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Abstract: The microstructure and mechanical properties of cold-rolled Fe-18Mn-3Al-35i-0.03C
transformation induced plasticity /twinning induced plasticity (TRIP/TWIP) steel in the temperature
range of 25 to 600 °C were studied. The experimental steel exhibited a good combination of
ultimate tensile strength (UTS) of 905 MPa and total elongation (TEL) of 55% at room temperature.
With the increase of deformation temperature from 25 to 600 °C, the stacking fault energy (SFE)
of the experimental steel increased from 14.5 to 98.8 mJm 2. The deformation mechanism of the
experimental steel is controlled by both the strain induced martensite formation and strain induced
deformation twinning at 25 °C. With the increase of deformation temperature from 25 to 600 °C,
TRIP and TWIP effect were inhibited, and dislocation glide gradually became the main deformation
mechanism. The UTS decreased monotonously from 905 to 325 MPa and the TEL decreased (from
55 to 36%, 25-400 °C) and then increased (from 36 to 64%, 400-600 °C). The change in mechanical
properties is related to the thermal softening effect, TRIP effect, TWIP effect, DSA, and dislocation slip.

Keywords: deformation temperature; deformation mechanisms; tensile properties; TRIP/ TWIP steel

1. Introduction

Low C, high Mn transformation-induced plasticity /twinning-induced plasticity (TRIP /TWIP)
steels are considered to be one of the most attractive materials for automotive steels because of
their excellent combination of strength (>900 MPa) and ductility (>50%) at room temperature [1-5].
The outstanding mechanical properties of TRIP/TWIP steels at room temperature are due to the
remarkable work-hardening behavior resulting from the evolution of multiple microstructural
processes including dislocation slip, formation of stacking fault, deformation induced martensitic
transformation and deformation twinning [3-7]. The o/ encp-martensite and mechanical twins
(transformed from austenite during deformation) act as planar obstacles and reduce the mean free
path of dislocation glide, promoting working hardening and delaying necking, which results in large
uniform elongation [5,7,8]. Recently, it was proposed that the influence of dynamic strain aging (DSA)
phenomenon on the mechanical behavior of high Mn TWIP steels should not be ignored, and DSA
phenomena may occur in a particular temperature range [9-12]. The loss of ductility caused by DSA
has been reported for ferritic steel, low carbon steel, and dual-phase steel at the DSA temperature
range [13-16]. A change of temperature can influence DSA [17]. Thus, considering the complexity
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of deformation mechanisms of TRIP/TWIP steel, it is necessary to understand the deformation
mechanisms of TRIP/TWIP steels at different temperatures.

The mechanical properties and deformation mechanisms of TRIP/TWIP steels exhibit a strong
dependence on temperature and stacking fault energy (SFE) [8,18]. It is well established that the main
governing factor responsible for the deformation mechanism in TRIP/TWIP steels is the SFE [19] and
the SFE increased with the increased of temperature [7,20]. According to Curtze et al. [21], when SFE
below 18 mJm 2, strain induced martensite transformation is the favored transformation mechanism.
When the SFE increases from ~18 to 45 mJm 2, deformation-induced twinning occurs [21,22].
When SFE exceeds 45 mJm 2, dislocation glide controls the work hardening [18,21]. The study
of SFE for specific plasticity mechanisms is important because deformation mode can affect the
mechanical properties of materials or result in deleterious effects. For example, DSA in some
TRIP/TWIP steels [8,11,17,23].

