Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2020

© oOoO~NOY Ol b

10

11
12
13
14
15
16
17
18
19
20
21

22
23
24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Article

Enhancing the robustness and efficiency in the

production of medium Mn steels by Al addition

M.K. Bai!, D.P. Yang!, G.D. Wang}, J. H. Ryu? K. Y. Lee? and H.L. Yi""

1 State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, PR China;
bmk219hh@163.com; vangdapengb@163.com; wanggd@mail.neu.edu.cn; hlyi@ral.neu.edu.cn

2 Technical Research Laboratories, Gwangyang-si, Jeollanam-do, Republic of Korea; ryujh@posco.com;
kyleel@posco.com

* Correspondence: hlyi@ral.neu.edu.cn

Abstract: The narrow process window during intercritical annealing and discontinuous yielding
have limited the commercialisation of medium Mn steels. In this study, a double annealing process
based on the commercial continuous annealing line is proposed. The cold-rolled medium Mn steels
were first fully austenitized and quenched during the first annealing, followed by the intercritical
annealing for reverted austenite transformation. The microstructure of duplex lath-shaped austenite
and ferrite is produced and the steel exhibit a desirable continuous yielding during tensile
deformation. Al is added into the medium Mn steel to enlarge the process window and to improve
partitioning efficiency of Mn. The produced steel is more robust with temperature fluctuation
during the industrial process due to the enlarged intercritical region. Mn partitioning is more
efficient owing to elevated annealing temperature, which results in the improvement of ductility in
the Al-added steel with increased austenite stability.

Keywords: Medium Mn steel; Al addition; Intercritical annealing; Temperature sensitivity; Mn
partitioning

1. Introduction

The medium Mn steels containing 5-10 wt% Mn have been listed as one of the third-generation
advanced high strength steel for automobile application due to their attractive combination of
strength and plasticity [1-9]. The superior mechanical properties are mainly originated from the
transformation of metastable austenite into hard martensite during deformation, namely
transformation-induced plasticity (TRIP) effect [4, 7, 10-13]. In general, the volume fraction of 20% to
50% metastable austenite is retained in the final microstructure of medium Mn steels, which is greater
than that of the conventional TRIP-assisted steels [2, 4-6, 9, 14-17].

The excellent mechanical properties of medium Mn steels are highly dependent on the
partitioning of C and Mn from martensite/ferrite to austenite. Furthermore, the distinct C and Mn
partitioning can be realized in the severely deformed martensite after intercritical annealing for
several minutes. The heat treatment process is suitable for continuous annealing lines in industry [18-
20]. However, ultrafine and globular austenite and ferrite microstructure will be formed after the
above heat treatment process, leading to discontinuous yielding accompanied by Liiders strain
during tensile deformation. This mechanical performance is not favorable to the formability of the
steel sheet due to severe localized thinning and also results in a rough surface of stamping parts [21-
25].

Continuous yielding without Liiders strain will be produced when the microstructure is
consisted of lath-shaped austenite and ferrite, evolving from the undeformed martensite during
intercritical annealing [5, 22, 24]. A good combination of strength and plasticity can be achieved with
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this initial microstructure only when the annealing duration is higher than several hours to realize
sufficient Mn partitioning which is only suitable for batch annealing process in industry [26, 27].
However, the close control of the temperature variation is needed to produce uniform microstructure
and mechanical properties, making industrial production of this steel type difficult [4, 22]. In addition,
the increase in volume fraction of austenite during intercritical annealing are due to the growth of vy
nucleated at the martensite lath boundaries and this process is controlled by the diffusion of Mn [5].
Therefore, a long annealing duration is required to stabilize the austenite on account for the slow
diffusion of Mn.

When Alis added, the intercritical annealing temperature range can be expanded [10, 23]. Hence,
the temperature sensitivity issue during intercritical annealing in medium Mn steels could be
improved. At the same time, the annealing temperature of the steels could also be increased to obtain
a sufficient amount of austenite. As a result, the diffusion efficiency of C and Mn will be elevated due
to the high kinetics at the raised temperature and then the relatively short time may be enough to
implement the partitioning of C and Mn into austenite. For the mentioned reasons, it is possible to
produce a predominantly lath-shaped microstructure in medium Mn steels in the commercial
continuous annealing lines. The accurate control of temperature at a range of + 5 C in a continuous
annealing line is also beneficial to achieve the uniform microstructure and mechanical properties.

