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1. Introduction

The current social–economic discussion on climate change and
the striving of the European Union to reach CO2 neutrality by
2050 pressures the forging industry to drastically reduce their
energy consumption. Steel forgings are widely produced from
quench and tempered (Qþ T) materials, which achieve their
final properties after a complex heat treatment consisting of aus-
tenization, quenching, and tempering. After the Qþ T heat treat-
ment, hard machining of the forged components might be
necessary as shape distortion is induced by quenching. This
causes a significant loss of material during the manufacturing
of the components and adds an avoidable share to the
CO2-footprint of the final product. In addition to the Qþ T steels,

precipitation-hardening ferritic–pearlitic
steels are widely established, which can
be cooled directly from the forging heat
without the need of an additional heat treat-
ment and with less machining effort.
However, the mechanical properties do
not completely reach the level of Qþ T
steels. Several new steel concepts have been
developed in the past, including modified
precipitation-hardening ferritic–pearlitic
steels[1] and bainitic forging steels,[2,3] but
either the balance of tensile strength and
impact toughness was not suitable, or the
application was limited to components with
small wall thicknesses. Recently, air-hard-
eningmediummanganese steels have been
investigated which achieve fully martensitic
microstructures by air cooling. While some
of these steels show inferior impact tough-
ness caused bymanganese embrittlement,[4]

new results indicate that addition of alumi-
num leads to an improved balance of strength and ductility after
air cooling making them competitive to Qþ T steels.[5] Previous
studies further demonstrate the superior cyclic material behavior
compared with reference alloys in the as-forged condition.[6]

Furthermore, the mechanical properties of medium manganese
steels can be adjusted by additional heat treatments after air cool-
ing.[7] The high manganese content enables the intercritical
annealing heat treatment (heat treatment betweenA1 andA3) apart
from the classic tempering treatment (heat treatment below A1).
Figure 1 shows the tempering treatment and the intercritical
annealing treatment of an air-cooled forging steel.

1.1. Tempering of Qþ T Steels

Martensitic steels achieve their very high strength levels through
quenching of fully austenitic microstructures at the beginning to
a fully martensitic stage after rapid cooling. The resulting mar-
tensitic microstructure is generally not suitable for application in
the as-quenched state, as the material shows brittle failure with
insufficient ductility and toughness. After quenching, most of
the carbon is already present at dislocations or other lattice
defects,[8] which was recently shown by Hutchinson et al.[9] using
atomprobe tomography. Tempering is subsequently applied to
the as-quenched materials to increase toughness and ductility.
This tempering treatment can be subdivided into five different
stages, classified by the applied temperature range or the
essential mechanism.[10] The impact of the five different stages
of tempering and—in addition—intercritical annealing on the
mechanical properties of quenched steels are schematically
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The mechanical properties after tempering and intercritical annealing of medium
manganese steels with 4 wt% Mn for forging applications are presented. After
forging with subsequent air cooling, heat treatments were performed, specifically
tempering from 250 and 450 �C and intercritical annealing between 600 and
675 �C. Tensile properties, Charpy V-notch impact toughness, and hardness were
determined and compared with microstructural features characterized by met-
allography and synchrotron measurements, leading to the classification of six
different heat treatment stages for medium manganese steels. Furthermore, the
effects of different alloying additions (boron 0.0016–0.0057 wt%, molybdenum
0.2 wt%, and aluminum 0.5 wt%) are discussed with respect to the mechanical
properties. It is shown that boron increases the impact toughness more effec-
tively in the tempering regime, while the molybdenum alloyed samples exhibit
higher toughness after intercritical annealing. Most of the materials and heat
treatment states follow the inverse relationship between toughness and strength,
while the aluminum alloyed samples show a superior toughness after tempering.
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shown in Figure 2, including the temperature range and the fun-
damental microstructural changes. The arrows indicate the
change in the mechanical properties in comparison with the pre-
vious tempering stage. It must be noted that the absolute tem-
perature values are dependent on the specific investigated alloy.

Tempering below 250 �C (stage 1) enables carbon diffusion
and the formation of tiny rod-shaped carbides.[8,11,12] The precip-
itation of carbides leads to an increase in yield strength (YS),
while the ultimate tensile strength (UTS) and the hardness stay
constant or decrease slightly.[13,14]

Stage 2 covers the tempering treatments which leads to the
decomposition of retained austenite to bainite, ferrite, or car-
bides.[8] As this process occurs parallel to other microstructural
phenomena, the second tempering stage overlaps with the first
and third stage.

