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Abstract: Hot plastic working behavior and microstructure evolution were investigated during a
production process of four medium-Mn steels, which differed in Mn (3 and 5%) and Nb contents. The
production process started with casting, followed by hot forging, rough hot-rolling and concluded
with final thermomechanical processing, which was performed to obtain multiphase bainite-based
alloys with some fractions of retained austenite. The rough rolling was composed of four passes
with total true strain of 0.99 and finishing rolling temperature of 850 °C, whereas thermomechanical
processing contained five passes and total true strain of 0.95 at a finishing rolling temperature of
750 °C. During the process, the force parameters were recorded, which showed that the rolling forces
for steels containing 3% Mn are higher compared to the 5% Mn alloys. There was no significant
influence of Nb on the rolling parameters. The produced as-cast microstructures were composed
of dendritic bainitic-martensitic phases. A positive effect of Nb micro-addition on a refinement of
the as-cast structure was noticed. The thermomechanical processed steels showed fine multiphase
microstructures with some fractions of retained austenite, the fraction of which depended on the
Mn content in steel. The steels containing 3% Mn generated higher forces both during rough and
thermomechanical rolling, which is related to slower recrystallization softening in these alloys
compared to the steels containing 5% Mn.

Keywords: advanced high-strength steel; hot-rolling; bainitic steel; manganese addition; semi-
industrial simulation; microalloying

1. Introduction

The modern automotive industry uses mainly AHSS (Advanced High Strength Steels)
steels for car body constructions [1,2]. These are multiphase steels which, due to their
complex microstructure and the use of various strengthening mechanisms, allow for ob-
taining increased strength while maintaining the desired plasticity. Thus, these constantly
break the “banana curve” tendencies for automotive steel [3]. AHSS steels are divided
into three generations: the first generation consists of low-alloy multi-phase steels, such
as TRIP (Transformation Induced Plasticity), DP (dual phase) etc. [4,5] They guarantee
good properties at a relatively low price of the material and its production. The second
generation of AHSS significantly increased the proportion of manganese (>20%) leading
to a material with unusual properties (elongation up to 80%) [6,7]. However, the disad-
vantages determining their negligible use turned out to be very high costs and difficulties
in production.

The MMn (medium-Mn) steels belong to the third generation of AHSS (Advanced
High Strength Steels) [8,9] and are currently widely developed worldwide due to their
uncommon mechanical and technological properties [10,11]. These steels represent the next
step in the evolution of conventional TRIP-aided (Transformation Induced Plasticity) multi-
phase steels. The increased manganese content (3-12%) causes the possibility of obtaining
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high portion of retained austenite (up to 40%) in heat treatment or thermomechanical
processes [5,12] and/or intercritical annealing [13]. The remaining phases occurring in
these steels are bainite, ferrite and martensite. MMn steels show intermediate properties
between the steels of generations I and II. However, intense research brings them closer to
generation II in terms of mechanical properties.

MM steels are at a relatively early stage of development. Therefore, a major part
of all research is focused on heat treatment parameters” optimalizations [13], studies of
its various variants [14,15], and explaining the complex mechanisms occurring in these
steels [16-18]. Many studies on these steels are the result of testing the material from
the beginning (melting and casting) to the end (heat treatment and property testing)
conducted on a laboratory scale [16,19]. This type of research is very efficient in terms
of the abovementioned investigations, but the results usually differ from those obtained
during final industrial production processes.

Furthermore, the first part of producing AHSS, and especially MMn steels (casting and
hot rolling), is usually omitted in terms of deeper analysis in favor of the heat treatment of
the material. Up-to-date hot-working behavior was investigated using dilatometry [20]
or different simulators of metallurgical processes and hot deformation [21,22]. Typical
techniques that are useful for the identification of hot-working response included double-
hit compression [23,24] and multi-step hot torsion or hot compression tests [25]. However,
there are no data from a full industrial rolling mills, and only few works concerning semi-
industrial processes are available [26,27]. The future implementation of the third generation
AHSSs in industrial production requires prior analysis of this approach. It is known that,
with an increase in the number of alloying elements (present in second and third AHSS
generations), hot-working resistance becomes higher when compared to the conventional
automotive steel sheets, while manganese additionally strengthens the alloy, increasing
its deformation resistance [28]. The problem is even more complex when Mn is added,
together with other alloying additions typical for AHSSs, i.e., Al Si, etc. [16,23].