In the present work, 2 wt% Al is added into the medium Mn steel with the nominal composition
of Fe-8Mn-0.15C (wt%). The cold-rolled specimens were fully austenitized and intercritical annealed
at various temperatures to obtain the lath-shaped microstructure to eliminate discontinuous yielding.
The microstructure and mechanical properties of the produced medium Mn steels with and without
Al addition were investigated in detail.

2. Materials and Methods

The actual chemical composition of the investigated medium Mn steels is shown in Table 1. The
0AIl steel and 2Al steel are named for simplification. An approximately 50 kg ingot of the dimension
@ 450 x 120 mm was cast on a vacuum induction furnace. The ingot was reheated to 1200 ‘C for
forging into a slab with a cross-section dimension of 35 mm x 90 mm, followed by air cooling. The
slab was homogenized at 1200 ‘C for 5 h and hot-rolled to 3 mm between 1200 C and 900 C,
followed by air cooling. Finally, the hot-rolled plate was surface descaled and cold-rolled to 1.5 mm.

Table 1. Chemical compositions of medium Mn steels used in the present study (wt%)

Steels C Mn Al Fe
0Al 0.15 7.9 - Bal.
2Al1 0.15 8.0 1.8 Bal.

The cold-rolled specimens were austenitized at 980 C for the 0Al steel and 950 C for 2Al steel
respectively, followed by air cooling. The duration at the austenitization temperature was 5 min. The
0AI steel was intercritical annealed at 640 C, 650 C, 660 ‘C, 670 ‘C for 5 min, while the 2Al steel
was annealed at 670 ‘C, 680 ‘C, 690 C, 700 ‘C for 5 min, to obtain 40% ~ 50% volume fraction of
austenite. The intercritical annealing temperature and durations were designed based on the
capabilities of industrial continuous annealing line which have a higher precision temperature
control than batch annealing line. The selective etching of the prior austenite grain boundary was
performed using the saturated picric acid solution with wetting agents [28, 29]. The prior austenite
grain size was observed by standard optical microscopy (OM, Olympus BX53M) and measured using
the mean linear intercept method [28]. The microstructure of the annealed specimens was observed
in field-emission transmission electron microscopy (TEM, FEI Tecnai G2 F20) combined with energy-
dispersive spectroscopy (EDS) with an operating voltage of 200 kV. The volume fraction of austenite
was measured by Bruker D8 ADVANCE X-ray diffractometer with a 0.5 mm spot size Co Ka
radiation.

The TEM specimen was first ground to the thickness of about 50 pm and then punched to make
3 mm diameter disk. The disk was electro-polished in the 92% ethanol and 8% perchloric acid solution
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91  under a voltage of 20 V at a temperature of -25 ‘C using a twin-jet polisher (Struers, Tenupol-5). The
92  specimens for XRD measurement were electro-polished using the same solution for the TEM
93  specimen preparation and a current of about 1.1 A for 25 s.

94 The volume fraction of austenite was calculated using the following equation [30]:

95 Vy=14L,/(la+141) 1)

96  where Vy is the volume fraction of retained austenite, Iy and I«are the mean integral intensity of the
97 (200), (220, (311) austenite peaks and the (200), (211) ferrite peaks, respectively.
98 The average C content of retained austenite was obtained using the following equation [31]:

99 ay=3.578 + 0.33wc + 0.0095wmn + 0.0056wal (2)

100  where wc, wwmn and war are the concentrations of C, Mn and Al (wt%) in the retained austenite
101  respectively, and ay is the measured lattice parameter (A) of austenite from X-ray diffraction.

102 The dog-bone-shaped tensile specimens were taken along the rolling direction of the cold-rolled
103  sheet with the 12.5 mm width and a gauge length of 50 mm following the ASTM standard. The tensile
104  specimens were acid pickled to remove the oxide layer after intercritical annealing. The tensile test
105  was performed at room temperature with a strain rate of 6.7 x 10-4 s'L.

