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The impact of cooling rate on austenite stability and mechanical properties of a cold-rolled transformation-
induced plasticity (TRIP) steel with nominal chemical composition of Fe-11Mn-4Al-0.2C (wt.%) was elu-
cidated in the present study. Mechanical properties were obtained by tensile test and microstructure was
analyzed by XRD, SEM, EMPA. Intercritical annealing in the range of 700~800 °C for Smin followed by
either water-quenched or air-cooled, both led to a ferrite—austenite mixed microstructure. However, the
austenite stability varied with the annealing temperature. The water-quenched and air-cooled samples
annealed at 750 °C with medium austenite stability demonstrated significantly higher ductility than the
samples annealed at 700 and 800 °C. The superior total elongation (TE) in 750 °C sample was not only
contributed by TRIP effect of austenite, but also the cooperative deformation of ferrite. The air-cooled
samples were characterized by higher austenite stability and ultimate tensile strength (UTS), but lower total
elongation compared to the water-quenched samples, which is because the TRIP effect in the air-cooled
samples without the cooperation of ferrite contributed primarily to work hardening and UTS, but less to
TE. Moreover, the critical factor in controlling austenite stability of water-quenched sample was mor-
phology, granular austenite showing the highest stability; while the dominant factor in austenite stability of

the air-cooled sample was composition, enrichment of Mn and C improving austenite stability.
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1. Introduction

Medium-Mn (4~12 wt.%) steels characterized by outstand-
ing mechanical properties are receiving increased attention
because they are considered as potential candidates for
automotive applications. Comparing with conventional low-
alloyed transformation-induced plasticity (TRIP) steels, med-
ium-Mn steels have significantly higher fraction of austenite
(>30%) which transforms into martensite during deformation
and plays a role in stress transfer and reducing stress
concentration, i.e., transformation-induced plasticity (TRIP)
effect, contributes to superior mechanical performance (>30
GPa-%) (Ref 1-5)].

It is well accepted that TRIP effect is closely related with
austenite stability. In order to achieve excellent strength—
ductility balance, austenite should have appropriate stability
and is transformed gradually over a large strain range rather
than exhausted during the initial deformation stage, or retained
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significantly prior to fracture. Austenite stability is dependent
on various factors such as composition (Ref 6-8), grain size
(Ref 4, 9), morphology (Ref 10, 11), and crystallographic
orientation of austenite (Ref 12, 13), among which the
composition and grain size are of particular significance
parameters (Ref 8, 9).

In medium-Mn steels, metastable austenite can be obtained
from martensite by austenite-reverted transformation (ART)
heat treatment (Ref 14-16). In addition, austenite can be
developed through the partitioning of austenite stabilizers, such
as C and Mn through intercritical annealing (Ref 17). Han et al.
(Ref 18) proposed that heating rate influenced reverse trans-
formation mechanisms from martensite to austenite, leading to
the variation in morphology and Mn concentration in austenite.
Li et al. (Ref 14) compared ART heat treatment and quenching
& tempering (Q&T) process on the austenite stability and
mechanical properties in hot-rolled Fe-0.2C-1.6A1-6.1Mn TRIP
steel and indicated that Q&T process enabled appropriate
enrichment of elements and hence desired stability for signif-
icant TRIP effect, while austenite was too stable by ART
process and deteriorated TRIP effect.

Therefore, a number of studies on the relationship between
annealing conditions (temperature, soaking time, heating rate,
etc.) and austenite stability have been performed (Ref 14, 17,
18). However, so far, studies of the effect of cooling rate on
microstructural evolution and mechanical properties are lim-
ited. For example, Steineder et al. (Ref 19) reported that the
variation of annealing temperature and cooling rate altered the
amounts of ferrite, retained austenite, bainite, pearlite, and
martensite in the final microstructure of Fe-0.1C-3.5/5Mn steel
through dilatometric experiment and thermodynamical model-
ing. The present study is to investigate the influence of cooling
rate and annealing temperature on austenite stability and
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partitioning of elements. Additionally, the effect of cooling rate
on work hardening behavior and mechanical property is
elucidated.