Due to the shortage of data from the semi-industrial producing process of MMn steels,
a detailed analysis concerning the force parameters of the hot rolling and microstructure
evolution of MMn steels with the use of semi-industrial equipment was conducted. These
results provide a broader view of the behavior of MMn steels under conditions similar
to industrial production, which may facilitate the adaptation of rolling lines to their pro-
duction, and design pilot tests on such lines. This is a necessary step in bringing any new
material to the market.

2. Materials and Methods

The chemical compositions of studied steels are presented in Table 1. The alloys differ
mainly in Mn content and the addition of Nb (Nb-microalloyed or Nb-free alloys). The fol-
lowing production steps were performed using the equipment supplied by the Lukasiewicz
Research Network—Institute for Ferrous Metallurgy, Gliwice, Poland. The ingots were
produced in a VIM LAB 30-75 (Seco/Warwick, Swiebodzin, Poland) vacuum furnace. The
melted metal was cast at 1545 °C in an argon atmosphere into a hot-topped closed-bottom
mold with dimensions bottom—@ 122 mm, top—& 145 mm, height—200 mm.

Table 1. Chemical compositions of investigated alloys.

Chemical Element, wt.%

Steel C Mn Al si Mo Nb S P Total, wt.%

3Mn 0.17 3.3 1.7 0.22 0.23 - 0.014 0.010 54
3MnNb 0.17 3.1 1.6 0.22 0.22 0.04 0.005 0.008 52

5Mn 0.16 4.7 1.6 0.20 0.20 - 0.004 0.008 6.7

5MnNb 0.17 5.0 1.5 021 020 0.03 0.005 0.008 6.9




Metals 2021, 11, 354

3o0f14

The 25 kg ingots were next austenitized at 1200 °C for 180 min and forged in a
temperature range from 1200 to 900 °C to a final width of 155 mm and a thickness of 23 mm
(Table 2). The different lengths of the material result from the operation of mechanically
trimming the edges of the forged material and cutting off the fragments for other tests.

Table 2. Dimensions of the test samples before rough rolling.

Dimensions, mm

Steel Thickness Length Width
3Mn 320

3MnNb 23 360 155
5Mn 400

5MnNb 470

The materials’ hot rolling was performed according to a scheme presented in Figure 1. The
rolling trials were conducted in the semi-industrial line (Figure 2), the detailed characteris-
tics of which are described in [29]. Both rough rolling and thermomechanical processing
were preceded by the austenitization of the material in an electric resistance reheating
furnace at 1200 °C for 25 and 12 min, respectively. For the rolling, the D550 two-high
reversing hot-rolling mill with a roll diameter of 550 mm and a roll-barrel length of 700 mm
was used. Rough rolling of test samples with a thickness of 23 mm was conducted in 4
passes in a temperature range between 1100 and 900 °C. The applied true strains were
0.20, 0.28, 0.28 and 0.24, respectively, and the final thickness of the material was ~8.5 mm.
For the thermomechanical treatment process, 5 passes between 1100 and 750 °C, with
true strains of 0.2, 0.2, 0.2, 0.2, and 0.14 for the final pass, were applied with a final sheet
thickness of ~3.4 mm. Before and after a rolling stand, the temperature was determined
automatically using pyrometers as permanent line units. In addition, the final rolling
temperature was measured using a Raytek—Raynger 3i1M (Raytek GmbH, Berlin, Ger-
many) portable pyrometer. In between the passes, material was placed between roller
tables, with isothermal heating panels, which were adjusted at 500 °C to delay cooling
(Figure 2). Time from the reheating furnace to the first pass was equal to 20 s and the time
between successive passes was about 10 s. After rough rolling, the material was air cooled.
The cooling after hot rolling in thermomechanical treatment routes was performed using
air-blow and water-spray cooling devices with an isothermal step applied at 400 °C for
300 s (in electric resistance furnace for heat treatment). This cooling strategy was designed
to produce the bainitic-austenitic microstructures required in advanced multiphase steels.
Subsequently, the material was air cooled to room temperature.
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Figure 1. Schematic of materials” hot rolling processes.
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Figure 2. Schematic of the used semi-industrial line.

The crucial parameters recorded during rolling were:

Thickness of strip;

Rolling speed;

Temperature of strip during cooling;

Roll load force during rolling;

Time of pass;

Time between passes.

A method of measuring the load on rolls is as follows: under the lower roller bearing
housings, there were hydraulic cylinders of the lower positioning of rolls equipped with
safety blocks. The block consisted of a mounting plate attached to the stand housing.
Proportional control distributors with an integrated electronic board and measuring con-
nections were installed on the plate. The pressure force of the lower roll was measured
by a pressure transducers on both sides of the cylinder. The pressure transducers were
built into the cylinder protection blocks directly on the cylinder. Data from the transmitter
in an analog form (4 to 20 mA) were transmitted to the controller. The calibration was
4 mA = 0MPa, 20 mA =20 MPa. The measured values were recorded on the hard disk of
the rolling mill computer every 2 ms.