Tempering in the temperature regime of stage 3 leads to the
transformation of carbides to spheroidal carbides, mostly
Fe3C,

[8,12] causing a significant drop in hardness.[14] In this tem-
perature range, embrittlement might occur (350 �C embrittle-
ment) through the formation of lamellar Fe3C on grain
boundaries.[8,12,15] Furthermore, this tempering stage is charac-
terized by the maximum YS.[13]

The stage 4 of tempering generally classifies the heat treat-
ments used for special alloyed steels, which result in secondary
hardening. A significant addition of Ti, Mo, V, or W leads to the
dissolution of coarse Fe3C and to the precipitation of special
alloyed carbides. Heat treatments of the fourth stage are usually
performed between 500 and 600 �C.[8]

The last tempering stage (stage 5) denotes the tempering
directly below A1. This stage is characterized by the recovery
of the microstructure and the formation of ferrite and spheroidal
Fe3C bringing the material close to the thermodynamic
equilibrium.[12]

1.2. Intercritical Annealing of Medium Manganese Steels

Medium manganese steels (MMnS), also known as the third-
generation advanced high strength steels (AHSS), have been pro-
posed as a compromise between the first generation of AHSS
(multiphase steels with ferritic matrix) and the second generation
of AHSS (fully austenitic steels). The medium manganese steels
are characterized by manganese contents from 412 wt%, which
results in a multiphase structure, containing martensite, ferrite,
or austenite in dependence of the process route.[16] Alloys of this
kind were first proposed by Miller et al. in the 1970s[17] and have
recently started to replace conventional AHSS.[18] The stabiliza-
tion of austenite during intercritical annealing (IA) is achieved by
the partitioning of carbon[19] and manganese[20] to the austenite
phase. If silicon and aluminum are alloyed, these elements par-
tition in the opposite direction and enrich in the ferrite phase.[21]

The intercritical annealing heat treatment (per definition per-
formed between A1 and A3) results in a complex microstructure
of annealed martensite and austenite, which must be designed
properly in accordance to achieve the desired austenite
stabilities.[22] The complex microstructure is characterized by
lower tensile strength and hardness in comparison with an
as-quenched medium manganese steel, but the ductility
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Figure 1. Comparison of tempering and intercritical annealing heat treat-
ments of an air-cooled medium manganese forging steel.
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Figure 2. The figure summarizes the influence of different tempering treatments on Qþ T steels as reported in the literature.[8,10–13] Different stages are
classified by the temperature range, the mechanisms, and their influence on the mechanical properties compared with the as-quenched martensite
properties. For comparison, the influence of an intercritical annealing heat treatment on medium manganese steels is shown as well; the mechanical
properties are compared with an as-quenched medium manganese steel.[29,30]
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increases significantly. The austenite grains are mechanically
unstable at room temperature and can transform during plastic
deformation into strain-induced martensite (transformation
induced plasticity (TRIP) effect). In numerous studies, the influ-
ence of different intercritical annealing parameters on the
mechanical properties has been investigated.[22–28] The utiliza-
tion of the TRIP effect can increase the toughness of the steel,[29]

if morphology and phase fraction of the austenite are adjusted
accordingly.[7,29–31] However, the impact toughness in these
steels remains a critical issue and is controversially discussed.
While most of the studies attribute the embrittlement to segre-
gations of manganese to prior austenite grain boundaries,[32–38]

some authors do not report any observable segregations.[39] The
effect of the segregation might be reduced by grain boundary
active alloying elements such as boron[32,37] or molybdenum[33]

which strengthen the grain boundaries and prevent critical man-
ganese segregations. Another possibility of increasing the tough-
ness is applying cold deformation before the intercritical
annealing,[38] as the cold deformation eradicates the prior austen-
ite grain boundaries through recrystallization.

The current study aims to investigate the influence of a wide
range of heat treatment temperatures on the mechanical proper-
ties of a 4 wt% medium manganese steel. Furthermore, the dif-
ference between classic tempering treatment and intercritical
annealing shall be highlighted.

2. Experimental Section

Five alloys were melted (80 kg) in a laboratory vacuum furnace
and subsequently forged into rods. A base alloy composition of
4 wt% manganese, 0.5 wt% silicon, and carbon concentrations
from 0.15 to 0.19 wt% has been chosen based on previous studies
on air-hardening steels.[4] Hereby, manganese is alloyed to
increase the critical cooling rate which allows to achieve martens-
ite through air cooling. Silicon acts as a carbide precipitation
restraining element and the different carbon concentrations
are used to tailor the strength. In addition, 0.035 wt% niobium
is alloyed to control the austenite grain size during the hot forg-
ing. To address the issue of grain boundary embrittlement, addi-
tional alloying concepts are utilized to improve the resistance
against brittle fracture. AlloyþB andþþB are alloyed with boron
(0.0016 and 0.0057 wt%, respectively) to increase the grain
boundary strength. In addition, titanium is added to protect
the boron from precipitation with nitrogen as boron nitrides.
Molybdenum is used in alloy þMo for grain boundary strength-
ening (0.2 wt%). Contrary to the þB and þþB materials, no

