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Medium-manganese steels are promising candidates for use as air-hardening forging steels, thus eliminating the need for subsequent heat
treatment steps. This publication deals with the influence of the main alloying elements, namely, carbon, silicon, manganese, and chromium, on
the transformation behavior during continuous cooling of medium-manganese steels. Therefore, dilatometer-tests, microstructure
characterization by SEM and EBSD and in addition, hardness and retained austenite measurements were performed to derive CCT diagrams.
The substitution of 1% manganese with 1% chromium in the steel 0.2C1Si4Mn results in a similar transformation behavior except for a higher
M; temperature (335°C instead of 303°C) and a slightly lower hardness. In general, all 4% manganese steels and the 3% manganese + 1%
chromium steel show relatively high hardness values after slow cooling, which makes them suitable for use as air-hardening steels. All steels
exhibit increasing retained austenite fractions with decreasing cooling rates, which can be attributed to autopartitioning. It could be shown that
ferrite formation starts significantly earlier than the 1% transformation line in the classical CCT-diagram indicates, which is suspected to affect

toughness.
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1. Introduction

Quenching and tempering (Q&T) as well as precipitation-
hardening ferritic-pearlitic steels (PHFP) are typically used
for forging applications 2. Q&T steels are characterized by
a very good combination of strength and toughness
properties, which are achieved by a heat treatment after
forging. Subsequent heat treatment leads to distortion,
higher costs, and higher CO, emissions ¥. PHFP steels
achieve their specified strength and toughness directly
during air cooling after the forging operation. However, the
combination of high strength and toughness of Q&T steels
cannot be reached > ¥. At this point, new air-hardening
forging steels based on medium-manganese steels (MedMn
steels) are interesting candidates, to achieve better strength
and toughness than PHFP steels keeping their simple process
route V. This alloy concept belongs to the third-generation
advanced high-strength steels (AHSS) © and is often used for
sheet products that are typically heat treated by the austenite
reversion tempering process ” and more recently according
to &9 by the quench and partitioning process (Q&P). For the
design of this alloy concept, precise knowledge on the effect
of alloying elements, such as carbon, silicon, manganese,
and chromium, on transformation behavior, microstructure,
retained austenite and mechanical properties after
continuous cooling is very important. The transformation
behavior of some MedMn steels (3 to 10 wt.% manganese)
during continuous cooling was investigated in 7% 1913 by
dilatometry. Increasing manganese contents shift ferrite and
bainite transformation to longer times and additionally
lowers the martensite start temperature (M; temperature) 'V,
Silicon retards carbide precipitation during continuous
cooling due to its insolubility in cementite and leads to solid
solution strengthening !4 !, If the silicon content is larger
than about 1%, cementite precipitation during bainite
transformation is suppressed, and therefore, carbon diffusion
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retards the bainite formation '®. It is known that
molybdenum (0.2 wt%) and boron (0.002 wt.%) retard the
ferrite transformation, which increases the hardenability '
12 However, no deeper investigations regarding small
amounts of grain boundary ferrite were performed in 7% 10~
13 although even small amounts (1 vol. %) can influence the
toughness '7. The effect of chromium was not examined in
7.8 10-3) byt in general, it increases hardenability '® 1),
Furthermore, 1 wt.% chromium reduces the My temperature
by only 11°C, whereas the addition of 1 wt.% manganese
leads to a reduction of 37°C 2%, So, the partial substitution
of manganese by chromium leads to a higher Mstemperature,
which favors autotempering '> 2D, Autotempering occurs
during continuous cooling below the M; temperature and
describes the self-tempering effect of the martensite laths,
due to carbide precipitation '* 22, In cases where carbide
precipitation is suppressed (e.g., alloying with silicon,
aluminum), partitioning of carbon from martensite to
austenite occurs, whereby the retained austenite can be
stabilized 2>29. In analogy to autotempering, this behavior
can be designated autopartitioning, whereas it is called
dynamic partitioning in 2529, Lower cooling rates from the
austenite region to room temperature lead to higher retained
austenite fractions due to the formation of bainite and
enhanced autopartitioning by favored carbon diffusion.
Furthermore, lower cooling rates reduce hardness due to
ferrite and bainite formation as well as autotempering and
autopartitioning ',

There is no systematic study focusing on the influence of
the main alloying elements on the continuous cooling
transformation (CCT) behavior of MedMn steels, which is
why this publication is dedicated to this issue. Specifically,
the work of ' has not investigated the effect of the cooling
rate on the retained austenite fraction. As CCT diagrams
usually indicate the 1% transformation line of ferrite, it
should be investigated where ferrite formation starts.