In order to determine the microstructure in the subsequent production steps (casting,
forging, and rolling) samples of the material were grinded, polished, and etched according
to standard procedures using grinding papers 220, 800, 1200, and polishing using 9, 3 and,
1 um diamond suspensions. The as-cast and forged materials were etched in 10% aqueous
solution of sodium metabisulfite for better identification of retained austenite. Nital was
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used for etching as-rolled specimens. Metallographic investigations were performed
using LEICA MEF4A (Leica Microsystems, Weltzlar, Germany) light microscope and Zeiss
SUPRA 35 (Carl Zeiss AG, Oberkochen, Germany) scanning electron microscope.

3. Results and Discussion
3.1. Casting and Forging

Figure 3 presents images of microstructures obtained after casting (C). Due to the
similarity of as-cast microstructures of 3Mn and 5Mn steels, images show representative
microstructures of 5Mn and 5MnNDb alloys. The microstructure of 5Mn steel after cast-
ing is characterized by dendritic morphology, which is visible in Figure 3a. The main
axes of dendrites are parallel to the axis of the ingot. The Nb addition caused a posi-
tive structure refinement of the dendrites; therefore, they are less visible (Figure 3b). In
both cases, the austenite decomposition products started to grow at prior austenite grain
boundaries (Figure 3c,d). The prior austenite grains are relatively large. Due to high
hardenability of alloys with the increased Mn content [15], the microstructures after casting
are composed of martensitic-bainitic laths. Each prior austenite grain consists of a few
bainitic-martensitic colonies.

(b)
Prior A'grain
\+~ boundary

Prior A grain
boundary

(d)

Figure 3. Microscopic images of as-cast (C) microstructures: (a) 5Mn at 50 x magnification; (b) 5SMnNb at 50 x magnification;
(c) 5Mn at 1000 x magnification; (d) 5MnNb at 1000x magnification; A—prior austenite grain; M—martensite; B—bainite.

After hot forging (F), the dendritic structure disappeared (Figure 4), but the steels
preserve the lath morphology. The structures are heavily refined and homogeneous, which
indicates that the austenitizing of the ingots at 1200 °C for 3 h followed by hot forging
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is sufficient to remove some segregations of as-cast specimens. In the case of 3Mn steels
(Figure 4a,b), some fractions of retained austenite (RA) are visible in two main localizations:
at the prior austenite boundaries and between the laths of martensite/bainite. The phase
is characterized by very fine grains. In the case of 5Mn steels (Figure 4c,d) the retained
austenite is not visible. There is a slight effect of niobium addition on the microstructure
refinement of forged steels.

() (d)

Figure 4. Microscopic images of hot-forged (F) microstructures: (a) 3Mn; (b) 3MnNb; (c) 5Mn; (d) 5MnNb; M—Martensite;
B—Bainite; RA—Retained austenite.

3.2. Rough Rolling

The initial dimensions of steels subjected to rough rolling are summarized in Table 3.
Figure 5a contains strain values obtained during hot rolling. The strain vales coincide with
the designed schedules. Figure 5b shows temperature changes in the four passes. The
temperature for all steels varied in a very similar way. Samples left the reheating furnace
at 1200 °C. Up to completing the first pass, the temperature decreased to about 1050 °C.
The temperature decreased further and was about 900-910 after the fourth pass. These
results are in line with the designed values. Figure 6a shows the roll’s load change during
rolling. Each vertical fragment of the diagram represents one pass and lasts ca. 2 s. The
times between following passes were deleted on the diagram for better data readability but
they were 10 =+ 1 s each. It is visible that, during the first pass, all steels generated similar
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forces. What is more interesting is that, during the next passes, the roll’s loads are higher
in the case of steels containing 3% of manganese. The difference increases in the following
passes. It can be explained by the different hot-working behavior of the alloys containing
3 and 5% Mn. On the one hand in our earlier research, we found that the deformation
resistance of the steels during hot compression is very similar, which was registered by
continuous hot compression tests [30]. This explains the similar hot-deformation response
of all alloys during the first pass. On the other hand, Grajcar and Kuziak [23] revealed,
during double-hit compression tests, that austenite softening, expressed by a process of
static recrystallization between deformation steps, is smaller in the alloys containing the 3%
Mn, whereas the static recrystallization is favored in the 5Mn alloys. Therefore, the 3Mn
and 3MnND generated higher roll loads compared to the easier recrystallized 5Mn alloys.