titanium is necessary in this concept. For the þAl alloy (0.5 wt
%), boron (0.003 wt%) and molybdenum (0.2 wt%) were added.
Titanium is not needed in the þAl concept because the high
aluminum concentration leads to the formation of AlN and
therefore protects the boron from precipitation with nitrogen.
The chemical compositions of all investigated laboratory melts
are shown in Table 1. The ingots with the dimensions of
140� 140� 500mm3 were homogenized for 5 h at 1200 �C
before being hot forged into rods of the dimensions of 60� 60
� 1000mm3 in the temperature range from 1100 to 1200 �C.
After forging, air cooling was applied to achieve the desired mar-
tensiticmicrostructure. Samples formechanical testing were taken
approximately 1 cm below the rod surface to minimize the influ-
ence of surface effects or core segregation. Each sample was heat-
treated in a salt bath for 1 h at the respective tempering tempera-
ture (Tt) between 250 and 450 �C or at the intercritical annealing
temperature (Tia) between 600 and 675 �C. Finally, the samples
were again air-cooled. Tensile tests were conducted using round
specimens with a diameter of 6mm and a gauge length of
30mm with a constant strain rate of 0.0005 s�1. Instrumented
Charpy V-notch samples were tested at room temperature using
a 300 J hammer. Hardness measurements have been done using
the Vickers method[40] and a testing force of 98 N (HV10). The dis-
played values in this study (tensile test, Charpy V-notch, and hard-
ness) represent the average from three parallel tests.

3. Results

3.1. Phase Fractions

Two alloys þþB and þAl have been investigated in the as-forged
condition and after intercritical annealing for their phase frac-
tions using synchrotron X-ray diffraction (SYXRD). The as-
forged state of both materials consists of mainly body-centered
cubic (bcc) phase and only small amounts of face-centered cubic
(fcc) phase (3.07 vol% (�0.08) and 2.02 vol% (�0.04) for þþB
and þAl, respectively); no cementite was observed. For intercrit-
ical annealing temperatures from 600 to 650 �C, cementite was
detected with decreasing phase fractions from 2.21.1 vol% for
alloy þþB and from 1.81.0 vol% for alloy þAl when Tia was
raised from 600 to 650 �C. The fcc fraction increases continu-
ously with increasing Tia from 2.735.2 vol% and from
1.728.9 vol% for alloys þþB and þAl, respectively. The change
in the phase fraction after intercritical annealing for both alloys is
shown in Figure 3. The overview of the obtained phase fractions
and the corresponding lattice parameters for fcc and bcc are
shown in Table 2.

Table 1. Chemical composition of the laboratory melts. All concentrations are given in wt%.

Alloy Ca) Si Mn P Sa) Al Cr Mo Ti Nb B N

ref. 0.17 0.50 3.96 0.010 0.009 0.027 0.11 0.02 <0.003 0.032 <0.0005 0.011

þB 0.19 0 50 4.02 0.008 0.011 0.031 0.11 0.02 0.020 0.035 0.0016 0.011

þþB 0.17 0.50 3.99 0.010 0.009 0.025 0.11 0.02 0.020 0.033 0.0057 0.010

þMo 0.15 0.49 4.02 0.011 0.009 0.027 0.12 0.20 <0.003 0.035 <0.0005 0.010

þAl 0.16 0.52 4.00 0.010 0.010 0.510 0.11 0.20 <0.003 0.037 0.0030 0.011

a)C, S determined with Leco combustion analyses.
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3.2. Tensile Tests

The yield and the tensile strength in the as-forged condition range
from 918 to 993MPa and from 1340 to 1533MPa, while the uni-
form and total elongation range from 3.8% to 4.1% and from
11.8% to 12.4%. Tempering at 250 �C barely influences the
UTS, Au, and At; only the YS increases between 100 and
200MPa. An increase in Tt to 350 �C does not change the YS
or the elongation values of the materials in comparison with
the samples tempered at Tt¼ 250 �C, but the UTS decreases
between 30 and 100MPa. Tempering at the highest investigated
Tt (¼450 �C) leads to significant drops in yield and tensile strength
(approximately 100 and 150MPa), while the elongations increase
between 1.3% and 4.2% for Au and 1.6% and 3.6% for At.

In addition to the tempering treatments, four different
temperatures in the range of intercritical annealing were inves-
tigated. The intercritical annealing with the lowest Tia was per-
formed at 600 �C. In comparison with the tempering treatment
at Tt¼ 450 �C, YS and UTS decrease for all alloys by approxi-
mately 200 MPa, while the elongations increase for most alloys
except for alloy þAl. For this material, both measurements of
elongation decrease by a significant amount. If Tia is increased
to 625 �C, only small differences for the tensile test properties
can be reported, specifically a small increase in the strength val-
ues and a small decrease in the elongations was found. The
strength values continue to decline slightly after a heat treat-
ment at 650 �C, and significant increases in Au and At are
observed. The hottest intercritical annealing was performed
at 675 �C, leading to a decrease in YS between 100 and

200 MPa accompanied by an increase in the UTS by a compa-
rable amount. Au increases notably for all materials, while At

decreases or increases depending on the material. The proper-
ties obtained by the tensile tests are shown in Table 3.

