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ABSTRACT

The effects of cerium (Ce) on the microstructure, mechanical properties and strain hardening behaviour of Fe-
18Mn-0.6C twin-induced plasticity (TWIP) steel were investigated by electron backscatter diffraction, X-ray
diffraction and transmission electron microscopy. Compared with the addition of Al, the addition of Ce
significantly reduced the stacking fault energy of TWIP steel, which promotes the formation of deformation and
annealing twins. The dynamic strain aging behaviour of TWIP steel was inhibited by Al and Ce atoms during
plastic deformation. The optimal mechanical properties were obtained when 0.015 wt% of Ce was added, resulting
in a tensile strength of 1023 MPa; and an elongation was 92%. The interaction of twin variants in the Ce-
containing alloys exhibited an X shape, which was significantly different from the T shape in the non-Ce
containing alloy. This is mainly attributed to the fact that Ce promotes dislocations near grain boundaries, where
for the nucleation of deformation twins at grain boundaries is favoured. Compared with the T-shaped twin variants,
the dynamic Hall-Petch effect caused by the X-shaped staggered twin variants was stronger, which improved the
strain hardening ability of TWIP steel.

Keywords: TWIP steel; Deformation twin interaction; Strain hardening; Stacking fault; Mechanical properties;
Cerium

1. Introduction

Based on the comprehensive consideration of reducing energy consumption and improving safety performance,
lightweight materials are becoming more prominent in the automobile industry. Twinning induced plasticity
(TWIP) steel has excellent strength, plasticity and energy absorption, which makes it a good material for the
structural parts of automobiles and anticollision parts [1,2]. The microstructure of TWIP steel is a single y phase,
and its excellent ductility is attributed to the strain hardening effect during plastic deformation [3]. It is widely
accepted that the outstanding strain hardening capacity of TWIP steels mainly results from deformation twins and
their interaction with dislocations [4]. McCormack [5] argued that the strain hardening effect caused by
deformation twins can be divided into two parts: one part changes the dislocation accumulation rate, and the other
part hardens the slip system directly through the Hall-Petch effect. The occurrence of deformation twinning can
indirectly influence the evolution of the dislocation density. In addition, Bouaziz [6] et al. identified that back
stress is an important mechanism of strain hardening. The back stress is generated by pile-ups of dislocations
arrested at twin boundaries.

The stacking fault energy (SFE) of TWIP steel is the key parameter for twinning, and which the SFE depends on
the composition and temperature [7,8]. The TWIP effect is triggered at low SFE values (20-40 mJ/ m?) [9,10].
The SFE influences the processes of dislocation cross-slip and climb, which play an important role in the strain
hardening behaviour of steel [11]. A low SFE value results in wide stacking faults, thus making dislocation cross-
slip more difficult. It is worth noting that an SFE that is too low can lead to the formation of o’-martensite and
reduce ductility. In other words, the SFE of TWIP steel can be adjusted to further promote the TWIP effect by
adding alloying elements [12-14]. It is well known that Al and Cu additions increase the SFE, thereby resulting
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in a decrease in the formation of deformation twins and finally decreasing the strain hardening capacity [15].
Kalsar et al. [16] reported that Ni improved twin activity, which increased the elongation of TWIP steel.

Although TWIP steel has high tensile strength and ductility, its shortcomings, such as low yield strength and
delayed cracking, limit its practical application. Many efforts to overcome these disadvantages have been
conducted using various other alloying elements, such as Al, Cu, and Si [17-20]. Elements such as Al and Cu
generally reduce the ensile strength or toughness of TWIP steels because they inhibit the formation of deformation
twins. Rare earth cerium (Ce) has attracted the attention of many researchers because the addition of Ce has been
considered to improve the mechanical properties of austenite steels. Ce dissolved into the matrix, leading to
solution strengthening and a Cottrell atmosphere, and increasing the yield strength. Moreover, Ce can improve
the microstructure uniformity and the proportion of high angle grain boundaries, thus improving the total
elongation [21]. Ce reduces the mismatch in hardness between ferrite and austenite, and this result suggests that
Ce can improve the hot workability of steels consisting of ferrite and austenite [22]. Rare earth oxide could be the
most effective heterogeneous nuclei of primary austenite and refine the primary austenite grain [23]. However,
there is a lack of investigations regarding the strain hardening behaviour of TWIP steels containing Ce elements.

