 99.4%, reaching the dilato-
metrically determined Mf of 85 °C. For room temperature, a phase fraction of 99.98% was
calculated, which was in very good agreement with EBSD measurements of as-quenched
samples detecting only 0.02% of the fcc phase.
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Figure 4. Experimentally determined CCT-diagram for an austenitization time of 300 s at 840 °C
(hardness HV30).
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Figure 5. Experimental and empirical determination of primary martensite’s phase fraction in
dependence of TQ.

In the cold-rolled condition, Fe-0.3%C-5%Mn-1.5%Si showed a martensitic microstruc-
ture with a pronounced rolling texture (Figure 6a). The combination of thermodynamic
simulation, dilatometric tests, and EDX measurement suggests that the bright particles in
Figure 6b are carbides. During homogenization at 840 °C for 300 s, the carbides dissolve
(Ac1e = 735 °C), and the microstructure is fully austenitic with an average grain size of 9 µm
(measured as prior austenite grain size). The subsequent quenching to room temperature
suppresses further diffusion processes and leads to a fully martensitic microstructure
(Figure 6d) with higher dissolved C-content, as in the cold-rolled state, corresponding to a
greater lattice distortion [28].
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While the cold-rolled samples have a tensile strength of 1340 MPa and a total elon-
gation of 2.7%, the as-quenched specimens fail early during tensile testing without any
plastic deformation (Figure 6c,e). The fracture surface of these as-quenched samples shows
an intergranular fracture along the prior austenite grain boundaries, which is what might
be related to embrittlement due to segregations. Nasim et al. [29] attribute the occurrence
of intergranular fracture in an as-quenched 8 wt.% Mn steel to the enrichment of espe-
cially N on prior austenite grain boundaries. Given the low N content in the here-studied
laboratory-produced material, embrittlement due to Mn and P segregations during hot
rolling, homogenization, and air cooling, as suggested by Han et al. [30], seems to be
more probable. Brittle intergranular fracture of fully martensitic steel due to Mn segrega-
tions on prior austenite grain boundaries was also stated by Kuzmina et al. [31]. Solute
decohesion and changes in the magnetic effects (Mn is more electronegative than Fe),
which diminish the metal–metal bond, are mentioned as a possible explanation. To reduce
embrittlement, they [31] suggested an intercritical annealing prior to a tempering treatment
causing austenite to form at the Mn segregations.

Figure 6. (a) IPF map of the cold-rolled state; (b) SEM image of the cold-rolled state containing small carbides; (c) tensile
test results in combination with phase map (blue = bcc) and fracture surface of the cold-rolled state; (d) IPF map of the
as-quenched state; (e) SEM image of the martensitic as-quenched state; (f) tensile test results in combination with phase
map (blue = bcc) and fracture surface of the as-quenched state.

3.2. Quenching & Partitioning
3.2.1. Influence of TQ

The microstructure of the samples quenched to 150–210 °C followed by a partitioning
treatment at 400 °C for 60 s consists of primary (tempered) martensite (low C content),
secondary martensite (high C content), and retained austenite. The phase fraction of
primary martensite increases, and correspondingly the austenite fraction decreases after
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first quenching with decreasing TQ. The dilatometric investigation on Fe-0.3%C-5%Mn-
1.5%Si shows that the amount of primary martensite is hereby, especially between 170–
210 °C, very sensitive to TQ due to fast martensite transformation kinetics, which is also
illustrated in Figure 5.

