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We elucidate here the underlying reason for the differences in mechanical properties of cold-rolled light-
weight medium manganese TRIP steel subjected to two unique heat treatments with the objective to
optimize the mechanical properties. Furthermore, the relationship between the mechanical properties of the
material and the stability of austenite was explored. After quenching and tempering (Q and T) treatment,
tensile strength and total elongation of the experimental steel were 942 + 11-1380 + 22 MPa and
12.5 £ 1.5-52.5 £+ 2.1%, respectively. While, the tensile strength and total elongation of experimental steel
after quenching and partitioning (Q and P) treatment were in the range of 890 + 10-1470 + 24 MPa and
5 + 0.8-47.4 £ 1.7%, respectively. The primary reason for the difference in mechanical properties is that
the volume fraction of austenite in Q and T steel was higher, and the degree of TRIP effect was significantly
greater. Interestingly, when the volume fraction of austenite was similar, the elongation of steel after Q and
P treatment was greater. Short-time heat treatment results in non-uniform distribution of Mn in austenite
grain. The Mn content at the austenite grain boundary regions is higher than that inside the grain, which
leads to low stability of austenite. Austenite transforms in the short time during deformation, which cannot
provide strong TRIP effect, resulting in low elongation. However, the diffusion time of Mn in the steel heat
treated by Q and P is relatively long, the diffusion distribution of Mn in austenite is more uniform, and the
stability of austenite is enhanced, which can delay the emergence of TRIP effect during deformation, and

provides strong work hardening ability and increases elongation.
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1. Introduction

Medium-Mn transformation-induced plasticity (TRIP) steels
are potential steels for lightweight automobile steel of the future
because they have excellent mechanical properties (high
strength and excellent plasticity). Their excellent combination
of high strength and total elongation is mainly attributed to the
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TRIP effect during tensile deformation (Ref 1, 2). Generally,
the heat treatment of medium-Mn steel, such as austenite-
reverted transformation (ART) annealing, takes a long time,
which is difficult to achieve in the present steel (Ref 3-5).

Speer (Ref 6) put forward the concept of quenching and
partitioning (Q and P) heat treatment and established the model
of carbon distribution endpoint between quenched martensite
and retained austenite. Subsequently, many studies were carried
out on Q and P and medium-Mn TRIP steel. In a study by Lee
(Ref 1), the PSE (product of strength and elongation) of 0.05C-
6Mn cold-rolled steel was ~ 23GPa%, while that of 0.1C-6Mn
cold-rolled steel was a ~ 30-36GPa% (Ref 7-9). In a study by
Pan (Ref 10), Q and P and warm stamping were combined, the
PSE was more than 23 GPa%, and the yield strength of
medium-Mn steel was significantly improved, which is in line
with one of the future development goals of medium-Mn steel,
namely, achieving ultra-high tensile strength without reducing
ductility (Ref 11, 12).

However, little attention has been paid to the necessity of
partitioning steps in Q and P heat treatment and the effect of
carbon and manganese distribution between ferrite—austenite
and martensite—austenite on the stability of austenite. In this
regard, to acquire a detailed understanding, we used Q and P
heat treatment process for 0.2C-8.5Mn-3Al-Fe cold-rolled
experimental steel and proposed a novel heat treatment process,
namely, quenching and tempering at low temperature (Q and
T). Subsequently, we compared the tensile strength and
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elongation of 0.2C-8.5Mn-3Al-Fe cold-rolled steels under Q
and P and Q and T processes, and analyzed the microstructure
of the steels (Ref 13). The effect of Q and P and Q and T
processes on the volume fraction of austenite in the cold-rolled
steel and the relationship of C and Mn on the stability of
austenite is discussed. The relationship between deformation
mechanism of 0.2C-8.5Mn-3Al-Fe cold-rolled steels and
mechanical properties is also explored.