Therefore, the present work addresses the influence of Ce on the mechanical properties of TWIP steels to promote
the TWIP effect and improve the yield strength. Dynamic strain aging (DSA) and delayed cracking were strongly
inhibited by the addition of Al. Two commonly used components of the second generation of high manganese
TWIP steel, namely, Fe-18Mn-0.6C and Fe-18Mn-0.6C-1.5Al, and the alloy obtained by adding Ce to the matrix
composition of Fe-18Mn-0.6C were studied. The addition of Al has been studied as an element to improve the
SFE [24]. The effects of Ce on the strain hardening behaviours, microstructure and mechanical properties of the
alloy are discussed.

2. Material and methods

Four grade 20 kg ingots with different Ce and Al contents were prepared by vacuum induction melting. The
analysed chemical compositions are listed in Table 1. Ce was measured by the inductively coupled plasma method
(PlasmaQuant MS). Mn and Al element were measured by a direct-reading spectrometer (FOUNDRY-MASTER
Xline). The contents of C element were measured by infrared carbon and sulphur analyser (CS-3000G). For
convenience, these four steels are referred to as ‘0Ce’, ‘0.015Ce’, ‘0.045Ce’, and ‘1Al” hereafter. The ingots were
heated to 1100 »C for 30 min before forging. The initial forging temperature is 1100 °C, and the finish forging
temperature is 800 °C. The ingots with a thickness of 30 mm are soaked at 1200 °C for 2 h to reduce the segregation
of alloying elements, and then they are hot-rolled to a final thickness of 4.5 mm with a thickness reduction per
pass of 30% and a total thickness reduction of 85% without intermediate reheating. The starting and finishing
temperatures of hot rolling are approximately 1150 oC and 850 °C, respectively, followed by air cooling to room
temperature.

Table 1

Chemical compositions of the experimental steels.
Steel Elements{wi%)

Mn c Ce Al Fe

OCe 17.13 068 <001 < 0.01 Bal
0.015Ce 17.64 063 0.015 <001 Bal
0.045Ce 16.80 063 0.045 =0.01 Bal
1Al 17.22 062 <00l 1.00 Bal

Dumbbell-type tensile specimens having a gauge length of 50 mm, 12.5 mm (width) and 3 mm (thickness) were
prepared along the direction of hot rolling. Uniaxial tensile testing at room temperature is performed on a UTM
5150 universal tensile testing machine with a strain rate of 5 X 10- 4 s- 1. Before testing, the surface of each
specimen was mechanically polished.

Electron back-scatter diffraction (EBSD) measurements were conducted using a Sigma Scanning electron
microscope (SEM) equipped with a EBSD system at 15 kV and a sample tilt angle of 70°. The microstructure of
hot rolled and deformed samples was analysed by scanning spatial step sizes of 1 pm and 150 nm, respectively.
Conventional polishing was performed with a solution of 10% HCIO4 + 20% glycerol +70% CH3CH20OH under
a potential of 20 V. Channel 5 software was used for data collection and analysis. Twin boundaries (TBs) were
defined as £3 = 60> {111) [4]. To measure the local misorientation, the kernel average misorientation (KAM)
value was calculated up to the 3rd nearest-neighbour shell with a maximum misorientation angle of 5e.