2. Experimental

The exact chemical composition of experimental steel is
11.02Mn, 0.18C, 3.81Al and balance Fe in mass percentage
(wt. %). The ingot was heated at 1200 °C for 2 h, hot forged
into several rods with a section size of 100 mmx30 mm, and
then air cooled to ambient temperature. Subsequently, the rods
were subjected to eight-pass hot rolling in the temperature
range of 850~1200 °C. Finally, the hot-rolled sheets with a
thickness of 4 mm were cold-rolled to 1 mm thickness.
According to our previous work (Ref 13, 20), the steel
exhibited excellent mechanical property combinations when it
was annealed in the two-phase region (700~800 °C), and there
were no carbides due to high Al content. Thus, the cold-rolled
sheets were heated at 700, 750, and 800 °C for 5 min,
respectively, and then cooled in water or air. The cooling rate in
water was between 200 and 400 °C/s, and cooling rate in air
was between 3 and 5 °C/s.

Tensile tests were conducted on specimens of 12.5 mm
width and gauge length of 25 mm, using a universal testing
machine (SANSCMT 5000) at a constant cross head speed of 3
mm-min~' at room temperature. Microstructural examination
was carried out using scanning electron microscope (Ultra Plus
FESEM) and electron probe microanalyzer (JEOL JXA-
8530F), both at the condition of electrode parameter of 15KV
EHT, 9.7mm WD. The samples were etched with 25% sodium
bisulfite aqueous solution for 3~5s. The specimens were
polished with 10% perchloric acid + 90% alcohol by
HY3005ET electropolisher, at the condition of electrode
parameter of 20 V, 3.5 mA, 30 s, 25 °C. The volume fraction
of austenite was determined by x-ray diffraction (Smartlab)
with CuK , radiation using direct comparison method (Ref 20),
involving the use of integrated intensities of (200),, and (211),,
peaks and those of (200),, (220),, and (311), peaks. The
volume fraction of austenite ¥, was calculated using equation
(Ref 21):

Va=14L/(I,+ 1.4I,) (Eq 1)

where 7, is the integrated intensity of austenite and 7, is the
integrated intensity of phases with body-centered cubic struc-
ture.

3. Results

3.1 Microstructure

Fig. 1 shows SEM micrographs of cold-rolled samples
heated at 700, 750, and 800 °C for 5min, followed by water
quenching. The microstructural constituents consisted of o-
ferrite, 6-ferrite, and austenite. The two kinds of ferrite could be
distinguished by their morphology. 6-ferrite was featured with
strip-like and a-ferrite was equiaxed. The effect of a-ferrite and
O-ferrite on tensile properties was similar, which had been
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proven in our previous work (Ref 22). The microstructure of
austenite can be divided into three types: lamellar, granular, and
blocky. The proportion of equiaxed microstructure and the
grain size increased with the increase of annealing temperature.
SEM micrographs of cold-rolled samples air cooled from 700,
750, and 800 °C, respectively, are presented in Fig. 2. Simi-
larly, the microstructural constituents of the air-cooled samples
comprised of ferrite and austenite. However, the air-cooled
samples had a greater and more uniform grain size than water-
quenched samples. Moreover, it seems that austenite fraction
was different for the two groups and was confirmed by XRD.

The measured austenite fraction as a function of annealing
temperature is summarized in Fig. 3. As illustrated in Fig. 3(a),
in the case of water-quenched samples, the austenite fraction
prior to the tensile test increases from 50.2% to 74.2% with the
increase of temperature. In contrast, in air-cooled samples, the
austenite fraction prior to the tensile test increases slightly and
was ~70% (Fig. 3b). For the samples after tensile tests, the
austenite fraction decreases significantly with increase in
temperature, indicating the enhanced TRIP effect.

According to the previous study, the austenite fraction of Fe-

11Mn-4Al1-0.2C steel increased with increase in annealing
temperature (Ref 13). In view of the short holding time (5Smin)
at the annealing temperature, the o<y transformation did not
occur adequately (Ref 23). It is inferred that dynamic o<y
transformation occurred during cooling in air. According to the
austenite—ferrite transformation dynamic model (Eq 2) (Ref
24):
Xit)=1- exp(fnG3Nt4/3) (Eq 2)
where X(?) is transformation fraction, N is nucleation rate, G is
isotropic growth rate, N is constant, ¢ is time. It is inferred that
longer residence time in the two-phase region during cooling
process is favorable to y«»>a transformation. Therefore, in the
present work, the fraction and stability of austenite of water-
quenched samples were only influenced by the annealing heat
preservation stage, due to very fast cooling rate. In contrast, the
fraction and stability of austenite of air-cooled samples were
influenced by the annealing heat preservation stage and cooling
period, due to slow cooling rate. Therefore, it is implied that
o — 7 transformation is more significant than y — o transfor-
mation during air cooling from 700~750 °C to ambient
temperature, while Y — o transformation played the dominant
role during air cooled from 750~800 °C to ambient temper-
ature.