Apart from the differences concerning the absolute values of
the tensile test properties, the strain-hardening behavior changes
with increasing heat treatment temperature. To address this
issue, four different types of stress–strain curves are defined
and shown in Figure 4. Type a is characteristic for the as-forged
state of all investigated materials. The stress–strain curve shows a
smooth transition from elastic to plastic transformation. Type b
is characterized by a more abrupt transition of elastic to plastic
deformation and is found for most of the tests after heat treat-
ment in the tempering range from 250 to 450 �C. Only the
molybdenum alloyed materials show this behavior also at tem-
peratures in the intercritical annealing range (600 and
625 �C). The tensile test curves after heat treatment in the inter-
critical annealing range for the lower to intermediate tempera-
tures (600–650 �C) are characterized by an inflection point at
the beginning of the plastic deformation (type c). As already men-
tioned, the molybdenum alloyed materials are an exception from
this as these alloys only developed this type of stress–strain curve
after intercritical annealing at 650 �C. After intercritical anneal-
ing at 675 �C, serrated flow can be observed for all investigated
materials (type d). Figure 4 shows the exemplary stress–strain
curves of materialþþB for all materials. The type of stress–strain
curve is indicated by the superscripts in brackets. The types
for the other samples are added as superscripts to the YS in
Table 3.

Figure 3. Phase fractions of alloys þþB and þAl in the as-forged and in the intercritically annealed state.

Table 2. Phase fractions and lattice parameters obtained by SYXRD of alloysþþB andþAl. The materials were investigated in the as-forged condition and
after intercritical annealing. Errors for the lattice parameters have been omitted as they have been generally below 0.001 as well as the errors for the bcc
phase which are generally below 0.01 vol%.

Alloy þþB Alloy þAl

bcc [vol%] fcc [vol%] Fe3C [vol%] abcc [Å] afcc [Å] bcc [vol%] fcc [vol%] Fe3C [vol%] abcc [Å] afcc [Å]

As-forged 96.93 3.07� 0.08 – 2.877 3.611 97.98 2.02� 0.04 – 2.872 3.609

Tia¼ 600 �C 95.08 2.73� 0.07 2.18� 0.12 2.874 3.600 96.49 1.71� 0.05 1.78� 0.13 2.873 3.602

Tia¼ 625 �C 92.00 5.97� 0.08 2.05� 0.12 2.874 3.604 93.05 6.55� 0.07 1.40� 0.09 2.872 3.606

Tia¼ 650 �C 83.66 15.23� 0.35 1.11� 0.14 2.871 3.606 83.61 15.44� 0.20 0.95� 0.08 2.872 3.608

Tia¼ 675 �C 95.72 34.28� 0.39 – 2.872 3.605 70.07 28.92� 0.29 – 2.872 3.606
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Table 3. Overview of mechanical properties obtained by tensile test, hardness measurements, and instrumented Charpy V-notch impact test at room
temperature. Yield strength (YS), ultimate tensile strength (UTS), uniform elongation (Au), total elongation (At), Vickers hardness, measured Charpy
energy (CVNm), integrated Charpy energy (CVNi), and maximum force during impact test (Fmax) are included in the table. Superscripts “a–d” refer to the
stress–strain curves type a to type d. B and pD refer to force–displacement curves of the Charpy test. “B ” stands for brittle; “pD” stands for partly ductile.
The properties of the as-forged condition as well as the temperatures 600–675 �C of alloys þB, þþB, and þMo have already been published[5,7] and are
shown here for the sake of completeness.