Microscopic analyses after tensile tests were performed using an FEI Talos F200X transmission electron
microscope (TEM). Thin foils for TEM observations were all sliced from the gauge by spark cutting and then
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Fig. 1. EBSD boundary map of steels. (a) 0Ce; (b) 0.015Ce; (c) 0.045Ce and (d) 1Al. (the black and red lines correspond to the
high-angle grain boundaries( > 15°) and £3 twin boundaries, respectively. The tolerance angle was 5¢ for twin fraction calculation.)
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mechanically thinned to a thickness of 100 pum, followed by ion-beam milling in a Gatan691 precision ion
polishing system (PIPS) at 5 kV. Finally, conventional twin-jet polishing with a solution of 10% HCIO4 + 90%
CH3CH20H under a potential of 40 V at - 30 -C was performed.

To examine the constituent phases of the specimen and stacking fault, a Rigaku D/max 2550 VB/PC X-ray
diffractometer was used with Cu Ka radiation (A = 0.154056 nm) operated at 40 KV at room temperature. The
scanning range (20) and step size were 40—100° and 0.02¢, respectively. The XRD patterns were analysed by
TOPAS software. The stacking fault probability (Psf) was determined by the peak-broadening method, for which
the basic equations are as follows [25-27]:

1 1
Py = . j _ [(Dgﬁ)zm - (Dﬂﬁ)m] (1

A
Pocost @

%

Deﬁ" =

B0 is the essential integrated width, Deff is the mean effective crystallite size, b0 is the instrumental integrated
width, and a is the lattice constant. To verify the accuracy of the calculation of Psf, the following two equations
of integral breadth relations were used to calculate 0:

B =p+b; (3)

Eq. (3) is the integral width relation, from which the value of BO can be determined, where B0 is the measurement
integrated width. b0 is the instrumental integrated width.

3. Results

The microstructure of hot rolled steels consisting of fully recrystallized grains, including annealing twins, was
observed, as shown in Fig. 1a-d. To analyse the influence of Ce and Al on the distribution of twins, the grain size
and twin volume fraction of different samples were counted, as shown in Fig. 2, and the data were the average
values of the two test results. The twin volume fraction is defined as the area of annealing twins per observed area
[6,20,28,29]. An increase in the twin volume fraction with the addition of Ce was observed. However, the twin
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Fig. 3. Mechanical properties and serration flow phenomena of TWIP steels. (a) Engineering stress-strain curves; (b) True stress-
strain curves; (c) Strain-hardening rate curves; and (d)Serrated flow phenomena.

volume fraction was significantly reduced after Al addition. The grain size decreased with an increase in Ce
content. With the addition of 1% Al, the increase in the grain size was approximately 6 um on average. Annealing
twins can enhance the strength by blocking dislocation movement during plastic deformation. A higher density of
annealing twins yields a higher strength [30].

Fig. 3a shows the tensile engineering stress versus strain curves of the alloys at room temperature (298 K). The
tensile properties of the alloys are listed in Table 2. As shown in Fig. 3a, all the steels exhibited continuous
yielding behaviour. The yield strength (YS) and ultimate tensile strength (UTS) of 0.045Ce are the highest,
reaching averages of 385 MPa and 1107 MPa, respectively. The increase in yield strength was mainly attributed
to the decrease in grain size. Zhao et al. [21] also reported that the addition of 0.02 wt% Ce improved the yield
strength of Fe-Mn-C-Al TWIP steel. Although the grain size of the 1Al sample was largest, the lattice friction
increased due to the solution strengthening effect of Al, so the yield strength of the 1Al sample did not decrease
compared with that of 0Ce. The 0.015Ce and 1Al showed a high total elongation (TE). The product of ultimate
tensile strengths and total elongation (UTS*TE) indicates the energy absorption capacity of TWIP steels. The
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Table 2

Mechanical properties of the experimental steels.
Alloy YS (MPa) UTS (MPa) TE (%) UTS*TE (GPa*%)
0Ce 363+ 4 1019 =13 79.4 £ 3.1 81.4+3.7
0.015Ce 362+ 3 1023 =18 92.0 £ 2.5 95.8 + 4.2
0.045Ce 3856 1107 =12 79.6 £ 4.5 88.2 £ 5.9
1Al 360 + 4 920 £ 6 91.2 £ 2.7 83.9 £ 3.0

UTS*TE of 0.015Ce and 0.045Ce steel is 95.8 and 88.2 GPa*%, respectively, which was higher than that of 0Ce
(81.4 GPa*%) and 1Al (83.9 GPa*%). The tensile test results showed that the addition of Ce increased the energy
absorption capacity of TWIP steel.