A few studies were devoted to TRIP/TWIP steels deformed at different temperatures [7,18,22,24].
Linderov et al. [7] investigated the deformation mechanisms of austenitic TRIP/TWIP steels at two
different temperatures—ambient and 373 K (100 °C)—and observed that the temperature strongly
affects the deformation-induced processes of metastable austenitic steels. However, a systematic
study on the effect of deformation temperature on the deformation mechanism and mechanical
properties of TRIP/TWIP steels was not carried out. Martin et al. [24] studied the deformation
mechanism in a high-alloy austenitic CrMnNi austenitic TRIP/TWIP steel in the temperature range of
—60 and 200 °C, and demonstrated that the change in deformation mechanism was caused by both
temperature and SFE. Asghari et al. [19] investigated a TRIP/TWIP steel (Fe—0.07C-18Mn-2Si—2Al)
over a wide temperature range from 25 to 1000 °C through compression tests, and showed that the flow
stress was strongly dependent on the deformation temperature. Eskandari et al. [25] also conducted
compressive tests on a TRIP/TWIP steel (Fe-0.11C-21Mn-2.70Si-1.60A1-0.01Nb-0.01Ti-0.10Cr) from
25 to 1000 °C to investigate the mechanical behavior of the TRIP/TWIP steel. They concluded that both
the strain-induced martensite formation and mechanical twinning controlled the plastic deformation
in the temperature range of 25-150 °C. In summary, a systematic study on the influence of deformation
temperature (over a wide range of temperature) on the deformation mechanism and tensile properties
of TRIP/TWIP steel is required at this time.

Thus, The present study is aimed at studying the effect of deformation temperature (over
a temperature range of 25 to 600 °C) on the deformation mechanism and tensile properties of
TRIP/TWIP steel to get a comprehensive understanding of warm/hot deformation characteristics of
TRIP/TWIP steel, having a better insight into the evolution of deformation mechanism in TRIP/TWIP
steel at different temperatures, which can provide reference for the best design of some processing
route such as warm stamping, hot rolling, thermo-mechanical process. The experimental results
have a certain practical significance in the deformation technology of TRIP/TWIP steel in different
temperature ranges.

2. Materials and Methods

The nominal chemical composition of the investigated TRIP/TWIP steel was
Fe-18.10Mn-3.1Al-3.25i-0.03C (in wt%). A 50 kg ingot was cast after melting the steel in a vacuum
furnace. The ingot was heated at 1200 °C for 2 h and hot forged to rods of section size 100 mm x
30 mm, followed by air cooling to room temperature. Subsequently, the rod was soaked at 1200 °C for
2 h, then hot rolled to 3 mm thickness. The hot rolled plate was reheated to 1100 °C for 30 min and
cold-rolled to sheet of 1 mm thickness. Finally, the cold rolled sheet was solution-treated at 1000 °C for
10 min and water-quenched. Tensile specimens with a gage length of 25 mm and width of 6 mm were
machined from the cold rolled sheet with the tensile axis parallel to the rolling direction. Tensile tests
were conducted from 25 to 600 °C (25 (room temperature), 200, 300, 400, 500, and 600 °C, referred to as
25-sample, 200-sample, 300-sample, 400-sample, 500-sample, and 600-sample, respectively) using
CMT5105 tensile testing machine at a constant strain rate of 1.67 x 103 s~1. In order to heat the
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specimen uniformly, high-temperature deformation testing was carried out in a sealed insulation
furnace, and a heat-resistant alloy fixture was used. The sample was heated to the deformation
temperature at the rate of 10 °C/s and maintained at the test temperature for 5 min.

Microstructure was studied by optical microscope (OM, OLYMPUS-GSX500, OLYMPUS, Tokyo,
Japan), field-emission scanning electron microscope (FE-SEM, Supra, SSX-550, Shimadzu, Tokyo,
Japan) and a field-emission transmission electron microscope (FE-TEM, FEI, TECNAI G2-20, operated
at 200 kV, FEI, Hillsboro, OR, USA). Samples were cut from the tensile specimens near the fracture
surface after the tensile tests. Samples were mechanically polished and subsequently electropolished
at room temperature in an electrolyte containing 95% CH3COOH+5% HClOy solution to remove any
strain-induced martensite that may have formed during mechanical polishing. Phase analysis was
carried out by X-ray diffraction (XRD, Rigaku, D/Max2250/PC, Rigaku Corporation, Tokyo, Japan)
with CuK radiation. Before OM and SEM observations, the samples were etched with 4% nital. For
TEM studies, thin foils were first mechanically ground to ~40 um thickness, then twin-jet polished
(Struers, Tenupol-5, Struers, Copenhagen, Denmark) in a solution of 5% perchloric acid and 95%
alcohol at ~20 °C. Annealing and deformation twins, stacking faults, martensite, dislocation walls,
and slip bands were identified using a TECNAI G2-20 TEM.