2. Materials and Experimental Procedure

The chemical composition of the steel was Fe-0.2C-8.5Mn-
3Al (wt.%) with approximately 0.001-0.002 S, P, and Zn
measured by atomic absorption spectrometry. The density of
steel calculated using atomic percentages is 7.43 g/cm® and
measured according to Archimedean principle is 7.24 g/em’.
About 40-kg cast ingots were refined utilizing a vacuum
melting furnace and then forged into a slab with a cross-
sectional dimensions of segment size 30 mm x 100 mm.
Then, the forged rods were hot rolled to ~ 4.0 mm in thickness
with 7 passes after reheating to 1200 °C for 2 h, the initial and
final rolling temperatures were 1150 and 850 °C, respectively.
The ingots were air cooled to room temperature after hot
rolling. Finally, the sheet was cold rolled to 1-mm thick. The
rolling process is shown in Fig. 1.

For medium-Mn steel, the traditional ART process requires
a long time of intercritical annealing. In order to improve the
heat treatment efficiency of the present steel, two novel and
efficient heat treatment processes, Q and T and Q and P, were
adopted. The heat treatment scheme of Q and T is as follows:
(1) In the first process, the cold-rolled experimental steel was
heated in the temperature range of 4.;-A.3 for 5 min and then
cooled in water. (2) In the second process, tempering was
carried out at 200 °C for 2 min. Q and T heat treatment process
curve is presented in Fig. 4. In view of smaller morphology of
cold-rolled experimental steel, less residual stress and lower
grain boundary brittleness are induced by shorter austenitizing
holding time (Ref 14), the quenching and tempering heat
treatment process was simplified, and no tempering was carried
out. The heat treatment scheme of Q and P is as follows: (1) In
the first process, quenching, the cold-rolled experimental steel

A 1200°C x2h

1150-850C

Temperature ('C)

Time (h)

Fig. 1 Rolling process of experimental steel
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was heated into the temperature range of 4.1-A.3 for 5 min and
then cooled in the air. (2) In the second process, soaking, after
austenitizing, the cold-rolled experimental steel was cooled
directly in the temperature range of MM, and then kept at a
temperature for 2 min. (3) In the third process, partitioning, the
cold-rolled steel was heated from soaking temperature to
partitioning temperature and kept for 5 min, then air cooled to
room temperature. Q and P heat treatment process curve is
presented in Fig. 3.

Using WDW-200E microcomputer controlled universal
testing machine, the tensile test of specimens was carried out
at a constant speed of 3 mm min~'. The microstructure was
characterized by optical microscope (OM), field emission
scanning electron microscopy (SEM, FE-SEM, SSX-550,
Supra, Shimadzu, Tokyo, Japan) (the etching agent is 6%
nitric alcohol), electron probe microanalysis (EPMA), field
emission transmission electron microscopy (TEM, FE-TEM,
TECNAI G2-20, FEI, operated at 200 kV, Hillsboro, USA),
and x-ray diffraction (XRD, D/Max2250/ PC, Rigaku, Tokyo,
Japan).

The volume fraction of austenite under CuK,, radiation was
determined by direct comparison method and x-ray diffraction
method (Ref 15, 16). The volume fraction of austenite was
measured using the integrated intensities of (220), and (311),
peaks of austenite and (200),, and (211),, peaks of ferrite. Using
Eq. 1 to calculate the volume fraction of austenite V (Ref 17,
18):

L%M
N R
VA:1N1 i, (Eq 1)
VR TR

X

1 i=1

o
i

where I, and /, are integrated intensity values of ferrite a-phase

and austenite, respectively. M and N are the numbers of ferrite

peaks and austenite peaks, respectively. R, and R, are the

standardization constant of ferrite and austenite, respectively.