The true stress-strain curve and strain hardening rate curve were drawn from the engineering stress-strain curve,
as shown in Fig. 3b and ¢. TWIP steel with added Ce exhibited a higher maximum true stress, and the maximum
true stresses of 0.015Ce and 0.045Ce were almost the same, both of which were 1786 MPa, while that of 0Ce was
1643 MPa. The strain hardening stage of the sample was divided into stages I, IT and III. Stage II maintained a
constant strain hardening rate. Sample 0.045Ce was the first to initiate stage II, and 1 Al was the last. Additionally,
0.045Ce had the highest strain hardening rate at stage II. The tensile strength decreased significantly after the
addition of Al, which was mainly attributed to the decrease in the work hardening capacity.

Plastic instability gives rise to serrations in the stress-strain curves and the simultaneous localization of
deformation in the specimens. The serrated flow on the tensile curves is generated by DSA, as shown in Fig. 3d.
According to the research of Jacobs et al. [31], the serrated flow on the true stress-strain curve of 0Ce steel can be
divided into Type A (periodic serrations) and Type B (oscillation serrations), which contributes to the interaction
between solid solution atom C and movable dislocation. As shown in Fig. 3b, the addition of 0.015% Ce and 1%
Al can effectively weaken the DSA, which is conducive to improving the plasticity of TWIP steel [32,33].
Additionally, surface wrinkle defects of TWIP steel were prevented in the processing process. Moreover, Fig. 3d
shows that the serrated flow of the addition of both Ce and Al transitions from the A + B type to type A. This was
related to the improvement in C diffusion activation energy from Ce and Al atoms. Lee et al. [34] proposed that
a single diffusive hop (reorientation) of the C atom in the CMn complex causes DSA by interacting with stacking
faults. Al increases the SFE and reduces the C diffusivity in austenite. Al suppresses the C- vacancy short-range
clustering or the jumps to tetrahedral sites [35,36]. However, there is no detailed information on the effect of Ce
addition on the DSA phenomenon in TWIP steels. The weakening of DSA may be related to the lattice distortion
caused by the solution of Ce atoms pinning C atoms [37] and inhibiting the reorientation of C atoms.

To explore the different twin behaviours of the four TWIP steels with tensile strain, the microstructure evolution
was determined by EBSD. Fig. 4a-d shows the band contrast and twin boundary images at a true strain of 0.12 (g
=0.12). Blue lines inside the grains contain nanoscale deformation twins and wider annealing twins. As shown in
Fig. 4a-c, with increasing Ce content, the deformation twins inside the grains increased. However, it is difficult
to find deformation twins in 1Al, as shown in Fig. 4d.

To understand the distribution of intragranular local misorientation, the KAM maps of the four alloys at £ = 0.12
were measured, as shown in Fig. 5. The misorientation with respect to the first nearest-neighbour approximation
is presented here. The regions with higher KAM values are concentrated around the grain boundaries. With
increasing Ce content, this phenomenon becomes more significant, as shown in Fig. 5a-c. A high KAM value
indicates a large strain and dislocation density in this region; in other words, there is high stress in this region.

Because the twinning nucleation stress is higher than the dislocation slip stress, the local stress concentration
provides beneficial conditions for twinning nucleation [38]. It is worth noting that the distribution of KAM in the
1Al alloy was extremely uniform, as shown in Fig. 5d. This indicates that deformation is uniformly developed in
the 1Al alloy, which is one of the reasons why the formation of deformation twins does not occur easily in the
sample. Plasticity is also improved as a result.

Fig. 6(a)-(c) shows the band contrast maps and twin boundary maps at a strain of 0.2 and the corresponding twin
boundaries. Twin bundles began to appear at 0.015Ce and especially in 0.045Ce. In addition, twin interactions
between twin variants occurred in most grains of 0.045Ce but are difficult to observe in 0Ce.