Table 3. Dimensions of the sheet samples before thermomechanical rolling.

Dimensions, mm

Steel
ee Thickness Length Width
3Mn 485
3MnNb 500
n 8.5 170
5Mn 580
5MnNb 635
0.4 1100
0.36
0.32
~ 1000
0.28 3 e @)
e
0.24 o
E = —— —
E 02 £ 900 ~
& o1
0.16 M RR g 3Mn RR
—+—3MnNb RR g
0.12 g —+—3MnNb RR
+—5Mn RR 800
0.08 —=—5Mn RR
5MnNb RR
0.04 5MnNb RR
0 700
1 2 3 4 1 2 3 4
Pass number Pass number
(a) (b)

Figure 5. Characteristics of rough rolling: (a) Applied strains; (b) The temperature change; RR—Rough Rolling.
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Figure 6. The force parameters of rough rolling: (a) Load-time curves for each steel in subsequent passes; (b) Max load of
roll; (c) Average roll load with standard deviation for each steel; RR—Rough Rolling.

The forces for 5Mn and 5SMnND steels are very similar, whereas the 3MnNDb steel shows
slightly increased loads compared to the Nb-free steel. Figure 6b shows the maximum
values of roll loads recorded during each rolling pass. When grouping steels in terms of
manganese content, it is visible that, during the first two passes, the steels without Nb
addition caused a greater load on the rolls, but in passes three and four, the tendency
changed to the opposite. However, the differences are not significant. It is caused by the
effect of niobium dissolved in austenite on the delay of the mobility of grain boundaries [30].
The accumulation of deformation and higher strain rates in subsequent passes may initiate
the precipitation of carbonitrides in steels with the microaddition of Nb [31,32]. However,
the increase in the force for 3MnNb and 5SMnNb steels, as compared to the Nb-free steels, is
not significant. In the entire range of the deformation temperature, the process controlling
the deformation strengthening is dynamic recovery, and the fragmentation of the austenite
structure is possible through a partial static recrystallization in the intervals between
successive deformations [33]. Figure 6¢ shows the average values of the roll’s load during
all four passes. It is clearly visible that both 3Mn and 3MnNb steels generated higher
values of force during hot rolling compared to 5Mn and 5MnNb steels.



Metals 2021, 11, 354

9of 14

Strain

3.3. Thermomechanical Rolling

The initial dimensions of steels are summarized in Table 3. The force parameters of
thermomechanical rolling (Figures 7 and 8) show similar characteristics in relation to the
rough rolling results. Applied strain values (Figure 7a) are less consistent due to higher
forces required for finishing rolling and the limitations of the used semi-industrial rolling
mill. After the first pass, the material shows about 1010-1020 °C (Figure 7b), which is a
little bit lower compared to the roughly rolled material of higher initial thickness.

et 1100
036 3Mn TR
—+—3MnNb TR 3Mn TR
032 «—5Mn TR 1000 Xy —=—3MnNb TR
0.28 5MnNb TR g 5Mn TR
0.24 @ 900 5MnNb TR
=
02 § e —— =
= s S
0.16 &, 800 \_
1 g
0.12 ‘ ———
ﬁ =
0.08 700
0.04
0 600
1 15 2 25 3 3.5 4 45 5} 1 2 3 4 5
Pass number Pass number
(a) (b)
Figure 7. Characteristics of thermomechanical rolling: (a) Applied strains; (b) Temperature change; TR—

Thermomechanically rolled samples.

After the fifth pass, sheet samples cooled to about 750 °C, which is in line with the
designed value. The roll-load diagram (Figure 8a) also shows that the forces needed to
roll alloys containing 3% Mn were higher than those of the 5% Mn steels in this deformation
route. Moreover, the forces increased in next passes in the case of all steels (about 400 kN
increase from the first to fourth pass). The differences in load are better visible in Figure 8b,c.
What is interesting is that previous reports mentioned an increase in hot-rolling resistance
with increasing content of alloying additions [34].