Alloy As-forged 250 �C 350 �C 450 �C 600 �C 625 �C 650 �C 675 �C

YS [MPa] þB 993a 1182b 1194b 1081b 870c 830c 758c 635d

þþB 967a 1132a 1163b 1040b 838c 809c 742c 561d

þMo 918a 1101b 1123b 1045b 862b 838b 775c 592d

þAl 930a 1070b 1131b 1062b 879b 836b 790c 695d

ref 964a 1136b 1146b 1021b 844c 802c 745c 593d

UTS [MPa] þB 1533 1469 1369 1215b 967 941 920 1107

þþB 1422 1409 1354 1161 943 924 900 1067

þMo 1374 1373 1324 1208 1006 978 951 1112

þAl 1340 1353 1320 1214 1034 993 964 1034

ref 1423 1401 1334 1174 966 930 932 1118

Au [%] þB 4.0 3.3 3.1 5.2 5.8 7.0 14.6 20.2

þþB 3.8 3.5 3.6 4.9 6.4 7.9 16.6 19.4

þMo 3.8 3.8 3.5 5.7 6.5 7.3 14.7 18.0

þAl 4.1 3.5 3.0 7.2 6.6 7.3 12.4 23.7

ref 3.9 3.4 3.2 5.3 6.0 7.1 18.0 20.7

At [%] þB 12.3 12.0 11.4 14.4 15.3 17.3 24.0 26.8

þþB 12.4 12.5 12.8 14.4 16.8 18.0 27.4 26.8

þMo 12.2 13.1 12.8 15.5 15.6 16.4 23.8 23.4

þAl 11.8 12.4 12.4 17.0 15.9 16.7 22.0 31.4

ref 11.9 11.9 11.9 14.2 14.5 16.4 27.0 26.2

Hardness [HV10] þB 452 451 421 358 299 285 261 281

þþB 442 435 417 369 309 302 294 288

þMo 423 420 378 411 322 315 312 301

þAl 424 401 383 354 317 284 305 316

Ref 418 437 422 390 308 304 293 289

CVNm [J] þB 15 23 6 30 23 28 85 51

þþB 25 29 18 31 22 34 82 53

þMo 16 19 10 21 23 35 101 62

þAl 49 62 68 31 43 33 95 79

ref 11 11 8 31 23 26 61 45

CVNi [J] þB 14 19 6 26 14 26 73 44

þþB 24 26 18 27 18 28 76 48

þMo 13 16 9 19 19 30 94 57

þAl 44 49 56 22 38 29 87 73

ref 8 9 6 28 18 24 55 41

Fmax [kN] þB 26.0B 29.3B 18.2B 27.8B 22.7B 22.6B 21.6pD 21.1pD

þþB 29.5B 30.5B 28.6B 26.3B 22.6B 23.0B 23.5pD 21.0pD

þMo 26.0B 27.8B 23.2B 26.9B 23.7B 23.8B 23.9pD 22.6pD

þAl 27.7pD 29.8pD 29.1pD 27.2B 23.4pD 22.6pD 21.6pD 21.4pD

ref 20.9B 23.0B 19.5B 27.3B 22.5B 22.6B 22.1pD 20.7pD

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 92, 2100180 2100180 (5 of 11) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.steel-research.de


3.3. Hardness

The hardness after tempering and intercritical annealing
changes in a similar way to the UTS, reaching a maximum hard-
ness of 452 HV10 for steel þB. Tempering and intercritical
annealing lead to hardness decreases for all investigated materi-
als. Only the reference alloy shows a small increase in hardness
after tempering at Tt¼ 250 �C and Tt¼ 350 �C in
comparison with the as-forged condition. While three alloys
(þþB, þMo, ref ) continuously decrease in hardness with
increasing temperature up to the highest intercritical annealing
temperature (Tia¼ 675 �C), two alloys show a minimum in hard-
ness followed by a continuous increase (þB, þAl; 261 HV10 at
650 �C and 284 HV10 at 625 �C, respectively). All obtained
hardnesses are shown in Table 3.

3.4. Instrumented Charpy V-Notch Impact Tests

The measured Charpy impact energy (CVNm) values reveal that
tempering influences the alloys in different ways. Tempering at
250 �C increases the impact energy for all alloys apart from the
reference material which seems to be unaffected by tempering.
However, the observed changes in CVNm are rather small
(between 313 J for alloys þMo and þAl, respectively). If temper-
ing is performed at 350 �C, the absorbed impact energy decreases
to levels below 20 J except material þAl whose CVN further

increases up to 68 J. The highest Tt leads to a bisection of the
impact energy of alloy þAl, while all other alloys show an
improved impact toughness between 21 and 31 J. Heat treatment
in the range of intercritical annealing only shows minor effects if
comparably low Tia of 600 or 625 �C is used. Intercritial anneal-
ing at 650 �C increases the impact toughness of all investigated
alloys between 94% and 567% (for alloys þAl and þB, respec-
tively) in comparison with the as-forged condition. A further
increase in Tia decreases the absorbed impact energy again,
but the values are still much higher in comparison with the
as-forged state. In addition to the measured CVNm values, the
force–displacement curves have been monitored and by integra-
tion the impact energy values (CVNi) have been determined.
There are only minor differences between CVNm and CVNi;
the temperature dependencies of both values are identical. All
values for CVNm and CVNi are shown in Table 3. The remarkable
toughness difference between theþAl and the residual alloys can
also be seen in the force–displacement curve. Figure 5 shows the
force–displacement curves of the instrumented Charpy V-notch
tests for alloy þAl and þþB (þþB was chosen exemplary, as the
curve progression is similar for alloys þB, þþB, þMo, and ref ).
AlloyþAl shows a ductile fracture behavior after reaching Fmax in
the as-forged state and after tempering at 250 and 350 �C. After
tempering at 450 �C, a brittle force–displacement curve with an
abrupt decline of force after Fmax can be reported. The alloys
without significant additions of aluminum all show this rapid