Fig. 7 shows the IPF and band contrast maps from the 0Ce and 0.045Ce strained tensile samples at € = 0.43. The
activation of twin systems is observed with a significant number of grains for the two samples. With increased
twin density, sub-boundaries developed within the grains that delimited different twin bundles. According to Fig.
7(a) and (b), most deformation twin orientations were <001 //TA. Compared with 0Ce, 0.045Ce formed more
twinning bundles. Fig. 8 shows the HRTEM maps and fast Fourier transformation (FFT) spots of twin bundles in
0.045Ce. In Fig. 8(a), twin interfaces are marked by yellow arrows. Many twins are packed together, and the
boundaries are so close together that they are only a few atomic layers thick. Fig. 8(b)-(e) show the FFTs
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corresponding to the four regions with twin interfaces in Fig. 8 (a). Multiple twins were confirmed by the selected
area diffraction pattern. The two sets of electron diffraction patterns in the matrix and twin parts of the adjacent
FFT patterns are in opposite positions (the circled spots are diffraction spots of twins). This proves the existence
of twin bundles which are shown in Fig. 7. In addition, this also indicates that the existing twin interface can be
used as the twin surface of the newly formed twins. Twins in a twin bundle are almost completely connected. The
deformation twins in TWIP steel are initially very thin, and the thickness does not increase substantially with
increasing strain. The growth of the volume fraction of twins is mostly furnished by the formation of new twins

BN Sy g SROST - v

Fig. 5. KAM maps at ¢ = 0.12. (a) 0Ce; (b) 0.015Ce; (c) 0.045Ce and (d) 1Al
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Fig. 7. Inverse pole figure (IPF) and band contrast maps from the 0Ce, 0.015Ce and 0.045Ce strained tensile samples at £ = 0.43.
(a, b) 0Ce; (c, d) 0.015Ce; (e, f) 0.045Ce.

in the course of deformation. Ce may promote the formation of new twins due to the increase in Psf. This
effectively explains why the twin density of 0.045Ce steel is higher than that of 0Ce steel, as shown in Fig. 7(c)
and (d). TEM and EBSD observations support the finding that the addition of Ce promotes the formation of twins,
including annealing twins and deformation twins.



Page 8 of 14

Twi nC>

[110]

Fig. 8. HRTEM analyses of sample 0.045C at its straining state at € = 0.43: (a) a phase-contrast lattice image showing twin bundles;
(b-e) FFT patterns obtained in the specified areas. (Zone axis = [110]).

4. Discussion

Fig. 9a shows the X-ray diffraction patterns of the four TWIP steels. The figure shows the presence of only
austenitic peaks. These steels were fully composed of the austenite phase. Fig. 9b and ¢ show the peak shapes of
the y (111) and y (200) peaks. The addition of Ce leads to the broadening of the two peaks, and 1Al exhibits the
opposite trend. Based on the above equations, the Psf of the four steels is calculated, and the results are shown in
Fig. 9d. As shown in the figure, with increasing Ce content, Psf increases, while the addition of Al reduces Psf.
The study shows that Psf is inversely proportional to the SFE. Therefore, it can be concluded that the SFE of the
sample decreases with increasing Ce content [26]. The SFE of the sample increased when Al was added. For the
conclusion that Al improves the SFE of TWIP steel, many studies have obtained relatively similar theoretical and
experimental data [39-41].
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Fig. 9. (@) XRD patterns of the TWIP steels; (b) y (111) peak; (c) y (200) peak; (d) stacking fault probability of the TWIP steels.
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Fig. 10 shows the TEM bright field (BF) images of the 0Ce and 0.045Ce specimens having a pre-strain of ¢ =
0.43. Many dislocation tangles can be found between the deformation twin boundaries. The presence of
deformation twins could be confirmed by the diffraction spots of selected area diffraction (SAD). Stacking faults
at the deformation twin interface were observed in OCe steel. Second twin variants were observed in 0.045Ce steel.