3. Results

3.1. Mechanical Properties and Work Hardening Behavior

Figure 1 shows engineering stress-strain curves of the experimental steel at different tensile test
temperatures. The statistical results of ultimate tensile strength (UTS), total elongation (TEL), and the
product of ultimate tensile strength and total elongation (PSE) of the experimental steel at different
deformation temperatures are summarized in Table 1. Combining Figure 1 and Table 1, it may be
noted that the deformation temperature has a significant influence on the mechanical behavior of the
investigated steel. The thermal softening effect is obvious with the increase of temperature. The UTS
and PSE continuously decreased with the increase of temperature from 25 to 600 °C, a behavior similar
to the results of Shterner et al. [3]. The TEL decreased from 55 to 36%, as the temperature increased
from 25 to 200 °C. Interestingly, TEL remained almost unchanged at 36%, when the deformation
temperature was in the range of 200 to 400 °C. Then, TEL increased from 36 to 64% with increase of
tensile test temperature from 400 to 600 °C.

It may be noted that the periodic serration and step-like fluctuation appeared in the engineering
stress-strain curves, when the deformation temperature was in the range of 200 to 400 °C (Figure 1).
According to the conclusion by Lee et al. [11] and Lan et al. [26], the periodic serration and step-like
fluctuation are representative of DSA and Portevin Le-Chatelier (PLC) behavior. However, DSA did
not appear when the tensile tests were carried out at other temperatures. This indicates that the
experimental steel is most susceptible to experience DSA in the temperature range of 200-400 °C.
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Figure 1. Engineering strain-stress curves at different tensile test temperatures of the experimental steel.
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Table 1. Mechanical properties of experimental steel at different tensile test temperatures.

Temperature (°C) UTS (MPa) TEL (%) PSE (GPa%)
25 905 (£7) 55 (+0.2) 49.8 (£0.5)
200 690 (£10) 36 (£0.3) 24.8 (£0.6)
300 670 (£6) 36 (+0.3) 24.1 (+£0.4)
400 650 (£8) 36 (£0.2) 23.4 (£0.4)
500 530 (£6) 44 (+0.5) 23.3 (£0.5)
600 325 (£3) 64 (+0.6) 20.8 (£0.4)

Figure 2 presents the instantaneous work hardening exponent (n) and true stress as a function
of true strain, where the n value was calculated by n = d Ino/d Ine [27]. The instantaneous work
hardening exponent (n) can further reveal the deformation behavior of the experimental steel during
straining. Based on Figure 2, it can be seen that the variation in n value was different in samples
deformed at different temperatures. The instantaneous work hardening exponent (n) curves can be
divided into three stages. In summary, the n value decreased sharply in S; (elastic stage) for all the
samples. During Sy, a rapid increase in the n value of 25-sample indicated a high strain hardening
rate. A strong fluctuation in the n value was observed for 200-sample, 300-sample and 400-sample,
and a gradual increase in the n value for 500-sample and 600-sample. Finally, the n value of 25-sample,
200-sample, 300-sample, and 400-sample decreased rapidly in S3, while, for 500-sample and 600-sample,
the decrease was slow.