Figure 4. Classification of observed stress–strain curves for the investigated materials. In the air-cooled condition and after tempering at temperatures
from 250 to 450 �C, strain hardening is characterized by continuous yielding. This continuous yielding has a smooth transition from elastic to plastic
deformation in the as-forged state and gets increasingly abrupt with increasing tempering temperature. After tempering above 600 �C (intercritical anneal-
ing), discontinuous yielding takes place accompanied by a maximum in the strain-hardening curve which indicates the occurrence of TRIP effect. This
effect is enhanced after tempering at 675 �C where serrated flow is observed. The stress–strain curves of alloy Bþþ are shown for clarification; the class of
straining behavior is indicated by the superscripts in brackets.
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decline in the as-forged state and after tempering. Intercritical
annealing leads to a reduction of Fmax by approximately one-third
of the as-forged state. However, an increase in Tia leads to a
change in course progression for all materials. After annealing
at Tia¼ 650 �C, a very slow decline of force after Fmax was mea-
sured leading to the highest observed impact energies. If Tia is
increased to 675 �C, the decline of force accelerates again, which
results in lower impact energies. All values for Fmax are shown in
Table 3. The superscript B and pD indicate the type of the
observed force–displacement curve (B: brittle; pD: partially duc-
tile). The change in fracture mode can be connected to the
observed fracture surfaces of the investigated alloys. The as-
forged state and the tempering states of alloy þþB are charac-
terized by small impact energies and rapid declines of the
force–displacement curves as stated earlier. Mostly intergranular
cleavage fracture was observed. Intercritical annealing at lower
Tia leads to a mixed fracture surface morphology with areas of
intragranular cleavage fracture and exposed prior austenite
grains. After intercritical annealing at 650 and 675 �C, only intra-
granular fraction can be observed, but the exposed surfaces are

decorated with a secondary phase. The amount of this secondary
phase increases with increasing Tia. As representative examples,
the different fracture surfaces of alloy þþB after tempering and
intercritical annealing can be seen in Figure 6. While the fracture
surfaces of alloy þþB can be seen as an example for alloys þB,
þMo, and ref, alloy þAl does show a completely different
fracture morphology. In the as-forged state and after tempering
up to 350 �C, the fracture morphology is characterized by
ductile fracture with separations caused by the linear arrange-
ment of aluminum nitrides in forging direction.[5] The sample
tempered at 450 �C shows the lowest impact energy for alloy
þAl and has a mixed fracture surface with regions similar to
the ductile fracture surfaces of the as-forged state, but also
intergranular cleavage fraction can be observed, as shown in
Figure 7. Intercritical annealing also leads to mixture of different
fracture morphologies, but contrary to the Tt¼ 450 �C condition,
no brittle fracture is found. In addition to the ductile fracture
with separations, regions similar to those reported for alloy
þþB with a secondary phase on prior austenite grain boundaries
are found.

Figure 5. Force–displacement curves of alloys þþ B and þ Al after tempering at different temperatures. While the maximum displacement force (Fmax)
reaches comparable levels for the aluminum and the boron alloyed sample after tempering treatment, the decline of the force after Fmax is more rapidly for
the alloy without aluminum, indicating lower ductility.

250 °C 350 °C 450 °C

675 °C650 °C625 °C600 °C

as-forged

40 µm 40 µm 40 µm 40 µm

40 µm 40 µm 40 µm 40 µm

Figure 6. Fracture surface evolution of the alloyþþB after tempering with an increasing temperature. In the as-forged state and after tempering between
250 and 450 �C, the fracture surfaces show mostly intragranular cleavage fracture. After tempering at temperatures above 625 �C, cleavage fracture with
partly exposed prior austenite grains is observed. These prior austenite grains are decorated with a secondary, ductile phase.
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4. Discussion

Usually, tempering of Qþ T steels and intercritical annealing of
medium manganese steels are considered as separate heat
treatments, as they are performed on different steel classes.
With air-hardening medium manganese steels, a group of
materials was developed which can be exposed to tempering
as well as to intercritical annealing, depending on the applica-
tion and the resulting mechanical properties. Originally, these
steels were designed without a consecutive heat treatment to
the forging and air cooling; however, the properties can be
significantly improved. Tempering and intercritical annealing
have considerable effects on the mechanical properties, while
different alloying elements can be used to further optimize
the properties.