3.2 Mechanical Properties

Figure 4(a) and (b) shows engineering stress—strain curves
of water-quenched samples and air-cooled samples, respec-
tively. The variation of tensile properties of the two sets of
samples is similar. Yield strength (Y'S) decreases with increase
in temperature because of the increase in grain size (as
evidenced in Fig. 1), consistent with the Hall-Petch equation.
The ultimate tensile strength (UTS) increases with increasing
temperature, which is primarily attributing to enhanced TRIP
effect during tensile deformation (consistent with Fig. 3a).
However, it is intriguing that the total elongation (TE) reaches a
maximum at 750 °C, and is greater than the other two
temperatures, which could not be well explicated by TRIP
effect, and will be discussed in the next section.

Journal of Materials Engineering and Performance



Fig. 1.
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Micrographs of the cold-rolled sample water quenched from different temperature. (a) 700 °C, (b) 750 °C, (c) 800 °C. (A: austenite, o

Fig. 2. Micrographs of the cold-rolled sample air cooled from different temperature. (a) 700 °C, (b) 750 °C, (c) 800 °C. (A: austenite, a-F: o

ferrite, 5-F: o ferrite)
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Fig. 3. Measured austenite fraction of the two sets of samples. (a) water-quenched samples, (b) air-cooled samples

4. Discussion

4.1 Tensile Behavior

Given that the two sets of samples have similar variation of
tensile properties, we focus on the water-quenched samples.
Fig. 5 shows the work hardening behavior of the samples water
quenched from 700, 750, and 800 °C, respectively. The work
hardening rate (WH) could be divided into three stages. The
stage 1 of the three samples is similar, characterized by
serration and corresponds to the discontinuous yielding plateau.
However, stage 2 and 3 are different for the three samples.
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According to the XRD results, TRIP effect was insignificant in
700 °C sample, leading to continuous decrease in WH and
lower TE. In contrast, in the case of 800 °C sample, as
illustrated in Fig. 5(c), WH increases quickly in stage 2, which
is mainly associated with the TRIP effect. Moreover, WH
fluctuating around a high value of 3300MPa in stage 3 is a
consequence of discontinuous TRIP effect (Ref 25). Although
800 °C sample demonstrated the strongest TRIP effect (as
evidenced in Fig. 3a), its TE (37%) was similar to that of
700 °C sample (38%), and much less than that of 750 °C
sample (67%).
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To determine the contribution of TRIP effect to TE, 750 °C
water-quenched sample was subjected to interrupted tensile
test. Fig. 6 shows the variation of austenite fraction as a
function of engineering strain. Due to austenite with different
degree of stability, the fraction of martensite transformation is
different during deformation. When the engineering strain was
less than 0.2, the stress was so small that martensitic
transformation could not be initiated, which resulted in
insignificant TRIP effect, corresponding to a continuous
decrease in WH (stage 2.1). When the engineering strain
reached 0.2, the stress attained critical value and massive
austenite with low stability transformed to martensite(austenite
fraction decreased from 62.3% to 30.8%). However, it is
intriguing that the corresponding WH in stage 2.2 increased
slowly (Fig. 5b), indicating that the large amount of martensite
transformation contributed little to WH. To interpret this
strange phenomenon, microstructural evolution during tensile
deformation was studied. When the engineering strain exceeded
0.4, austenite with high stability was retained, which required
high stress to initiate martensitic transformation. Thus, only a
small amount of austenite with high stability transformed to
martensite after engineering strain 0.4 in Fig. 6(b).

Figure 7 shows the microstructure of 750 °C sample
strained to 0.2 and 0.4, respectively. Comparing the deformed
microstructure with the original microstructure (Fig. 1(b)), it is
clear that ferrite was elongated at engineering strain 0.2 in
Fig. 7(a), and majority of ferrite was bended and squeezed at
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engineering strain 0.4 in Fig. 7(b). Thus, although a large
fraction of austenite had transformed (as evidenced in Fig. 6b)
in this stage, the local stress induced by transformed martensite
was transferred and absorbed by the adjacent ferrite (Ref 26-
28), leading to a slow increase in WH in stage 2.2 in Fig. 5(b).
Moreover, this suggests that the superior ductility of 750 °C
sample is not only related to the TRIP effect of austenite, but
also to the cooperative deformation of ferrite. In contrast,
800 °C sample was characterized by low austenite stability,
WH increased rapidly in stage 2 and retained a high value in
stage 3, indicating that TRIP effect occurred during the initial
stage of deformation, and quickly exhausted during deforma-
tion, leading to a lower TE but higher UTS.