R (220) =1.796 m 1, R (311) =2.282m l, Rof’ @11 = 2.932
and Rx (200) = =1 269 m-

ln order to ensure a proper heat treatment schedule, the
intercritical region was obtained by thermal expansion method.
The sample used for thermal expansion measurement is a solid
cylindrical sample with a length of 10 mm and a diameter of
3 mm. The dilatometric curve of the experimental steel is
presented in Fig. 2. After thermal expansion in the heating
stage (20-1000 °C) at the rate of 20 °C/s, the sample was held
at 1000 °C for 3 min. It is clear that no transformation took
place in the sample during the fast cooling, at the rate of
100 °C s, until martensite start (M) temperature. As marked
in Fig. 2, the intercritical temperature range of the steel is 629-
867 °C, and the M temperature is 180 °C.

The Q and P samples were intercritically annealed in the
temperature range of 650-850 °C at 50 °C intervals for 5 min.
The soaking temperature should be between M and M, so the
samples were soaked at 100 °C, and the partition temperature
was 350 °C, and the heat treatment process is shown in Fig. 3.
The intercritical annealing temperatures of Q and T samples
were in the range of 600-800 °C at 50 °C intervals. The heat
treatment process is shown in Fig. 4.
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Fig. 2 Dilatometric curve showing intercritical temperature range
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Fig. 3 Heat treatment process curve (Q and P) of experimental steel
3. Results

3.1 Mechanical Properties of Cold-Rolled Experimental
Steel

Five tensile tests of experimental steels for each of two kinds
of heat treatment processes were performed. The mechanical
properties of experimental steels after Q and T process are
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shown in Fig. 5. Figure 5(a) shows that with the increase in
quenching temperature, the tensile strength of the steel
increases gradually, and the total elongation of the steel reaches
the peak (52.5 £ 2.1%) after quenching at 700 °C; at this time,
the corresponding UTS is 1156 £ 14 MPa, and then, the total
elongation of the steel begins to decrease. In addition, Fig. 5(b)
shows that with the increase in quenching temperature, the PSE
of the test steel first increases, and the PSE of the steel
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Fig. 5 Tensile properties curve of Q and T experimental steel. (a) UTS and TEL of experimental steel and (b) UTS x TEL of experimental

steel (UTS, ultimate tensile strength; TEL, total elongation)

quenched at 700 °C reaches the peak (59.5 GPa%), then the
PSE decreases with the increase in quenching temperature, and
the change in trend of the PSE is consistent with the change in
trend of TEL of the experimental steels.

The mechanical properties of experimental steels treated
with Q and P process are shown in Fig. 6. Figure 6(a) shows
that with the increase in quenching temperature, the tensile

strength of the steel will gradually decrease, but the degree of

reduction is very small. The UTS of the steel quenched at
800 °C is the smallest, which is 890 £ 10 MPa. When the
quenching temperature rises to 850 °C, the UTS of the steel
increases greatly, reaching 1470 + 24 MPa. The change trend
of the total elongation of the steels is similar to that of the Q
and T experimental steels, and the TEL of the Q and P
experimental steel quenched at 750 °C is higher than that of the
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Q and T experimental steel, the TEL of the Q and P
experimental steel reaches the peak value (47.4 + 1.7%), and
the corresponding UTS is 908 4+ 10 MPa. After that, the total
elongation of the Q and P experimental steel begins to decrease.
Figure 6(b) shows that with the increase in quenching temper-
ature, the PSE of the experimental steel will first increase, when
the quenching temperature reaches 750 °C, the PSE of the
experimental steel reaches a peak value of 43 GPa%, and then,
the PSE decreases with the increase in temperature.