2. Experimental

2.1 Material production

Table 1 shows the chemical composition of the
investigated steels. The material was prepared in a
laboratory-scale vacuum induction furnace and subsequently
cast in ingots of 12kg. After casting, the steels were forged
into a round material with a diameter of 20mm. At the
beginning, the forging temperature was 1200°C, which was
reduced in the further forging steps. Standard dilatometer
samples (d=4mm, 1=10mm) were wire electric discharge
machined from the forged bars in the longitudinal direction.
To minimize the influence of segregations, positions in the

center of the bars were avoided.
Table 1 Chemical composition of the investigated steels in wt.% and
temperatures in °C.

Steel C Si [Mn| Cr| As | Taust
0.2C1Si3Mn 020101 3.0 - 820 850
0.2C1Si4Mn 020|111 3.9 - 790 820
0.2C1Si5Mn 01911 48 - 778 810
0.2C0.5Si4Mn | 0.20 | 05| 3.9 - 783 820
0.15C1Si4Mn | 0.15|1.0 | 4.0 - 812 840

0.2C1Si3Mnl1Cr | 0.21 | 1.1 | 29 | 11| 827 860

2.2 Material characterization

Dilatometer tests were carried out on a Bihr 805 A/D
dilatometer. The temperature was measured by a
thermocouple of type S (Pt/Pt — 10% Rh). To determine the
Acis, Acir, and Acsz temperatures, dilatometer tests with a
heating rate of 3K'm™! were carried out according to
SEP1680 2. To receive the CCT diagrams, the dilatometer
samples were fully austenitized 30°C above the respective
Ac; temperature for 10 minutes and then cooled to room
temperature (ca. 20°C) with N, gas at different cooling rates.
In general, Newtonian cooling curves were chosen since
they are closer to air cooling than linear cooling curves. The
specified cooling rates of this manuscript correspond to the
average cooling rate between 800 and 500°C. From the
dilatometer testing, dilatation curves were evaluated. The
phase transition temperatures (ferrite, bainite, and
martensite) were determined at the temperature of 1%
transformed phase using the lever rule 2%,

For microstructural investigations, samples were prepared
by mechanical grinding and polishing using diamond and
oxide suspensions. Subsequently, the samples were
electropolished at a voltage of 50V for 3s with the electrolyte
Struers A2 at a temperature of 16°C in the Struers
LectroPole-5 instrument. The microstructure  was
investigated by scanning electron microscope (SEM)
(Tescan MIRA3) using the secondary electron detector. In
addition, electron backscattered diffraction (EBSD)
measurements were performed on the electropolished
samples. The grain size was measured according to ASTM
E112-13. Vickers microhardness measurements were
performed according to DIN EN ISO 6507-1 (HV10).
Retained austenite was measured by a saturation
magnetization measurement (SMM) according to 230

3. Results and Discussion

3.1 Continuous cooling transformation behavior
Figure 1 shows the dilatometer curves during continuous

cooling from the reference steel 0.2C1Si4Mn. At a cooling
rate of 50K's™!, only martensitic transformation occurs. At
lower cooling rates, there are slight deviations of the
dilatometer curve from the linear shrinkage behavior, which
indicates the formation of ferrite (Fs) and bainite (Bs).
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Figure 1 Dilatometer curves during continuous cooling to room temperature
under variation of the cooling rate.

Applying the lever rule led to the phase fractions as a
function of temperature as shown in Figure 2. The missing
phase fractions on 100% are represented by the measured
retained austenite content. At the slowest cooling rate, the
microstructure contains ferrite, bainite, martensite, and
retained austenite. A detailed view on the phase fractions in
Figure 3 shows the temperatures at which 1% ferrite or
bainite has transformed, and this point was taken to draw the
CCT diagrams. It can also be seen that the ferrite
transformation begins well before the 1% threshold is
reached; however, exact dilatometric determination of the
start of ferrite formation is difficult because the detection
limit lies at 1%. So, the formation temperature can only be
determined by interrupted cooling tests 2731,
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Figure 2 Determination of the transformed phase fraction from the
dilatometer curve using the lever rule.
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Figure 3 Details of the transformed phase fraction from the dilatometer
curve using the lever rule.