Fig. 10. TEM BF images and associated SAD analysis at £ = 0.43. (a) 0Ce; (b) 0.045Ce. (SFs: stacking faults; M: matrix; T: twin).

Fig. 11 shows the evolution of the twin fraction (The ratio of the high angle grain boundaries with the corrected
>3 boundaries) of the three TWIP steels with tensile strain. The corrected X3 boundaries not include X3 annealing
twin boundaries. The X3 twin fraction of all the TWIP steels initially increased with tensile strain curves. The
difference in SFE due to Ce additions changed the curve of the twin fraction. A significant increase in twin volume
fraction was observed in the 0.045Ce steel; therefore, this steel had a higher twin volume fraction at all strain
levels. It also shows that the twinning rate of the 0.045Ce steel was the highest, especially at low strain levels (e
<0.2).

0.8

s @
[} B |
L] L}

Fig. 11. Variation in fraction of £3 boundaries of the three
TWIP steels with tensile strain. (The fraction means the
ratio of the high angle grain boundaries with the corrected
>3 boundaries).
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In stage I, the dislocation activity and its interaction with the first twin variants are the main factors. The twins
belonging to the first twin variant system are coplanar with the slip system, so the effect of the deformation twin
on strain hardening was not significant in stage 1. This stage is dominated by the dynamic recovery of dislocations,
and the work hardening rate continues to decrease. When the strain is higher (¢ > 0.12), as shown in stage I, the
second twin variants occur [42]. Stage 11 is characterized by a progressively elevated or balanced strain hardening
rate. The first twin variants are not coplanar with the second twin variants, and their interaction significantly
affects the dynamic recovery of dislocations [43]. Therefore, the formation of noncoplanar twins significantly
affects the strain hardening behaviour of TWIP steel. The initial strain of stage II is generally considered to be
caused by the formation of noncoplanar twin variants [44]. As shown in Fig. 3, the starting strains of stage II for
each steel are somewhat different. This is directly related to the SFE of the sample. A lower SFE can make the
second twin variants appear earlier.
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The twin morphology shown in Fig. 12(a), annealing twins and secondary twins formed in annealing twins, as
well as deformation twins in second twin systems, can be observed for the 0Ce samples. The deformation twin
density in the 0Ce sample is quite high, but there is no twin variants interaction with a staggered distribution, as
shown in (b) and (c). As shown in Fig. 12(b), the staggered deformation twins divide the grains into smaller,
independent regions. This not only makes the dynamic recovery of dislocations occur only in a small area, but
also promotes the dynamic Hall-Petch effect. As shown in Fig. 12(c), the deformation twin density of 0.045Ce is
higher than that of 0.015Ce, and the cross-distribution of deformation twins is also observed. Interestingly, the
higher density and more variant system of twins of 0.045Ce are shown in Fig. 12(c).

The most likely scenario for the twin behaviour of the samples with different Ce contents is therefore described
in Fig. 13. As shown in Fig. 13(a), deformation twins with a “T”-shaped distribution may be formed by stacking
faults emitted from the deformation twins. Staggered deformation twins may be formed by stacking faults emitted
from grain boundaries. Due to the reduction of the SFE in rare earth microalloying steels, rare earth elements
cause an increase in the dislocation density and promote the formation of twins [45,46]. The main assumption of
the model originally proposed by Olson and Cohen [47] is that a stacking fault in an fcc crystal structure is
basically a thin layer of hexagonal close-packed (hcp) phase, separated from the matrix by a phase boundary on
each side. The ideal stacking fault energy (ySFE) is then expressed by:

Yo = 2pAG¢ 4 26 4)

tion tangles ~—_ 2

Vi
4 5

Fig. 12. TEM BF and DF images of steels at € = 0.43. (a, d)0Ce; (b, €) 0.015Ce and (c, f) 0.045Ce. (V: twin variants).
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Fig. 13. Schematic diagram of the effect of
the SFE on the deformation twin structure.
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where p is the molar surface density along planes, AG'”* is the molar Gibbs energy of the austenite to &-
martensite phase transformation vy -fcc= € ne,™ and o is the interfacial energy per unit area of the phase
boundary. Researchers have indicated that Ce significantly affects the austenite to e-martensite phase
transformation [48,49]. This is favorable evidence that Ce influenced A G'” ‘. This evidence also shows that Ce
can affect the SFE.