4.1. Classification of Tempering and Intercritical Annealing
Effects

From the results of this study, tempering and intercritical anneal-
ing can each be divided into different stages, defined by the
applied temperature during heat treatment (Figure 8).
Tempering at 250 �C leads to an increase in YS, while all other
properties stay more or less constant. The change in stress–strain
curves from type a to type b, which accompanies the increase
in YS, can be explained by the decomposition of retained austen-
ite. The as-forged state of these materials shows austenite phase
fractions between 2 and 3 vol%, as demonstrated by SYXRD. The
phase fraction of austenite after intercritical annealing is slightly
lower, which indicates the instability of this phase during heat
treatments, which do not enable partitioning. In addition,

650 °C

650 °C650 °C450 °C450 °C

450 °C

400 µm

40 µm 40 µm 40 µm 40 µm

400 µm

a b

c

d

(a) (b) (c) (d)

Figure 7. Fracture surfaces of Charpy V-notch impact samples of alloy þAl after a tempering at 450 and 650 �C. After tempering at 450 �C, a mixture of
intragranular cleavage and shear fracture with large separations can be observed. If the tempering temperature is increased to 650 �C, the shares of
cleavage fracture change to mixture of cleavage and shear fracture with partly exposed prior austenite grains similar to the other alloys, while some shear
fracture with separations can still be observed.

1 stagest 2 stagend 3 stagerd 1st stage 2nd stage

temperature
range

mechanism

250°C

A1

precipitation of small
carbides;
decomposition of
retained austenite

carbide coarsening
carbide coarsening;
relaxation of
martensite

disolving of carbides;
formation of austenite
nuclei;

formation of globular
austenite;
stabilisation of austenite
phase with manganese
and carbon

seitreporp  lacinahce
m

A3

intercritical annealing of investigated MMnS steels

coarsening of austenite;
formation of lamellar
austenite;
destabilisation of
austenite

tempering of investigated MMnS steels

hardness

toughness

YS

UTS

675°C

ductility

3 stagerd

600°C + 625°C 650°C350°C 450°C

Figure 8. Chart for tempering and intercritical annealing of air-hardening medium manganese steels. Six different heat treatment stages are classified by
the microstructural mechanism and their influence on the mechanical properties (indicated by arrows in comparison with the as-forged state). A tem-
perature range is assigned to each stage.
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precipitation of small carbides might take place during this heat
treatment; however, as a considerable amount of very small car-
bides already precipitate during air cooling,[5] the effect might be
negligible which explains why the hardness and the UTS are not
influenced. An increase in Tt to 350 �C leads to a decrease in
hardness, UTS, and impact toughness. Like standard Qþ T, tem-
pering in this temperature range leads to coarsening of carbides,
which lowers the impact toughness (350 �C embrittlement) and
simultaneously decreases hardness and UTS by the depletion of
carbon from the matrix. These effects were observed for alloys
þB, þþB, þMo, and ref. Alloy þAl showed this behavior after
tempering at 450 �C, which can be explained by the addition of
aluminum, as aluminum retards the carbide growth and pre-
vents the 350 �C embrittlement.[41] If the other alloys are tem-
pered at 450 �C, nearly all mechanical properties decrease
while the ductility increases, which is caused by further carbide
coarsening and additional relaxation of the martensitic matrix.
The effect of intercritical annealing on the mechanical properties
strongly depends on the applied temperatures during the heat
treatment. For the lower annealing temperatures of 600 and
625 �C (here summarized as first stage of intercritical annealing),
further decreases in hardness and strength can be observed in
comparison with the third stage of tempering. These losses
are accompanied by small increases in ductility and elongation.
These changes can be attributed to the continuing dissolution of
carbides (as observable in SYXRD) and the stabilization of aus-
tenite during the intercritical annealing by partitioning. If the Tia

reaches an optimum (in this study 650 �C), globular austenite[7]

can be stabilized at prior austenite grain boundaries of the

martensitic matrix which increases ductility and toughness,
while hardness and UTS stay at comparable levels. Exceeding
the optimum Tia leads to austenite coarsening during IA and
the morphology changes from globular to lamelar and consecu-
tively to a reduction of toughness.[7] The high phase fractions of
austenite after intercritical annealing at this temperature lead to a
pronounced TRIP effect as shown in Figure 4, which causes
higher UTS and higher elongations in comparison with the
Tia¼ 650 �C condition. Chen et al. reported as well that the
impact toughness varies in dependence of the intercritical
annealing treatment. They concluded that the decrease in impact
toughness after the transition of the optimum heat treatment
temperature might be caused by the formation of less stable aus-
tenite and the formation of fresh martensite.[31] In contrast,
recent studies suggest that the occurrence of serrated flow might
not been caused by the TRIP effect but by the dislocation arrest
model.[42]