4.2 Mechanical Property Difference in the Two Sets
of Samples

Although the variation of tensile properties are similar in the
two sets of samples, there are some difference between them.
The comparison of tensile properties in the two groups of
samples were summarized in Fig. 8. It is noted that YS of air-
cooled samples is less than water-quenched samples, which is
primarily attributed to recovery and grain growth. Moreover,
the difference in the Y'S between the two groups decreases with
increase in temperature (Fig. 8). To further analyze the
influence of grain size on YS, the grain size (Figs. 1 and 2)
were measured by Image Pro Plus analysis software and were
summarized in Table 1. It is clear that the grain size of air-
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cooled samples was larger than the water-quenched samples,
and the difference in grain size between the two sets of samples
decreased with increase in temperature, which led to decrease
in YS in Fig. 8, consistent with the Hall-Petch equation (Ref
29).

The air-cooled samples demonstrate a lower TE than the
water-quenched samples, which is probably attributed to the
difference of austenite stability (Table 2). In the attempt to
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compare the austenite stability of the two sets of samples, and
to interpret their difference in tensile properties, the austenite
stability was quantified by equation (Ref 30, 31):

In f—7> = —ke

70

(Eq 3)
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Table 1. Grain size of ferrite and austenite at different annealing temperatures

Water-quenched samples

Air-cooled samples

Temperature, °C 700 750 800 700 750 800
Ferrite grain size, pm 0.34 0.53 0.72 0.50 0.65 0.73
Austensite grain size, pm 0.51 0.99 1.17 0.64 1.01 1.23

Table 2. Mechanical stability of austenite as a function

where f, , fyo and k are the austenite fraction at strain ¢, the
initial austenite fraction, and the mechanical stability of
austenite, respectively. A higher &k value is indicated lower
austenite stability. According to Table 2, austenite stability
decreases with the increase of annealing temperature. Com-
bined Table 2 with Fig. 8, it is inferred that the air-cooled
samples had a higher austenite stability than the water-
quenched samples, which implied enhanced TRIP effect in
water-quenched samples, contributing to higher elongation.
However, it is intriguing that the UTS of air-cooled samples
was greater than the samples water quenched from
750~800 °C.

The WH behavior of two sets of samples is illustrated in
Fig. 9. The samples annealed at identical temperature had
similar variation of WH. Combining Fig. 9 with Fig. 8b, it can
be deduced that the greater WH is related to higher UTS. As
shown in Fig. 9(b), 750 °C air-cooled sample has a higher WH
than the water-quenched sample in stage 2, but lasted for a
small strain. Fig. 10 shows the SEM microstructure of the two
sets of samples after tensile fracture. It is apparent that ferrite
was seriously squeezed and appeared to spill over in the
samples water quenched from 750~800 °C. In contrast, in the
air-cooled samples the deformation of ferrite was not apparent.
It is inferred that the difference in ferrite behavior is related
with fraction and stability of austenite. As shown in Fig. 3, the
fraction of hard transformed martensite was less, but the
fraction of soft austenite was larger in the air-cooled samples,
leading to weaker stress concentration in ferrite. Based on the
above mentioned discussion, TRIP effect and cooperative
deformation of ferrite contributed to the superior TE in 750 °C
water-quenched sample. Moreover, it is confirmed that TRIP
effect without the cooperative deformation of ferrite in air-
cooled sample contributed to UTS, and contributed less to TE.
In addition, the cooperative deformation of ferrite which
absorbed the stress induced by martensite (transformed from
austenite) was responsible for the lower WH and UTS in the
water-quenched samples. For 800 °C samples, as shown in
Fig. 9(c), the WH increased rapidly in stage 1, indicating
massive austenite transformed into martensite in the initial
deformation stage, which was detrimental to the elongation of
800 °C sample. In contrast, although TRIP effect was insignif-
icant in 700 °C sample (as evidenced in Fig. 3), the negative
effect of martensite to elongation is much less than 800 °C
sample, leading to a slightly higher elongation in 700 °C
sample. Moreover, according to Fig. 9(c), the 800 °C air-cooled
sample demonstrated a higher WH than the water-quenched
sample. It is noted that the WH in stage 3 of 800 °C air-cooled
sample decreased smoothly than that of water-quenched
sample, indicating a deduced discontinuous TRIP effect.