3.2 Microstructure Evolution of Experimental Steel

Figure 7 shows the microstructure of experimental steels
after Q and T treatment at different quenching temperatures.
With increase in annealing temperature, the volume fraction
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Fig. 6 Tensile properties curve of Q and P experimental steel. (a) UTS and TEL of experimental steel and (b) UTS x TEL of experimental

steel

Fig. 7 SEM micrographs of Q and T cold-rolled samples after quenching from different temperatures (a—600 °C, b—650, ¢—700, d—750,

e—800, A—Austenite, F—Ferrite, and M—M artensite)

and grain size of austenite is increased, and the volume fraction
of ferrite is decreased during annealing in the intercritical
region which is accord with the experimental results of steel
annealing in 600-700 °C. The carbon and manganese content in
austenite is higher than ferrite after annealing in the intercritical
region. So, it is easy to define austenite and ferrite. The
intercritical ferrite (IF) that formed during intercritical anneal-
ing has different morphologies with the layered &-ferrite. For
the steel annealing in 750-800 °C, austenite decreased dis-
tinctly owing to the extensive martensitic transformation and
the transformed martensite got thicker and denser with elevated
temperature.

Figure 7(a) shows that the main phases in the experimental
steel quenched at 600 °C are austenite and ferrite, and ferrite is
dominant. With the increase in quenching temperature, the
content of austenite in the experimental steel increases grad-
ually. When the quenching temperature was 700 °C, the
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content of austenite phase reached the maximum (Fig. 7b and
¢), and when the quenching temperature was 750 °C, marten-
site began to appear in the experimental steel structure
(Fig. 7d), so the volume fraction of austenite decreased
accordingly. Figure 7(e) shows that when the quenching
temperature was increased to 800 °C, more martensite appeared
in the experimental steel, and the volume fraction of austenite
decreased significantly. This change in trend was consistent
with the XRD patterns of the experimental steels in Fig. 8.
With the increase in quenching temperature, the integrated
intensities of y-FCC phase diffraction peaks ((200),, (311), and
(220),) first increased and then decreased, the maximum value
appeared at 700 °C. The volume fraction of austenite was
calculated according to Eq. 1 (Ref 17, 18). Figure 9 shows the
change in the volume fraction of austenite in the experimental
steel for each quenching temperature during Q and T heat
treatment. With the increase in quenching temperature, the

Journal of Materials Engineering and Performance
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Fig. 9 Measured austenite volume fraction of Q and T experimental steel before and after tensile deformation at different temperatures

volume fraction of austenite in the experimental steel increased
gradually. After quenching at 700 °C, the volume fraction of
austenite reached the peak (59.5 vol.%). Then, with the increase
in quenching temperature, the volume fraction of austenite in
the experimental steel started to decrease. Measured austenite
volume fraction of Q and T experimental steel after tensile
deformation at different temperatures is presented in the red
lines of Fig. 9.

Figure 10 shows the microstructural evolution in Q and P
experimental steels at different quenching temperatures. Fig-
ure 10(a), (b), (c), (d), and (e) and 11 shows that the phase in
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the Q and P experimental steel quenched at 650 °C is mainly
ferrite, and a high content of austenite is not observed in
Fig. 10(a), and the XRD pattern also showed that the diffrac-
tion peaks of y-FCC phase of (200),, (311),, and (220), were
not significant. When the quenching temperature was increased,
a large number of austenite phase began to appear in the
experimental steel. The proportion of austenite phase was
further increased when the quenching temperature was 750 °C,
and a small amount of martensite appeared in the microstruc-
ture of Q and P sample (Fig. 10c). When the quenching
temperature was increased to 800 °C, the proportion of

Volume 33(7) April 2024—3389



Fig. 10 SEM micrographs of Q and P cold-rolled samples after quenching from different temperatures (a—650 °C, b—700, c—750, d—=800,
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Fig. 11 XRD patterns for underformed and fractured Q and P steels

martensite increased, the volume fraction of austenite de-
creased, and the grains became coarser (Fig. 10d). The
austenite content of Q and P sample further decreased when
the quenching temperature was increased to 850 °C. The
austenite volume fraction of Q and P samples at different
quenching temperatures is also shown in Fig. 12. With the
increase in quenching temperature, the volume fraction of
austenite in the experimental steel increased gradually. After
quenching at 750 °C, the volume fraction of austenite reached
the peak (45 vol.%). Subsequently, with the increase in
quenching temperature, the volume fraction of austenite in
the experimental steel started to decrease. Measured austenite
volume fraction of Q and P experimental steel after tensile
deformation at different temperatures is presented in the red
lines of Fig. 12.
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3.3 Elemental Distribution in Austenite