4.2. Comparison of the Boron and the Molybdenum Concept

Boron and molybdenum are commonly used in medium man-
ganese steels to suppress grain boundary embrittlement through
manganese segregation. As these elements show very different
diffusion and precipitation behavior, the effectiveness of boron
and molybdenum strongly depends on the applied heat treat-
ments. Boron is soluted interstitial in the austenitic matrix
and therefore allows faster diffusion than molybdenum, which
enables segregation at the austenite grain boundaries during
air cooling. Figure 9 shows the impact energies and the YS after

Figure 9. UTS and Charpy V-notch impact energy evolution after tempering and intercritical annealing with increasing temperatures for different alloys.
The error bars indicate the minimum and maximum value obtained from the three parallel tests.
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different tempering treatments of the investigated materials. The
impact toughness of the boron alloyed samples exceeds the
impact toughness of the molybdenum alloyed samples and
the reference sample until a tempering temperature of 450 �C,
showing that boron increases the toughness of the material more
effectively in the tempering regime. The molybdenum alloyed
samples also show a higher impact energy as the reference alloy
until 350 �C but have the lowest impact energy at 450 �C. After
intercritical annealing at 600 �C, no difference between the mate-
rials can be found apart from theþAl material, which is superior
to the residual ones, as in the as-forged state and after tempering
at 250 and 350 �C. Starting with tempering at 625 �C, molybde-
num samples overtake the boron alloyed samples and achieve a
20 J higher impact toughness at 650 �C. However, if the molyb-
denum samples are compared with the reference alloy, air cool-
ing and tempering at temperatures below 450 �C might have
small positive effects on the Charpy impact energy. In addition
to the influence on the Charpy energy, the molybdenum alloyed
samples do show a different yielding behavior after tempering at
elevated temperatures. As shwon in Figure 4, yielding changes
from continuous yielding to pronounced yielding and finally to
serrated flow. For the molybdenum free samples, the change to a
pronounced YS occurs during tempering at 600 �C, while the
molybdenum alloyed samples require tempering at 625 �C to
produce this effect. The effect of molybdenum furthermore man-
ifested in the higher YS after IA at 600, 625, and 650 �C. The
different yielding behaviors of the laboratory melts are shown
in Table 3.

4.3. Influence of Aluminum

The balance of UTS and Charpy V-notch impact energy for all
investigated states, as shown in Figure 10, exhibits the inverse
relationship between strength and toughness resulting in a
banana-shaped data cloud. However, the þAl material shows a
superior balance of strength and toughness in the as-forged state
and in the tempering region (Tt¼ 250 �C and Tt¼ 350 �C) in
comparison with the other samples. The fracture surfaces and
the force–displacement curves of the Charpy samples already
indicated in the as-forged state that aluminum drastically

influences the fracture mechanism. While all other alloys show
a more or less brittle failure during the impact test, the fracture
surface of the aluminum alloyed samples does show larger
amounts of ductile failure. Considering the force–displacement
curves, it can be seen that for the as-forged state and tempera-
tures up to 350 �C, only the þAl alloy shows a ductile behavior,
while the other alloys show a brittle failure (Figure 5). As reported
earlier,[5] this might be explained by the occurrence of pro-
nounced in situ tempering during air cooling. The 350 �C
embrittlement[8] is the reason why the temperature range of
300–400 �C is normally omitted by the industry even when desir-
able combinations of YS and UTS can be achieved. The embrit-
tlement can be prevented in steels with lower manganese
concentration by the addition of 0.1 wt% aluminum.[41] The
observed Charpy impact energies (Table 3) demonstrate the addi-
tion of aluminum is as effective for alloys with an increased man-
ganese concentration as in classic Qþ T steels.

5. Conclusions

Tempering and intercritical annealing of 4 wt% broaden the
achievable spectrum of strength and toughness. Due to the high
alloying content, classical tempering mechanisms have to be aug-
mented to fully describe the microstructural changes. The follow-
ing conclusions can be drawn from this study: 1) Tempering and
intercritical annealing of MMnS can each be categorized into
three stages, classified by the heat treatment temperature.
Each stage has characteristic microstructural changes and con-
secutively changes in the mechanical properties. 2) The addition
of boron and molybdenum increases the Charpy V-notch impact
energy, but the effect of each individual element is dependent on
the heat treatment. While boron is effective directly after the air
cooling or after tempering at low temperatures, molybdenum
only increases the impact energy during intercritical annealing.
3) The stress–strain curves change from continuous yielding
after air cooling and low-temperature tempering to pronounced
yielding after intercritical annealing at elevated temperatures and
finally to serrated flow after intercritical annealing at 675 �C.
4) The addition of molybdenum shifts the transition from con-
tinuous to pronounced yielding to higher temperatures.
5) Aluminum leads to a more ductile fracture with separations
during Charpy V-notch impact tests and prevents 350 �C embrit-
tlement in MMnS.
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