The stability of austenite is mainly influenced by grain size,
chemical elements, and morphology, etc. The grain size of
austenite increased with increase of annealing temperature
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of temperature

700 °C 750 °C 800 °C
Water-quenched samples 0.4 1.5 6.0
Air-cooled samples 0.3 1.3 2.8

(Table 1), which led to decrease in the stability of austenite (as
implied by Table 2) (Ref 32, 33). In addition, the austenite grain
morphology of 800 °C samples was mainly granular and
blocky before tensile deformation (Figs. lc and 2c). After
tensile deformation, for 800 °C water-quenched samples, the
granular austenite grain was retained, and the blocky austenite
was transformed to martensite, because granular austenite had
greater stability than blocky austenite (Fig. 10c). In contrast, for
800 °C air-cooled samples, the granular and blocky austenite
both were hardly observed, and partial austenite in the vicinity
of blocky austenite boundary and some lamellar austenite were
retained (Fig. 10f). According to our previous work, the
segregation of Mn and C could result in increase of austenite
stability (Ref 32, 33). Thus, the retained austenite in Fig. 10f
was attributed to partitioning of elements, which was further
confirmed by EPMA. In addition, it is inferred that the air-
cooled samples having a higher austenite stability than the
water-quenched samples was attributed to partitioning of
elements. The partitioning of elements in water-quenched
samples was only active in the annealing heat preservation
stage, due to very fast cooling rate. In contrast, the partitioning
of elements in air-cooled samples was active both in the
annealing heat preservation stage and cooling period, due to
slow cooling rate.

As illustrated in Fig. 11, it is clear that austenite has a higher
Mn and C concentration than ferrite. Morecover, Mn was
distributed uniformly in the blocky austenite grains, while C
was segregated in some blocky austenite boundaries and the
lamellar austenite grains, which can improve austenite stability,
accounting for the blocky austenite retained in the air-cooled
sample (consistent with Fig. 11a). Therefore, it is suggested that
the critical factor in controlling austenite stability of the water-
quenched samples was morphology, while the dominant factor
in austenite stability of the air-cooled samples was composition.

5. Conclusions

(1) The grain size of austenite was increased with increase
of annealing temperature, which led to decrease in
austenite stability and yield strength. The samples an-
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Fig. 10. SEM micrographs of the two sets of samples after tensile fractured. Corresponding to the samples water quenched from 700, 750, and
800 °C (a, b, c), respectively, and (d, e, f) samples air cooled from 700 °C, 750 °C, and 800 °C, respectively

Fig. 11.

concentration by EPMA, respectively

()

nealed at 750 °C, whether water quenched or air cooled,
had a medium austenite stability, and demonstrated sig-
nificantly higher ductility compared to samples annealed
at 700 and 800 °C. The superior TE in 750 °C sample
is related to the cumulative contribution of TRIP effect
of austenite and the cooperative deformation of ferrite.

The air-cooled samples were characterized by higher
austenite stability and UTS, but lower TE as compared
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ssuempsx]

SEM micrograph (a) of the sample air cooled from 800 °C after tensile fracture, (b) and (c) are the corresponding Mn and C

to the water-quenched samples. It is suggested that TRIP
effect without the cooperative deformaiton of ferrite in
air-cooled sample primarily contributed to WH and
UTS, but contributed less to TE. In contrast, the cooper-
ative deformation of ferrite which absorbed the stress in-
duced by martensite (transformed from austenite) was
responsible for lower WH and UTS in the water-
quenched samples.
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3)

In the case of samples annealed at 800 °C, after tensile
fracture, the retained austenite of water-quenched sample
was granular, and the blocky austenite disappeared. In
contrast, in the air-cooled sample, some blocky austenite
was still retained because of enrichment of Mn and C.
Thus, the critical factor in controlling austenite stability
of water-quenched sample was morphology, granular
austenite showing the highest stability; while the domi-
nant factor in austenite stability of the air-cooled sample
was composition, enrichment of Mn and C improving
austenite stability.
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