During subsequent partitioning treatment at 400 °C, Speer et al. [32] suppose with their
constrained carbon equilibrium model that C diffuses from primary martensite into the
remaining austenite assuming that no competing reactions like bainite or carbide formation
occur [32,33]. Accordingly, the higher C content stabilizes the austenite by lowering the
Ms. The occurrence of carbides during partitioning in the here-studied material could be
excluded following the microstructure analysis. Additionally, a possible bainite formation
during partitioning was ruled out, since no significant change in length over the holding
time at 400 °C was detected by means of dilatometry. Hence, the carbon was used entirely
for the stabilization of the austenite. Despite this, the chosen partitioning treatment for
samples quenched to TQ ≥ 150 °C was not sufficient to lower Ms to room temperature;
hence, secondary martensite started to form out of the carbon enriched austenite during
final quenching. Thus, the retained austenite content for samples quenched to exemplary
170 °C decreased during final quenching from almost 50% to 7%, resulting in 43% fresh
secondary martensite.

With its higher carbon content, secondary martensite features a higher resistance to
nital etching and is therefore distinguishable from primary martensite by light-optical
(Figure 7d) and scanning-electron microscopy, which was also shown by the work of
Santofimia et al. [34]. In a different study, Santofimia et al. [35] supposed identifying
primary and secondary martensite by analyzing EBSD IQ maps. Secondary martensite with
its higher carbon content should result in higher distortion and thus lower IQ than areas
of tempered primary martensite. Nevertheless, a quantitative determination of primary
and secondary martensite by this mean is not possible. The combined phase and IQ maps
for QP130_60 and QP170_60 are presented in Figure 7c,e. Red areas describe the retained
austenite (fcc), while the remaining parts of the microstructure consist of martensite with
different IQ. Although formation of secondary martensite was not identified in QP130_60
by dilatometry, its IQ map shows a strong variation, which might be caused by grain
boundaries or phase interfaces, which also result in poor band contrast. In comparison to
QP130_60, the combination of phase and IQ map of QP170_60 shows a coarser microstruc-
ture with a lower austenite phase fraction. The microstructure consists of filmlike and
blocky austenite, fine martensite laths, and martensite plates larger than 10 µm. Within
these plates, a variation in IQ can be detected, which might be due to incomplete parti-
tioning and therefore inhomogeneous distribution of C, assuming the plates are primary
martensite, which is in good agreement with [35]. The finer lath martensite features a lower
IQ, which might be an indication for secondary martensite.

The lower the austenite content after first quenching, the more primary martensite
and thus carbon is available for the diffusion into austenite and its stabilization during
partitioning [34,36]. Therefore, quenching to 130 °C led to a complete stabilization of
retained austenite during partitioning, and, hence, the final microstructure consisted only
of primary tempered martensite and islands of retained austenite with a total phase fraction
of 13%.

The analysis of the corresponding dilatation curves supports the observation of the
microstructure investigations and is exemplary given in Figure 7a. For samples with
TQ = 150–210 °C, the dilatation curves show a deviation from the linear curve during final
quenching, which denotes the initiation of a secondary martensite phase transformation
and, hence, is an indication of the poor thermal stability of austenite. The dependence of
Ms of secondary martensite on TQ is displayed in Figure 8.

Since the observed phase transformation was not completed, the Mf was obviously
set below room temperature during partitioning. For samples quenched to 130 °C, no
indications for a phase transformation during final cooling can be found, wherefore Ms
and Mf have to be below room temperature.
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Figure 7. (a) Dilatation curves for QP170_60 and QP130_60; (b) light optical micrograph of QP130_60; (c) combination of
EBSD phase map (fcc = red) and IQ map of QP130_60; (d) light optical micrograph of QP170_60 showing primary (dark)
and secondary martensite (bright); (e) combination of EBSD phase map (fcc = red) and IQ map of QP170_60.
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Figure 8. Ms of secondary martensite in dependence of TQ.