Therefore, additional experiments, for microstructural



investigations, were conducted where continuous cooling to
the estimated ferrite start temperature (eg., 0.4Ks! to
700°C) and a subsequent quench with 50K's! to room
temperature was performed. The microstructure depending
on the cooling rate can be seen in Figure 4. A cooling rate of
50K:s! shows, in accordance with the dilatometer curve, a
predominantly martensitic microstructure (o) and films of
retained austenite (y;). At 1.4K's™!, a small amount of bainite
(bainitic ferrite, o) is already visible, and additionally, small
tempering carbides are present in the martensitic laths. At a
cooling rate of 0.4K's™!, additionally some ferrite at the grain
boundaries is apparent. The micrograph after the interrupted
cooling experiment on the right side shows small amounts of
ferrite beside martensite, which further indicates that ferrite
formation starts earlier than that indicated in dilatometric
investigations. EBSD measurements in Figure 5 show hardly
any retained austenite after cooling with 50K's! (0.1%) and
small amounts after cooling with 0.4K's! (1.7%), and in the
latter case where it is located.
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Figure 4 Microstructure of the 0.2C1Si4Mn under variation of cooling rate.
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Figure 5 Band contrast and phase colored EBSD image (red...bcc,
blue...fce) of the 0.2C1Si4Mn under variation of the cooling rate.

A quantitative analysis of the phase fractions as a function
of cooling rate is shown in Figure 6. It can be clearly seen
that the retained austenite content, measured by SMM,
reaches significantly higher values than with EBSD.
Possible explanations for these deviations are that parts of
the retained austenite transform mechanically induced to

martensite during preparation and that the EBSD technique
has a limited resolution, whereby fine retained austenite
films between the martensite laths cannot be detected '3 3
32 Furthermore, slower cooling rates result in increased

ferrite, bainite, and retained austenite fractions.
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Figure 6 Phase fractions after cooling to room temperature determined from
the dilatometer curves and from magnetic measurement (retained austenite).

From all these data, the CCT diagrams for the
0,2C1Si4Mn and by analogy for the other steels were
derived, which are shown in Figure 7. All diagrams show the
A. and the 1% transformation temperatures for martensite
(a”), bainite (ay), and ferrite (o). The grain size, according to
ASTM E112-13, was comparable for all investigated steels.
To complement the CCT diagrams, Figure 8 shows the
corresponding phase contents as a function of cooling rate.
Figures 7(a)-(c) show the influence of the manganese
content on the transformation behavior, whereby higher
contents shift the ferrite and bainite transformation to
significant longer times and lead to a strong decrease of the
ferrite and bainite content (Figure 8) at a given cooling rate,
which can be also seen in the micrographs in Figure 9. This
observation was also reported in '®'?. Additionally, small
amounts of blocky retained austenite (a’/y;) can be seen,
which can transform to fresh martensite. In contrast to !9,
ferrite formation was observed at much higher cooling rates
(0.4 instead of 0.03K's™!) for a similar alloy 0.1C0.3Si5Mn.
It must be considered that the observed ferrite fractions were
very small and only visible in the SEM micrographs at
higher magnifications than possible with light optical
microscopy. The M temperature decreases noticeably with
an increasing Mn content from 3 to 5% (330 to 266°C at
50K's™ 1), which lies close to the factor for manganese in the
M; formulas derived in '> 29, There is no influence of the
cooling rate on the M, temperature except for the
0,2C1Si3Mn where the M; temperature decreases at lower
cooling rates. This can be, according to '¥, attributed to the
excessive bainite formation at lower cooling rates, where
carbon diffuses into the retained austenite and lowers the M,
temperature.

Figure 7(d) shows the CCT diagram of the
0.2C1Si3Mn1Cr, which has a very similar transformation
behavior as the 0.2C1Si4Mn (a). In contrast to the latter
steel, the transition from ferrite to bainite and subsequently
to martensite formation is continuous without clear
transition temperatures; therefore, these lines have been
drawn as dashed lines. As can be seen in Figure 8, the ferrite
fraction of the chromium steel is comparable to that of the
0.2C1Si4Mn. Indeed, the 0.2C1Si4Mnl1Cr has a slightly
higher content of bainite, which suggests that chromium
retards bainite formation less effectively than manganese.
Additionally, this steel offers a higher M temperature
(335°C instead of 303°C), which is in line with the common
M; temperature formulas %20,
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Figure 7 CCT-diagrams of the investigated steels (a)-(f).
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The influence of the carbon content on the transformation
behavior can be seen in Figure 7(e), where no clear effect on
the ferrite formation is visible. It is noticeable that the bainite
formation is slightly shifted to shorter times which results,
in agreement with 'V, simultaneously in a significant higher
bainite content (Figure 8). As expected, the M; temperature
is, in accordance with '> 29, higher than that of the high-
carbon variant.