1.0 b) 1000 1.0
@ 1400 - L2 z
2 2
| 5 | 5
1200 | {08 ¥ 800t {08 &
o o
© 1000 S ® s &
\ S QO
g {06 § = eoof | {06 B
§ <3 ‘: - -
4 5 2 A v H
% 600 104 $ ¥ a00F A AL " | Jo4 8
s 2 g \ 7/,,‘\,&\&%‘, A \\,\)Lu AN 2
400 g = ! Lo | \ | !’/ ” ;
{02 § 200 - v Jo2 §
200 5 I s
Z i
0 L A . o 00 = 0 A A A L L L, 00 =
0.0 0.1 0.2 03 04 05 000 005 010 015 020 025 030 035
True strain True strain
(¢)1000 — 10~ (@)1000 10
| 2 | &
| g | g
800 - | 1928 % 800 | 108 &
2 =]
© 1S, £ ‘ €
[ / g 2 S, <
£ eo0p . 106 8 & ool |/ {06 €
i 0| 4l A £ d Y =
% 400f K M A A h ’ 104 2 £ 400 AR {os §
g W-“-"MM \il‘ YAl \ ® ® /,WLMU\I“:L:#";'lﬁ_t“j ;l‘\ 'ﬂ‘ ‘ s 5
2 1 I | s, 3 2 2 2 \ \r. \ \‘1‘ ) 3
200 - £ o2 g T oy g
8 200 Jo2 §
| ; ‘ E
0 . : : . - L 00 = 0 L ) ; . . . 00 =
000 005 010 015 020 025 030 035 000 005 010 015 020 025 030 035
True strain True strain
(e) 800 10 _ (f) s00 1.0 _
3 §
700 || g é
| o8 ¥ Jos £
600 |- s °
© | s 2 @
' [= @© (]
g S0op {06 8 & {06 2
2 400} | £ = £
8 ! £ 8 ®
5 300} | s 104 2 3 Joa ¢
] ; E ]
£ ! s 3 2 3
200 H | P 8 £ 3
V.~ 102 s 102 &
1004 Y 8 &
. 2
00 =

0 . L L L " . " 0.0
000 005 0.10 0.15 020 025 0.30 035 040
True strain True strain

Figure 2. Instantaneous work hardening exponent (n) and true stress versus true strain of the
experimental steel after deformation at different temperatures of (a) 25 °C; (b) 200 °C; (c) 300 °C;
(d) 400 °C; (e) 500 °C; and (f) 600 °C. (S1~S3 mean stage 1-3).
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3.2. Microstructure

Figure 3 shows the X-ray diffraction patterns of the investigated samples before and after tensile
deformation at different temperatures. With reference to the work of Egea et al. [28], the percentage of
volume fraction of each phase for each temperature configuration has been calculated and summarized
in Table 2. It can be seen from Figure 3 and Table 2 that the microstructure of experimental sample
before the tensile test was mainly composed of y-fcc phase (austenite, 66.4%), a-bcc phase (ferrite,
25.8%) and some e-hcp phase (e-martensite, 7.8%). After deformation at 25 °C, the peaks of 111,
200y, 2205, and 311, for y-fcc phase became weak (the volume fraction of austenite decreased to
51.6%), but the diffraction peaks of 1104, 200«, and 211 for a-bcc phase were enhanced (the volume
fraction of o’-martensite increased to 15.8%), which indicates that significant TRIP effect took place
during tensile deformation at 25 °C. With the increase of deformation temperature from 300 to 600 °C,
the peaks of 110, and 002, for e-hcp phase disappeared, and the amount of austenite increased to
~73.3% (see Table 2). This may be caused by the reversion from e-martensite to austenite during
tensile deformation.
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Figure 3. XRD patterns of the investigated steel before and after tensile deformation at different
temperatures. ((Before test, ¢ = 0), (25 °C, € = 55%), (300 °C, € = 36%), (500 °C, € = 44%), (600 °C,
€ = 64%)).

Table 2. Volume fraction of constituent phases estimated by X-ray diffraction (vol%).

/

Sample Y oF € o
Undeformed sample  66.4 25.8 7.8 0
25-sample 51.6 25.7 6.9 15.8
300-sample 73.3 26.7 0 0
500-sample 74.1 25.9 0 0
600-sample 73.2 26.8 0 0

The OM and SEM micrograph of the experimental steel before deformation are presented in
Figure 4. As shown in Figure 4, the annealing twins were present in majority of austenite grains of the
sample before the tensile test, and most of the annealing twins were present across the entire austenite
grains. After deformation at room temperature, thin lamellar deformation twins (or o’-martensite)
nucleated in the austenite matrix and the austenite grains were divided and refined (see Figure 5a).
It can be seen from Figure 5b—d that the volume fraction of mechanical twins and «-martensite were
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remarkably reduced when the deformation temperature was increased to 300-600 °C. This means that
the TRIP effect and TWIP effect were inhibited with the increase of temperature.