106 3. Results and discussion

107 The equilibrium phase fraction of the 0Al steel and the 2Al steel were calculated by the Thermo-
108  Calc software using TCFE9 database and is shown in Figure 1. Compared with the 0Al steel, the
109  amplitude of the intercritical region of the 2Al steel is expanded. Therefore, the sensitivity of the
110  microstructure to annealing temperature in the Al-added medium Mn steel can be reduced in theory.
111  Inaddition, the relatively higher annealing temperature of the 2Al steel is obtained compared to that
112 of the OAl steel if the same volume fraction of austenite is to be achieved during intercritical annealing.
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g 30 —2Al steel
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114 Figure 1. The equilibrium volume fraction of the 0Al steel and 2Al steel. a: ferrite, y: austenite, O: cementite.

115 The cold-rolled OAl steel and 2Al steel after austenitzation and quenching are both lath
116  martensite microstructure, as shown in Figure 2a and b. The measured linear intercept of prior
117  austenite grain is 17.1+1.4 pum for the 0Al steel and 17.7+1.7 um for the 2Al steel (see inserted images
118  at the upper right corners of Figure 2a and b). The similar prior austenite grain size of both steels
119  eliminates the influence of austenite grain size on the subsequent treatment and mechanical
120  properties. After intercritical annealing, both steels displayed the dominant lath-shaped austenite
121  and ferrite microstructure, as shown in Figure 2c and d. The volume fraction of austenite in the 0Al
122 steel and the 2Al steel after annealing at different temperatures is shown in Figure 2e. Compared to
123 the 0AI steel, the volume fraction of austenite in the 2Al steel becomes relative uniform after
124 annealing at different temperatures. The experimental results indicate that the sensitivity of austenite
125  content to annealing temperature is reduced by the addition of Al, which is consistent with the
126  calculational results (Figure 1). In addition, the volume fraction of austenite in the 0Al steel annealed
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127  at 670 C and the 2Al steel annealed at 700 ‘C decreases due to partial martensite transformation
128  during cooling.

129
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132 Figure 2. The typical lath martensite microstructure after austenitization treatment of (a) the 0Al steel and (b)
133 the 2Al steel and the corresponding prior austenite grain boundaries in the inserted images at the upper right
134 corner. TEM micrographs showing lath austenite and ferrite of (c) the 0Al steel annealed at 650 C for 5 min and
135 (d) the 2Al steel annealed at 680 C for 5 min. (e) The volume fraction of austenite of the 0Al steel and the 2Al
136  steel after annealed at different temperatures for 5 min.

137 The engineering stress-strain curves of the 0Al steel and the 2Al steel after austenitization and
138  intercritical annealing are shown in Figure. 3a and b. The flow curves of both steels exhibit continuous
139  yielding as expected. Furthermore, the ultimate tensile strength (UTS) of both steels increases with
140  the elevated annealing temperature while the yield strength (YS) decreases. The variation of the
141  mechanical properties of both steels is comparable. Among the four groups of annealing process for
142 each steel, the 0Al steel annealed at 650 C and 660 ‘C and the 2Al steel annealed at 680 C and 690 C
143  exhibit an excellent mechanical properties combination. However, more importantly, less
144 discrepancy of mechanical properties is displayed within the 2Al steel. The detailed YS, UTS and total
145  elongation (TEL) of the 0Al steel and the 2Al steel are presented in Figure 3c. The variation of YS and
146  UTS s only 22 MPa and 61 MPa within 10 C annealing temperature change for the 2Al steel, while
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the variation is 50 MPa and 98 MPa for the 0Al steel. From this data, it is indicated that more uniform
mechanical properties can be obtained in the Al-added medium Mn steel during industrial
production. Besides, it is worth noting that the 2Al steel exhibits better plasticity than 0Al steel. The
uniform elongation of the 2Al steel annealed at 680 ‘C for 5 min (2A1680) is 30.3%, while that of the
0Al steel annealed at 650 ‘C for 5 min (0A1650) is only 24.5%. As for the strain hardening rate of both
specimens, as shown in Figure 3d, a large discrepancy is displayed during the initial stage of plastic
deformation. The relative high work hardening rate is shown in 0A1650 specimen.
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Figure 3 Engineering stress-strain curves of (a) the OAl steel and (b) the 2Al steel annealed at different
temperatures for 5 min. (c) The mechanical properties of 0Al steel annealed at 650 ‘C and 660 ‘C and 2Al steel
annealed at 680 'C and 690 C, respectively. AYS and AUTS are the difference value of YS and UTS, respectively.
(d) The strain hardening rate and true stress-strain curves of the 0Al650 and the 2A1680 specimens.