The corresponding final phase fractions determined by metallographic analysis in
dependence of TQ are illustrated in Figure 9a. Retained austenite is determined by EBSD
measurements, while, for primary martensite, image contrasting was used. Since it is not
possible to distinguish between austenite and secondary martensite in the LOM images, the
phase fraction of secondary martensite was calculated. The error bars in Figure 9a show, on
the one hand, the standard deviation of the measurements of the retained austenite using
EBSD (lower error bar) and, on the other hand, the standard deviation of the measurements
of the primary martensite fractions using image contrasting (upper error bar). Comparing
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the results of Figure 9a with the determined phase fraction by dilatometry (Figure 5), it
has to be mentioned that the phase fraction of primary martensite is underestimated by
contrasting analysis. As can be seen in Figure 7b, primary martensite can also contain
brighter areas depending on the orientation of martensite to the analyzed surface, which
makes it more difficult to determine the exact phase fractions of primary and secondary
martensite by image contrasting. Therfore, in-situ synchrotron X-ray diffraction was identi-
fied as a useful method for more detailed analysis of phase fractions, their composition,
and transformation kinetics for future work.

Figure 9. (a) Resulting final phase fractions in dependence of TQ; (b) resulting stress–strain curves and representative
fracture surface for investigated QP130_60 and QP150_60; and (c) resulting stress–strain curves and representative fracture
surface for investigated QP170_60 and QP190_60.

Tensile testing revealed an excellent combination of strength and ductility for samples
containing up to 13% retained austenite and <20% fresh martensite due to quenching
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to 130 °C (Rm = 1598 MPa, Ax = 19.1%) and 150 °C (Rm = 1644 MPa, Ax = 16.4%). In
comparison, TQ ≥ 170 °C with a maximum of 7% retained austenite fraction and more
than 40% untempered secondary martensite led to no significant increase in the ductility
compared to the as-quenched state (Figures 6 and 9). This observation is in good agreement
with the studies of Paravicini Bagliani et al. [37], who found a degradation of the mechanical
properties of Q & P-treated medium-carbon steels with increasing secondary martensite
content up to 35%. Comparable to the present study, the best combination of strength and
ductility was reached with a maximum retained austenite fraction and the lowest fraction
of secondary martensite.

3.2.2. Influence of tP

According to the results above, the limiting values of TQ, 150 and 170 °C, were chosen
to investigate the influence of a longer partitioning time on the austenite stability and the
mechanical properties. EBSD measurements for TQ = 150 °C showed that increasing the
partitioning time from 60 to 180 s led to a final austenite fraction of 17%. A further extension
of the partitioning time up to 300 s raised the retained austenite content even to 21%
(Figure 10). A comparison of the dilatation curves confirms that an increased partitioning
time stabilizes a higher retained austenite content, which was set after the first quenching
to 150 °C, and hence less fresh secondary martensite formed. While after a partitioning of
60 s, secondary martensite starts to form during quenching to room temperature at 91 °C,
this temperature was set below 60 °C for samples with previous partitioning for 300 s. Even
after 300 s of partitioning, microstructure analysis revealed no carbides and no bainite
formation.

With respect to the mechanical properties, the increased partitioning time led only to
a moderately higher uniform and total elongation at a comparable strength level (Table 2).
The only slight influence of partitioning time at 400 °C on the elongation was also stated by
Arlazarov et al. [38], who investigated 0.29 wt%C-3 wt%Mn-1.4 wt%Si steel.

Table 2. Mechanical properties in dependence of tp for TQ = 150 °C and 170 °C.

TQ (°C) tP (s) Rp0.2 (MPa) Rm (MPa) Ag (%) Ax (%)

150
60 923 1634 13.0 16.3

180 950 1648 15.3 18.8
300 946 1640 15.0 18.8

170
60 912 1515 3.8 3.8

180 892 1508 5.0 5.0
300 878 1471 3.7 3.7

In the case of quenching to 170 °C, even prolonged partitioning from 60 s up to 300 s
did not stabilize much more austenite. The dilatation curves show that even after 300 s
of partitioning, Ms was still about 135 °C; thus, 37.1% hard secondary martensite formed
during final quenching. The final austenite content raised slightly from 7 to 11%. Within
this test series, no significant differences in the strength and ductility properties can be
achieved. Compared to the samples quenched to 150 °C, the samples also showed a
relatively high strength level but no plastic deformation (Table 2).
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Figure 10. Final phase fractions in dependence of tp for (a) TQ = 150 °C and (b) TQ = 170 °C.