Figure 5. SEM micrographs of the experimental steel after deformation at different temperatures of
(a) 25 °C, £ = 55%; (b) 300 °C, £ = 36%; (c) 500 °C, & = 44%; and (d) 600 °C, & = 64%.

TEM studies were conducted to reveal stacking faults, deformation twins, o/-martensite and the
dislocation substructure development at different temperatures of deformation. Before deformation,
the annealing twins (Figure 6a) and abundant stacking faults (Figure 6b) were present in the austenite
matrix of experimental steel. The abundant stacking faults can provide favorable conditions for
the subsequent strain-induced nucleation of martensite and deformation twins [4]. On deformation
at room temperature (25 °C), deformation twins were observed in the austenite grain (Figure 7a).
Meanwhile, «’-martensite (confirmed by electron diffraction pattern analysis) transformed from
austenite during deformation (shown in Figure 7b), which indicated that the deformation-induced
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twins (TWIP effect) coexisted with deformation-induced of-martensite (TRIP effect) and was the
predominant deformation mechanism during tensile deformation at room temperature. When the
tensile deformation temperature was increased to 300 °C, some dislocation activity was observed with
a number of dislocations and dislocation walls (Figure 7c,d). This may be because the temperature
of the steel was increased significantly, which led to the increase of SFE, and TRIP and TWIP effect
were inhibited, but the dislocation slip was favored [7,29]. When the deformation temperature was
600 °C, dislocation cells and slip bands were observed (Figure 7e,f). Thus, dislocation slip was the
main deformation mechanism in the high deformation temperature region.

(2)

Deformation twins

i ;

Dislocation walls§

Dislocation cells

Figure 7. TEM micrographs of the experimental steel after deformation at different temperatures of
(a,b) 25 °C, £ = 55%; (c,d) 300 °C, & = 36%; and (e,f) 600 °C, & = 64%.
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4. Discussion

4.1. Effect of Deformation Temperature on the Deformation Mechanism

It is known that the deformation temperature has a significant influence on microstructural
development during deformation of experimental steel. The temperature change changes SFE, and the
deformation behavior of high Mn steels is strongly related to SFE [9,30]. It is well known that the
SFE increases with temperature [7,20]. For tests at different temperatures, the temperature rise (AT)
is enough to affect the SFE. According to the thermodynamic models [31], the value of SFE can be
calculated by the equation proposed by Saeed-Akbari et al. [20]. The change in SFE caused by AT is
shown in Figure 8. It can be seen that the SFE increased with the increase of deformation temperature.
The SFE value of the investigated steel at room temperature was 14.5 mJm~2. With the increase of
temperature from 200 to 600 °C, the SFE approached 40.0, 54.7, 69.4, 84.1, and 98.8 mjm 2, respectively.
According to Allain et al. [6] martensitic transformation occurs below 18 mJm~2 and twinning between
12 and 35 mJm~2 in the Fe-Mn-C TWIP steel. Curtze et al. [21] reported that twinning occurred at
SFE: of ~18 mJm~2 < SFE < 45 mJm 2. When SFE > 45 mJm 2, plasticity and strain hardening were
controlled solely by the glide of dislocations. Thus, the strain induced martensitic transformation and
deformation twinning coexisted at the room temperature deformation because the SFE (14.5 mJm~2)
is relatively low (see Figures 5a and 7a,b). Then, the SFE increased with increase in temperature,
TRIP effect and TWIP effect were suppressed (see Figure 5b—d). When the temperature was greater
than 300 °C, twinning was replaced by dislocation slip because the SFE was greater than 45 mJm 2
(see Figure 7c—f).

In addition, the serrated flow (characteristic of DSA) occurred between 200 and 400 °C (see
Figure 1) and implies that DSA effect has a significant effect on the mechanical properties of
experimental steel in the temperature range of 200—400 °C, which is similar to the results of Bayramin
et al. [16]. The SFE was in the range of 40.0 to 69.4 mJm 2 with the increase of temperature from
200400 °C. Dislocation slip replaced TRIP/TWIP effect in this temperature range. The moving
dislocations were pinned by solute atoms resulting in serrated flow at 200-400 °C [32]. If temperature
is too high or too low, solute interstitial atoms (C-atom) may not be able to rearrange themselves with
mobile dislocations and hinder them, therefore, the DSA did not take place [15,33].