Lowering the silicon content to 0.5%, according to Figure
7(f), shifts the ferrite formation to slightly longer times and
leads to a small reduction of the ferrite content (Figure 8).
This can be attributed to the effect that silicon is known to
increase the nucleation rate of allotriomorphic ferrite,
through which the ferrite formation is shifted to shorter times
3339, Simultaneously, bainite formation starts earlier, which
leads to an increased bainite fraction. A possible explanation
for this behavior is given in '9, where investigations have
shown that increasing the silicon content up to 1% slows
down the bainite formation due to the suppression of carbide
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precipitation. The M, temperature is only hardly affected,
which is in agreement with the common M formulas 2% 39,
In general, ferrite (<3%) and bainite (<10%) contents are
relatively low at a cooling rate of 0.4K's! in all the steels
investigated, except for the 0.2C1Si3Mn (Figure 8), which
offers a good air-hardening potential of larger diameters.
Additionally, to the conventional CCT diagrams (lines of
1% phase transformation) shown in Figure 7, the line where
ferrite formation starts was drawn in as a gray line (Osart). It
can be clearly seen for all investigated steels that ferrite
formation starts significantly earlier than the classical 1%-
line indicates. This is important, especially at faster cooling
rates where a predominantly martensitic microstructure is
present. The minimum cooling rate for obtaining a ferrite-
free microstructure can be derived from Figure 8.
Investigations in '” have shown that already 1% ferrite can
decrease the impact energy from 41 to 32J for a press-
hardening steel. Further research in *” pointed out that prior



ferrite formation can accelerate bainite formation, whereas
in %39, the opposite behavior is described.
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Figure 8 Influence of the chemical composition and cooling rate on ferrite
and bainite content after continuous cooling.
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Figure 9 Influence of the manganese content on the microstructure after
cooling with 0.2K's to room temperature.

3.2 Retained austenite

The retained austenite fraction as a function of cooling rate
is shown in Figure 10. It can clearly be seen that decreasing
cooling rates always lead to higher retained austenite
contents. All steels containing 1% silicon, except for the
0.2C1Si3Mn, show a similar behavior with minor
differences. Former deviation can be explained by the
excessive bainitic ferrite formation of this steel, where
carbon is rejected from the bainitic ferrite and diffuses into
the retained austenite whereby it is chemically stabilized ).
The increased retained austenite contents in absence of
excessive bainite formation can be referred to
autopartitioning below the M, temperature. This is possible
for cases in which carbide formation is suppressed, and
therefore, carbon diffuses from the martensite lath into the
retained austenite which gets chemically stabilized !> %% 249,
The lower silicon-variant 0.2C0.5Si4Mn shows slightly
lower retained austenite contents for all cooling rates, which
may be explained by the findings of '*'% that lower silicon
contents suppress carbide precipitation less effective. The
increasing retained austenite fractions are in line with the
results from '% 3. In contrast to these results, no retained
austenite was detected in 'V for similar alloys after slow air
cooling. Since the retained austenite measurements in 'V
were carried out by XRD, this could be, as described in 2,
possibly due to martensite formation from the metastable

retained austenite during metallographic preparation.
Interestingly in '2, where similar steels were investigated, no
retained austenite measurements were performed.
Nevertheless, a martensite finish temperature was defined,
which would indicate that there is no retained austenite.
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Figure 10 Influence of the alloying elements on retained austenite fraction
after continuous cooling.

3.3 Hardness
Figure 11 shows the influence of cooling rate and alloying
elements on the hardness after continuous cooling. Lower

cooling rates lead to lower hardness, which is in accordance
with 1013,
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Figure 11 Influence of the alloying elements on the hardness after
continuous cooling.

Except for the low manganese steel 0.2C1Si3Mn, this
behavior can be mainly attributed to autotempering and
autopartitioning. In the case of 0.2C1Si3Mn, this results in
significantly lower hardness values due to the excessive
formation of bainite. As expected, a reduction of the carbon
content lowers the hardness significantly, which can be
explained according to '>4? by lower lattice strains and less
solid solution strengthening. A lower silicon content leads to
slightly lower hardness, which can be, according to 4! 42,
attributed to less solid solution strengthening.

4. Conclusion

The paper shows the influence of the main alloying elements
of MedMn steels on CCT behavior, whereby following
conclusions can be drawn:

e The strong retarding effect of manganese on ferrite and
bainite formation and on lowering the M; temperature
was confirmed

e The substitution of 1% manganese by 1% chromium
leads to a similar transformation behavior, except the
higher M temperature (335°C instead of 303°C) and a
slightly lower hardness of the chromium steel



e Lower carbon and silicon contents favor bainite
formation

e Decreasing the cooling rate leads to higher retained
austenite contents for all steels, which may be attributed
to autopartitioning and bainite formation and
simultaneously to lower hardness due to the additional
effects of autotempering and ferrite formation

e It was shown that the ferrite formation starts
significantly earlier than the 1% transformation line in
the classical CCT diagram indicates
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