Figure 13 shows a TEM micrograph of the undeformed
experimental steel after two different heat treatments and the
content of Mn at some marked points, and the points are
marked across an austenite grain. Mn distribution in austenite is
determined by energy-dispersive spectroscopy on the TEM.
The distance between each measurement point is 0.3 um.
Figure 13(a) and (b) shows that the main phases in the structure
of Q and P sample quenched at 750 °C (abbreviated as Q and
P-750 sample) were austenite and ferrite. It may also be noted
that the content of Mn in austenite was relatively high and
evenly distributed, while the content of Mn in ferrite around
austenite was relatively low. Figure 13(c) and (d) shows that
the microstructure of Q and T sample quenched at 600 °C
continued to be mainly composed of austenite and ferrite.

Journal of Materials Engineering and Performance
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Compared with Q and P-750 sample, the volume fraction of
austenite and ferrite in the two samples had little difference. In
Q and T-600 sample, the content of Mn in ferrite was relatively
low, and that in austenite was relatively high, but the
distribution of Mn in austenite was uneven, the content of
Mn in austenite boundary was relatively high, and that in
austenite center was relatively low.

4, Discussion

4.1 Relationship Between Microstructure and Mechanical
Properties of Q and T and Q and P Samples

In Q and P samples, when the quenching temperature was
650 °C, Fig. 6, 10(a), and 12 shows that the low volume
fraction of austenite in the experimental steel resulted in weak
TRIP effect, poor strength, and plasticity during deformation.
When the quenching temperature rose to 700 °C, the austenite
in the experimental steel was increased, such that the TRIP
effect was slightly enhanced during the deformation process.
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Fig. 13 TEM micrographs of Q and P-750 and Q and T-600 sample and Mn distribution in austenite are determined by energy-dispersive
spectroscopy on the TEM. The distance between each measurement point is 0.3 um
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However, austenite has FCC structure, with more slip systems
and easy to deform. Therefore, the plasticity of the experimen-
tal steel quenched at 700 °C was increased (Ref 19), but the
strength was slightly decreased (Fig. 6). When the sample was
quenched at 750 °C, the austenite content in the steel without
deformation was increased (Fig. 12). With the increase in
annealing temperatures, austenite grain size increases, but the
stability of austenite decreases. During quenching, more
austenite transforms into martensite. When the steel was
annealed at 750 °C, only a small amount of austenite trans-
formed into quenched martensite.

Austenite was still dominant in the steel after heat treatment
(Fig. 10c), and the volume fraction of austenite reached 46.61%
(Fig. 12), followed by ferrite, which is a soft phase, and can
coordinate with austenite deformation during tensile straining.
Moreover, TRIP effect occurred during austenite deformation,
which promoted plastic deformation and improved the strength
and ductility of Q and P steel. Figure 12 shows that the volume
fraction of austenite of Q and P-750 sample decreased
significantly after tensile fracture, which indicated that there
was a strong TRIP effect during tensile straining of exper-
imental steel, and the austenite transformation ratio reached
66.5%. Therefore, the Q and P sample quenched at 750 °C had
the best total elongation and PSE (UTS: 908 + 10 MPa, TEL:
474 + 1.7%, and PSE: 43 GPa%).

When the quenching temperature was 800 °C, martensite
appeared in the steel (Fig. 10d), martensite is hard phase, and
the volume fraction of austenite and ferrite was decreased
because of the increase in the volume fraction of martensite (the
volume fraction of austenite decreased to 15%), which was not
conducive to softening effect of ferrite, but also reduced the
TRIP effect of austenite. At the same time, the decrease in
austenite content made it hard to absorb dislocations in
martensite put forward by Pro Ma (Ref 20), grain boundary
brittleness appeared, which reduced the TEL of the experi-
mental steel. On the other hand, the morphology of Q and P
sample quenched at 800 °C became coarse after quenching,
which affected the strength and ductility, resulting in the
decrease in UTS and TEL. A large amount of martensite was
obtained in the Q and P sample quenched at 850 °C, which
enhanced the tensile strength of the experimental steel (Fig. 6).