/7 M- il
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Figure 8. Estimation of SFE with the different deformation temperatures.

4.2. Tensile Properties Difference at Different Temperatures

It may be noted from Figure 1 and Table 1 that the experimental steel presents an exceptional
mechanical properties with a PSE of 49.3 GPa at room temperature, and the mechanical properties
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deteriorated with the increase of deformation temperature. The mechanical properties are directly
related to the work hardening behavior depending on the mechanisms. 25-sample exhibited the
highest UTS (905 MPa) and a good plasticity with the TEL of 55%, and a rapid increase in the n value
in S (see Figure 2a), because of strain induced martensitic transformation (TRIP effect) and strain
induced deformation twinning (TWIP effect) (see Figure 3, Figure 5a, and Figure 7a,b). The formation
of martensite and deformation twins act as planar obstacles to dislocation glide during deformation
and enhanced the n values (high work hardening rate), delayed necking, which improves the plasticity
of the experimental steel and results in highest UTS [2,3,18,34]. It should be also noted that the increase
of n value of 25-sample exceeded other samples (see Figure 2). It can be deduced that the TRIP effect
and TWIP effect had the most beneficial effect on work hardening among all the deformation modes.
With increase of deformation temperature to 200, 300, and 400 °C, the UTS of 200-sample, 300-sample,
and 400-sample decreased to 690, 670, and 650 MPa, respectively. Meanwhile, the TEL was only ~36%.
As shown in Figure 2b—d, the n value for the three samples exhibited an intense fluctuation in S,
resulting from DSA. The decrease of UTS was due to thermal softening effect. TRIP effect and TWIP
effect were suppressed and gradually replaced by dislocation slip with the increase in temperature.
In this temperature range, high dislocation density and highly dense dislocation walls (see Figure 7c,d),
were the main contributors in enhancing work hardening behavior. Their strengthening effect is weaker
than TRIP effect and TWIP effect, hence, UTS was decreased. As regards, low plasticity (TEL of 36%),
itis because the TRIP effect and TWIP effect were suppressed. In addition, the role of DSA phenomenon
should be taken into account. The DSA took place in this temperature range, and an inhomogeneous
plastic deformation because of successive locking of the mobile dislocations and strain localization
took place, which prevented high TEL to be obtained [15]. When the deformation temperature was
increased to 500-600 °C, high-temperature softening occurred and the UTS of samples was further
decreased with the increase of elongation.

5. Conclusions

In the present study, the microstructure and mechanical properties of cold-rolled
Fe-18Mn-3Al-3Si-0.03C TRIP/TWIP steel in the temperatures range of 25 to 600 °C was studied.
The main conclusions are as follows:

1.  Fe-18.1Mn-3.1Al-3.25i-0.03C TRIP/TWIP steel exhibited excellent mechanical properties at room
temperature. The UTS, TEL and PSE were 905 MPa, 55% and 49.3 GPa, respectively. The dominant
plasticity mechanism at room temperature was strain induced martensite deformation and
deformation twinning.

2. With the increase of deformation temperature from 25 (room temperature) to 600 °C, the SFE of
the experimental steel was in the range of 14.5 to 98.8 mJm 2. The deformation mechanism of
the experimental steel is controlled by both the strain induced martensite formation and strain
induced deformation twinning at 25 °C. With the increase of deformation temperature from 25 to
600 °C, TRIP and TWIP effects were inhibited, and dislocation glide gradually became the main
deformation mechanism.

3.  The UTS decreased monotonously from 905 to 325 MPa and the TEL decreased (from 55 to 36%,
25-400 °C) and then increased (from 36 to 64%, 400-600 °C). The change in mechanical properties
was related to the thermal softening effect, TRIP effect, TWIP effect, DSA, and dislocation slip.
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