3.2.3. Role of Secondary Martensite on Ductility

Comparing the mechanical properties of QP170_300 to QP130_60 with a similar
austenite content in the range of 11–13%, it is worth mentioning that the stable austenite
content after final quenching cannot be solely responsible for the good ductility of samples
quenched to TQ = 130 °C/150 °C. Another ductility-determining factor is the increasing
fraction of secondary martensite, which leads to an increasing probability of crack formation
and propagation [39]. While there is no secondary martensite and a total elongation of
19.1% in samples QP130_60, the amount of secondary untempered martensite in samples
QP170_300 reaches 37%, and the total elongation decreases to 3.7%.

In Figure 11, the predominantly brittle fracture surface of QP170_300 is shown. Small
ductile areas are marked with black arrows (Figure 11a) and can be assigned austenite.
Although a quantitative analysis of the C content by EDX measurement is not possible, the
qualitative comparison of the C content suggests that the existing cracks perpendicular to
the fracture surface might run between primary martensite with relatively low C content
and secondary martensite with approximately 2.5 × higher C content (Figure 11b).

In this context, De Knijf et al. [40] detected after Q & P treatment and successive tensile
testing deformed areas of primary martensite but no deformation in fresh martensite areas
that led to a high stress concentration in its surroundings and hence void formation on
primary/secondary martensite interface leading to early fracture of the material, which was
also found in the present study (Figure 9a,c). Wang et al. [41] also identified in their studies
on Fe-0.3C-2.5Mn-1.5Si-0.8Cr (wt%) micro-cracks, which form due to strain localization in
the vicinity of coarse martensite laths and untempered fresh martensite. A homogeneous
distribution of austenite islands in the microstructure reduces the localization of the strain
and promotes homogeneous plastic deformation even in the martensitic matrix [41]. To
minimize secondary martensite fraction and to retain a maximum fraction of austenite,
Celada-Casero et al. [42] determined an optimum primary martensite fraction of ≥ 77% to
ensure complete C partitioning to austenite during partitioning at 400 °C for 50 s, which
is in good agreement with the present results shown in Figure 9a,b. Comparing Figure 9,
Figure 10, and Table 2, the maximum tolerable secondary martensite amount that still
enables good ductility was found to be 20%.
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Figure 11. (a) Mainly brittle intergranular fracture surface of QP170_300 tensile test sample containing
small ductile areas and cracks; (b) crack running between microstructural areas with relatively low
and high C content measured by EDX.

4. Conclusions

An extensive dilatometer study in combination with a microstructure analysis to check
the reproducibility of the suggested heat treatments on tensile specimens allowed to define
a suitable process window for the Q & P process of Fe-0.3%C-5%Mn-1.5%Si. To predict
the phase fraction of primary martensite in dependence of TQ, an adjustment of the K–M
equation was suggested for the medium manganese steel.

While the as-quenched condition failed in a brittle way and is therefore less suitable
for direct press-hardening application without additional heat treatment, Q & P was used to
significantly increase the ductility of the investigated material. However, 12–21% austenite
only results in good ductility provided that the formation of secondary martensite is
suppressed as far as possible.

High levels of secondary martensite, despite an austenite content of 11%, have a
detrimental effect on the mechanical properties and lead to early failure. However, the
study identified an amount of up to 20% secondary martensite as uncritical, which extends
the optimum TQ from 130 °C to a range of 130–150 °C, providing a wider margin for
engineering application.

The influence of the partitioning duration can be considered minor. The good combi-
nation of properties can already be achieved after a short partitioning, which is particularly
advantageous for throughput in industry. If technical problems result in a longer par-
titioning time (up to 300 s), the component still exhibits comparable properties and can
be used.
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