In the case of Q and T process (Fig. 5), both UTS and TEL
increasing continuously with quench temperature increasing
from 600 to 700 °C, which is attributed to the TRIP effect
occurs during tensile deformation. Moreover, the volume
fraction of austenite was increased gradually (Fig. 9), such
that the TRIP effect enhanced gradually during deformation,
and the PSE of Q and T sample was increased with the increase
in quenching temperature. The volume fraction of austenite in
Q and T-700 steel attained the highest value of 59.5% (Fig. 9),
and the transformation ratio of austenite reached the highest
value of 90.3% after tensile deformation, which indicated that
strong TRIP effect occurred during the tensile process.
Therefore, the PSE of the steel attained maximum value after
quenching at 700 °C. As the quenching temperature increased
to 750 °C, martensite began to appear in the Q and T sample,
and the volume fraction of austenite decreased. When the
quenching temperature increased from 750 to 800 °C, the
volume fraction of martensite increased and the volume fraction
of austenite decreased, which was responsible for the increase
in UTS and decrease in TEL, respectively (Fig. 5, 7, and 9).

3392—Volume 33(7) April 2024

4.2 Effect of Heat Treatment Process on Distribution of C
and Mn in Austenite

As shown in Fig. 13, the distribution of Mn in the
microstructure of the samples treated by Q and P and Q and
T is different. The distribution of Mn in austenite of Q and P-
750 sample was relatively average, while that of Q and T-600
sample was enriched at the grain boundary regions of austenite,
and the content of Mn in the center of austenite was relatively
low. About 5-8 different visual fields for each sample were
selected and repeated the TEM-EDS. The final conclusion
obtained is the same. This is because the annealing time of Q
and P process was longer, such that the elements had more time
to diffuse, and Mn could completely diffuse to the core of
austenite. In addition, in the partial austenitizing stage and
subsequent quenching process of Q and P experimental steel,
Mn in steel diffused from ferrite to austenite. On quenching of
Q and P-750 steel, there was a small amount of martensite in
the microstructure (Fig. 10c), and in the subsequent partition-
ing process, the ferrite and martensite in the steel experienced
further transfer of C, and C further entered into austenite
leading to uniformity in the distribution of C and Mn elements
in austenite (Ref 21).

Q and T-600 sample had only one-step quenching process,
and the steel recovered and recrystallized during the partial
austenitizing condition, C and Mn alloying elements transferred
and distributed in this stage. Q and T sample had only this one
step of diffusion of alloying elements, and the diffusion time
was too short. In this stage of recrystallization, there were only
austenite and ferrite in the microstructure of Q and T sample,
and ferrite was the only source of diffusion of carbon and
manganese into austenite. Therefore, the diffusion of alloying
elements was insufficient, carbon and manganese tend to
segregate at the grain boundaries of austenite, resulting in
higher content of C and Mn at the boundaries of austenite
grains and lower content of C and Mn in the core of austenite
grains. Austenite grain size is one of the reasons that affect the
stability of austenite. However, the study found that the larger
the austenite grain size, the lower the concentration of C/Mn
elements in austenite. The smaller the austenite grain size, the
higher the concentration of C/Mn elements. Therefore, the
content of C/Mn elements in austenite is one of the important
factors affecting its stability.

4.3 Factors Affecting Austenite Stability

There are many factors affecting the stability of austenite,
such as C content, Mn content, austenite grain size, austenite
morphology, and Schmidt factor. In this study, the content of C
and Mn in austenite and the morphology of austenite had
obvious influence on stability.