In our case, the roll loads are the highest during rolling of steels containing 3Mn
and decrease in case of 5Mn steels. This indicates the complex hot-working behavior of
medium- and high-Mn steels, which is not linear and changes for some ranges of Mn
alloying. In our 3-5% Mn ranges this behavior can be ascribed to faster recrystallization
progress with increasing the Mn content from 3 to 5%. This is in line with our earlier results
on hot-working behavior investigated in continuous compression tests [30], double-hit
compression tests [23] and multi-step simulation of strip rolling [33]. The impact of Nb
addition in a range from 0 to 0.04% on the hot-working response is irrelevant for both
Mn contents.
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Figure 8. The force parameters of thermomechanical rolling: (a) Load-time curves for each steel in subsequent passes; (b)
Max load of roll; (c) Average roll load with standard deviation for each steel; TR—Thermomechanically rolled samples.

After thermomechanical rolling, further grain refinement is visible (Figures 9 and 10) in
relation to the forged structures. It concerns both the prior austenite grains and bainitic-
martensitic regions. The fraction of RA is also higher, which is related to the deformation-
induced carbon enrichment of austenite. This result confirms the impact of the RA size on
its stabilization [35]. The fraction of retained austenite is comparable in 3Mn and 3MnNb
(Figure 9a,b) steels, but the RA grains are somewhat smaller for the Nb-micro-alloyed steel.
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Figure 9. LM images of microstructures after thermomechanical rolling (TR): (a) 3Mn; (b) 3MnNb; (c) 5Mn; (d) 5MnNb;
B—Bainite; M—Martensite; RA—Retained austenite.

T 2m EHT = 20.00 k¥ Signal A = BSD EHT = 20.00 kv Signal A = BSD
— WD= 10mm Mag = 15.00 K X WD = 10 mm Mag= 15.00 KX
(a) (b)

Figure 10. Comparative SEM images of microstructures after forging (a) and thermomechanical rolling (b) of the 3MnNb
steel; B—Bainite; M—Martensite; RA—Retained austenite.
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Figure 10 presents SEM images of representative 3MnNDb steel after successive pro-
duction stages: forging (Figure 10a) and thermomechanical rolling (Figure 10b). The
grain refinement mentioned earlier is clearly visible at this magnification. The forged
microstructure contains globular bainite areas and relatively large martensitic blocks (up
to ~6 um) with retained austenite on their edges. The material after thermomechanical
rolling is composed mainly of bainitic laths of smaller thickness (~1-1.5 um wide), which
are uniformly distributed. The smaller prior austenite grains favor the formation of higher
fraction of retained austenite. This is the so-called the mechanical stability effect [36,37].

The fraction of RA in 3Mn steels is higher compared to the 5Mn steels. The differences
in RA content (~15% for steels containing 3% of Mn and ~8% for steels containing 5%
of Mn) were confirmed in authors” previous works [38—40], which also provide a wider
range of microstructure research and quantitative analysis (XRD, EBSD). It is an interesting
phenomenon, since manganese should stabilize austenite. However, the present data are in
accordance with the experimental data recently reported by Sugimoto et al. [41]. For the
range of steels containing from 1.5 to 5% of Mn the stability of retained austenite depended
mostly on the C-enrichment. According to the thermodynamic calculations the carbon
content in the austenite decreases with an increase in the Mn concentration. Thus, in the
lower-Mn steels, the RA fraction decreases with increasing Mn [30]. This is true for the
investigated 3-5 Mn alloying range, which can be treated as lean medium-Mn steels. For
the alloys containing above ca. 7% Mn, the austenite is stable despite the lower C-contents
in the austenite due to much lower martensite start temperatures, which enable one to
stabilize RA at room temperature [42].

4. Conclusions

The paper concerns the semi-industrial process of producing 3-5% medium-Mn steels.
The microstructure evolution after casting, forging and thermomechanical rolling was
presented. The results provide the force data of four-pass rough rolling and five-pass
thermomechanical rolling with direct isothermal holding of the samples in a bainitic
region. The results may be useful when implementing the production of MMn steels on an
industrial scale. The main conclusions of the study are:

e The applied production process provides obtaining fine-grained multiphase steels
with some fractions of retained austenite. For thermomechanically processed steels
with a medium-Mn content, the 3Mn concept is more suitable than the 5Mn approach
due to the better stabilization of the retained austenite in alloys with the lower Mn
content.

e  Thermomechanical rolling provides higher microstructure refinement and better ho-
mogenization compared to the initial as-forged state.

e  The applied semi-industrial rolling line enables the production of good quality sheet
samples of medium-Mn steels with a reasonable temperature control and force-
energetic parameters acquisition.

e  Steels containing 3% Mn generate higher forces both during rough and thermomechan-
ical rolling, which is related to faster recrystallization softening in alloys containing
5% Mn addition.

e  The addition of 0.04% Nb has no significant effect on the hot-working behavior of the
investigated medium-Mn steels.
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