Moreover, it has also been reported that at a high strain state, the twinning activity is controlled by the local stress
state instead of simply grain orientation, because the local stress state may be very different from the macroscopic
stress state [38]. Based on Fig. 5, we found that the addition of Ce also changed the local stress state. Ce promoted
dislocations occur near grain boundaries, which provides favourable conditions for the nucleation of deformation
twins at the grain boundaries.

With the addition of Ce, the lower the SFE is, the more easily deformation twins are generated. This is reflected
in two aspects: firstly, the volume fraction of deformation twins will increase. Secondly, as SFE decreases, we
find a third twinning variant, indicating that the third twinning system is activated. Only two twin variants are
usually observed in TWIP steels (primary and secondary twin systems) [43]. The third twin system in TWIP steel
exists and is activated by the reduction of SFE [50]. However, the ease with which twin systems can be activated
varies with different grain orientations. Gutierrez et al. divided grains into three types according to grain
orientation to distinguish twin substructures formed in different grains [43]. A study that further detailed
examinations on single crystals are necessary, and we will discuss in the next step of this ongoing research.

When the deformation twins proliferate to a certain amount, they reach the saturation state, and the formation rate
of deformation twins decreases greatly [3,6,20]. After deformation twin saturation, the work hardening rate of
TWIP steel decreases rapidly until fracture. The formation rate of deformation twins at 0.045Ce is faster, so it is
easier to reach saturation than at 0.015Ce. The strain hardening rate of 0.045Ce is reduced faster than that of
0.015Ce. This is why the plasticity of 0.045Ce is lower than that of 0.015Ce.

Grassel et al. [7] observed that large scale deformation twinning occurred in a TWIP steel when its Mn content
was larger than 25%, the Al content was in excess of 3%, and the Si content was in the range of 2-3% (by weight).
A very favourable strength-ductility balance was attained. An important quantity that characterizes this balance
is the product of the ultimate tensile strength and the total elongation. The elongation of Fe-30Mn-3Al-3Si TWIP
steel can reach more than 100%, but its strength is low (~600 MPa). An important direction for the development
of TWIP steel is the balance of strength and plasticity. To achieve this goal, we change the twinning behaviour of
TWIP steel and affect the work hardening behaviour in each plastic deformation stage by regulating the SFE by
Ce microalloying. As shown in Fig. 11, 0.045Ce steel has a higher density of twins, which is conducive to
improving its tensile strength. It achieves a better balance between strength and plasticity.

5. Conclusions

(1) Compared with the addition of Al, the addition of Ce increases the annealing twin volume fraction of TWIP
steel. This is mainly attributed to Ce increasing the stacking fault probability of TWIP steel, while Al can
significantly reduce it. Moreover, Ce promotes the formation of deformation twins, and the sample with higher
Psf starts stage II earlier.

(2) Both Ce and Al can effectively weaken the DSA behaviour of TWIP steel when deformation occurs and make
the serrated flow type change from Type A + B to Type A. When the addition of Ce is 0.015 wt%, the total
elongation of TWIP steel is significantly improved, and it has excellent properties with a tensile strength of 1023
MPa and total elongation of 92%.

(3) The interaction mode between the twin variants is significantly influenced by Ce addition in TWIP steel. The
twin variants interaction in the 0Ce samples tend to be T-shaped and tend to be X-shaped and staggered in the Ce-
added samples. This result is mainly attributed to the Ce-promoted dislocation occurring near grain boundaries.
Thus, the strain hardening ability of TWIP steel is improved by the addition of Ce.
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