Compared with the Q and T steel, the austenite in the Q and
P steel was more stable. In the Q and T heat treatment scheme,
the austenite content of the experimental steel quenched at 600
and 650 °C was 43 and 51 vol.% (Fig. 9), which was similar to
that of the Q and P experimental steel quenched at 750 °C (45
vol.%). Moreover, the austenite transformation ratio of Q and
T-600, Q and T-650, and Q and P-750 samples after fracture
was similar (Fig. 14). However, the TEL of Q and P-750
sample could reach 47.4 £ 1.7%, which was much higher than
that of Q and T-600 and Q and T-650 samples by 12.5 £+ 1.5%
and 22 £ 1.4% (Fig. 5 and 6). In addition, their tensile strength
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was similar (Q and T-600-942 £+ 11 MPa, Q and T-650-
982 £ 12 MPa, and Q and P-750-908 + 10 MPa).

By comparing the true stress—strain and work hardening rate
curves of Q and P-750 and Q and T-600 samples (Fig. 15 and
16), it can be seen that when the true strain of Q and P-750
sample reached ~ 2.5%, the decrease rate of work hardening
rate curve slowed down, and the TRIP effect began to occur,
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and the work hardening rate curve became stable, indicating
that a continuous and stable TRIP effect has occurred.
However, when the strain of Q and T-600 sample was less
than 1%, there was a short process of retardation of the decrease
rate of work hardening rate curve, and then, the work hardening
rate plateau appeared again when the strain was about 2.5%.
The lower the stability of austenite, the smaller the strain will

Volume 33(7) April 2024—3393



1200

1000 |

800

600 |

True stress (MPa)

400 {

200

|

80000

|

60000

|

W
400002

o

1

20000

O L ! | L
0.00 0.05 0.10 0.15 0.

20 0.25 0.30 0.35 0.40

True strain (g)

Fig. 16 True stress—strain curve and work hardening rate of Q and T experimental steel (quenched at 600 °C)

induce austenite to undergo phase transformation. And TRIP
effect occurred at a small strain in Q and T-600 sample. It is
implied that the austenite stability of Q and T-600 sample was
low, and the TRIP effect appeared earlier in the early stage of
deformation, but the subsequent TRIP effect could not continue
to happen, which was unfavorable for elongation.

This was because the content of carbon and manganese in
austenite of Q and T sample was less, and the distribution was
uneven, C and Mn elements were distributed at the boundary of
austenite, which reduced its stability (Ref 14, 22-25), while Q
and P sample could enrich more C and Mn elements, and the
distribution of alloy elements was more uniform, so it became
more stable. In the case of tensile deformation, austenite with
higher stability only undergoes phase transformation and
induces TRIP effects at higher strains, which makes the TRIP
effect last longer in TRIP steels with higher stability austenite.

Compared with Q and P sample, Q and T-700 sample had
the best comprehensive mechanical properties (UTS—1156 +

14 MPa, TEL—52.5 £ 2.1%, and PSE—59.5 GPa). This is
because Q and T-700 sample had the highest volume fraction of
austenite (59.5 vol.%) before tensile test, which could be seen
from Fig. 9. Therefore, Q and T-700 sample was more likely to
experience a strong TRIP effect during tensile straining. In
addition, Fig. 9 also shows that the Q and T-700 sample had
obvious TRIP effect during tensile deformation, and the
austenite transformation ratio was as high as 90.3% (Fig. 14).