The volume fraction and stability of austenite have a significant influence on the mechanical
properties of TRIP steels [11,19, 32]. The annealed microstructure of the 0Al650 and the 2AI680
specimens were analyzed and characterized in detail. The initial volume fraction of austenite in the
0Al1650 and the 2A1680 specimens are 42.7% and 45.6% respectively. The change in the volume
fraction of austenite under different true strain during tensile deformation is shown in Figure 4a. As
can be seen, less austenite is transformed into martensite during tensile deformation, and more
austenite was finally retained in the 2A1680 specimen. This indicates that the austenite in the 2A1680
specimen exhibits higher mechanical stability than the austenite in 0Al650 steel. The mechanical
stability of austenite can be described using the following equation [33, 34]:

Vy = VyoeXp(-k€) (3)

Vy is the volume fraction of austenite at a corresponding strain, Vyo is the volume fraction of austenite
in the unstrained state, ¢ is the applied true strain. k is the stability constant, and the numerical value
is inversely proportional to the mechanical stability of austenite. The k value for the 2A1680 specimen
is 3.4 while that for the 0A1650 specimen is 5.9. This further shows that a higher austenite mechanical
stability in the 2A1680 specimen. Therefore, the TRIP effect of the 2A1680 specimen can last to a higher
strain compared to the 0A1650 specimen and then a higher uniform elongation.
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Figure 4. (a) Change in the volume fraction of austenite with the true strain of 0Al650 and 2A1680 specimens. (b)
The Mn and C concentrations in austenite (wt%) achieved by the EDS and XRD, respectively.

In general, the mechanical stability of austenite depends on the factors such as grain size,
morphology and chemical composition [18, 35, 36]. As for the austenite in the 0Al650 specimen and
the 2A1680 specimen, the size of the lath-shaped austenite can be represented by the Equivalent Circle
Diameter (ECD) using the following equation [37]:

ECD = (4A/m) 4)

where A is the area of the corresponding phase. The analysis was performed on the TEM images
using the Image-Pro Plus software. In total, an average of 100 grains were analysed and the grain size
of austenite expressed by in ECD is 0.39£0.26 pm and 0.41+0.22 pm for 0A1650 specimen and 2A1680
specimen respectively, indicating both steels have the similar austenite grain size. The chemical
composition of austenite, especially C and Mn, were measured and shown in Figure 4b. The average
C concentration of austenite in the 0A1650 specimen is 0.31+0.06 wt% and that for the 2A1680 specimen
is 0.27+0.04 wt%. The Mn concentration of austenite in the 2A1680 specimen is approximately 13.2+1.5
wt% while the Mn concentration of austenite in the 0Al650 specimen is about 9.8+0.3 wt%. Since the
measured bulk composition of both steels is approximate 8 wt% Mn, indicating Mn partitioning is
more effective in the 2Al680 specimen than the 0AI650 specimen. The main reason is that high
partitioning efficiency is obtained at higher intercritical annealing temperature due to the Al addition.
Therefore, the higher mechanical stability of austenite in the 2A1680 specimen is exhibited and the
relative low work hardening is achieved accordingly during the initial stage of plastic deformation
of the 2A1680 specimen.

4. Conclusions

In the present study, a two-step continuous annealing process was designed for cold-rolled
medium Mn steels to avoid the discontinuous yielding. The effect of Al on the microstructure and
tensile properties during the above process were studied. The conclusions are as follows:

(1) The addition of Al can reduce the sensitivity of austenite volume fractions and tensile
properties of medium Mn steels to annealing temperature.

(2) The ductility of medium Mn steels can also be improved by Al addition due to the increase
mechanical stability of the austenite which results from the effective partitioning of Mn into austenite
during intercritical annealing at high temperature.
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