During the partitioning process of Q and P-850 experimental
steel, the microstructure included austenite, ferrite, and marten-
site, and there were more carbon atom diffusion paths (Ref 26-
28), so the austenite contained more carbon atom. However,
because of the coarse grains caused by too high quenching
temperature, the stability of austenite was poor (Ref 29). It can
be seen that the strain hardening rate decreased rapidly at the
beginning of deformation from curves of true stress—strain and
work hardening rate (as shown in Fig. 17), which is attributed
to the deformation of ferrite. When the true strain reached 1%,
the decrease in the rate of work hardening rate slowed down,
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which was caused by TRIP effect. The TRIP effect of Q and P-
850 sample occurred earlier compared to Q and P-750 sample,
which decreased the rate of the work hardening rate when the
true strain reached 2.5%. At the same time, due to the high
content of hard phase martensite and large morphology in Q
and P-850 experimental steel, which led to early fracture of the
sample. Austenite—martensite transformation of Q and P-850
sample did not occur completely out during deformation
(austenite transformation ratio was only 26.2%), which led to
weak TRIP effect in the experimental steel and reduced the
TEL of the experimental steel. Figure 15 and 17 shows that
there was a long plateau of work hardening rate in the work
hardening rate curve of Q and P-750 experimental steel, which
corresponded to a stronger and more durable TRIP effect in the
experimental steel, while the TRIP effect of Q and P-850
experimental steel was weaker, and its work hardening rate
plateau was shorter.

Austenite should have an appropriate stability range. Too
high or too low austenite stability is not conducive to the TRIP
effect and is not conducive to improving its work hardening
ability. The TRIP effect has a dual effect on the mechanical
properties of medium manganese steel, that is, the occurrence
of the TRIP effect under small strain conditions not only cannot
improve the work hardening ability and mechanical properties,
but also reduces the plasticity of the material due to the
premature occurrence of the TRIP effect. However, if the TRIP
effect occurs only at large strains, it is not necessary to improve
the work hardening ability and mechanical properties of the
material.

The above results and discussion confirmed that that high C
content, Mn content, and fine grain size in austenite can
improve the stability of austenite. But for the TRIP effect and
mechanical properties of steel, it is not true that higher the
stability of austenite, the more superior is the TRIP effect. If the
austenite is too stable, the TRIP effect is induced when the
degree of deformation is preferably large. At this time, there is a
large accumulation of stress, and some microcracking may
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occur, which may lead to the early fracture of the steel.
Therefore, in order to improve the mechanical properties of
steel through TRIP effect, the austenite in the steel should have
appropriate stability, neither too high nor too low. Compared
with Q and P heat treatment process, the PSE of 0.2C-8.5Mn-
3Al-Fe cold-rolled experimental steel after Q and T heat
treatment was higher, and the process is simpler.

5. Conclusions

(1) By comparing the mechanical properties and austenite
content of the experimental steels treated by Q and T
and Q and P process, it is found that the tensile strength
of the experimental steels treated by Q and T and Q and
P is similar, but the specimens treated by Q and P can
attain higher TEL. The TRIP effect has a dual effect on
the mechanical properties of medium manganese steel,
TRIP effect under small strain conditions not only can-
not improve the work hardening ability and mechanical
properties, but also reduces the plasticity of the material.

(2) Given that the heat treatment time of Q and T sample is
relatively short, the diffusion of Mn is relatively insuffi-
cient, the distribution of Mn in austenite is uneven, the
content of Mn at the edge of austenite is greater, and
the content of Mn in the center is less, which led to low
stability of austenite. If austenite—martensite transforma-
tion occurs in a short time during the early stage of
deformation, then elongation by TRIP effect is less.

(3) When the diffusion time of alloying elements in Q and
P samples is relatively long, Mn can diffuse, and the
distribution of Mn element in austenite is relatively uni-
form, such that the stability of austenite in samples is
high. Austenite with relatively high stability can delay
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TRIP effect during deformation, which provides strong
work hardening ability and improves TEL.

(4) Compared with the experimental steel with only ferrite
and austenite, austenite of experimental steel with fer-
rite, austenite, and martensite in the microstructure has
different ways to obtain carbon. The larger the austenite
grain size, the lower the concentration of C/Mn elements
in austenite. The smaller the austenite grain size, the
higher the concentration of C/Mn elements. It is sug-
gested that there may be different mechanisms of carbon
diffusion between ferrite—austenite and martensite—
austenite.
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