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Abstract: Results of dynamic tensile testing of three-step low-temperature-transformed
nanostructured bainitic steel and quenching and partitioning martensitic steel at different strain
rates (0.1-500 s~!) are reported here. The results showed that the high carbon film-like
austenite was much more stable than the low carbon blocky austenite during deformation.
The nanostructured bainite steel exhibited the more remarkable dynamic tensile properties due
to the better transformation-induced plasticity effect and strain rate hardening effect exhibited by
stable film-like retained austenite. The big gap in engineering stress and strain curves occurred at
a higher strain rate (100-200 s ') for the nanostructured bainite steel because of the better stability
of film-like austenite. Therefore, the present study is able to assist in explaining the effect of carbon
content in retained austenite on the dynamic tensile properties and understanding the microstructure
property relationship in complex steels.
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1. Introduction

Advanced high strength steels (AHSSs) are extensively applied in modern automobiles to
improve crashworthiness, enhance safety and reduce the weight of automotive components without
compromising safety standards [1-5]. Nanostructured bainitic steel belongs to a new generation of
AHSS with improved mechanical properties, presenting the highest combination of strength, ductility
and fracture toughness [6-10]. The excellent mechanical properties of nanostructured bainite are closely
related to the complexity of its structure and the combination of different deformation-strengthening
mechanisms, including the mechanically induced transformation of austenite into martensite [11-13].
Moreover, in the case of nanostructured bainite, a steel presenting transformation-induced plasticity
(TRIP) effect relies on the mechanical stability of austenite [14-17].

The mechanical stability of the retained austenite can be affected by its chemical composition
(especially the carbon content) [18-20], grain size [20] and morphology [21-24]. One of the
most important factors governing austenite stability is the local carbon enrichment obtained after
transformation [18-20]. Carbon enrichment of the austenite during intercritical annealing and bainite
transformation was very effective in retaining austenite [25]. The metastable retained austenite then
transformed to the more stable martensite during straining when the chemical free energy reached the
critical threshold [26-29]. This transformation can bring about a large increase of the work hardening
rate due to the strain and stress partitioning continuously evolving with the appearance of the hard
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martensite [25]. Experimental studies have claimed that the films of austenite contain a higher carbon
content compared to the blocky austenite [23,24]. The increasing amounts of carbon in the retained
austenite increases its mechanical stability because the mechanical stability strongly depends on the
chemical composition, where carbon content has the greatest influence [30].

Great efforts have been devoted in the last years to assess the contribution of the austenite
volume fraction and its morphology to the macroscopic mechanical response of the TRIP steels under
both quasi-static and dynamic loading conditions [31-34]. Martensitic steel with a high amount of
retained austenite treated by the quenching—partitioning—tempering (Q-P-T) process indicates that
the volume fraction of retained austenite decreases with the increasing strain [31]. The high strain
rate in the dynamic tensile test raises the strength, which indicates that the strain-induced martensitic
transformation of austenite occurs [31]. Nanostructured bainite steel with a high content of film-like
austenite existing between bainitic ferrite plates leads to an outstanding combination of ultimate
tensile strength (~1100 MPa) and true strain (~50%) [34]. However, specimens with a blocky retained
austenite yield a low ductility (35%) and a low tensile strength (800 MPa) [34]. Furthermore, the
mechanical properties of TRIP steels are also strongly influenced the average carbon concentration
of retained austenite. Therefore, in this paper, the experiment studies the dynamic tensile properties
of nanostructured bainite steels and links it with that of quenching and tempering (Q&P) steels to
compare the property difference between these two kinds of steels. The aim of the current study was to
correlate the observed dynamic tensile properties to the microstructure with special focus on retained
austenite’s carbon content. The results from the microstructural investigation can both explain the
dynamic tensile properties and extend the understanding of the microstructure-property relationship
in complex steels.

2. Experimentals

Table 1 shows the chemical compositions of the investigated steel along with the B (bainitic start
temperature) and M (martensitic start temperature), which are measured by a Gleeble-3500 thermal
simulator (DSI Europe GmbH, Weissenhorn, Germany). Figure 1 shows the schematic illustration of
heat treatment. In the three-step low temperature bainitic transformation (B3) process, specimens were
austenitized at 880 °C for 30 min, and then successively kept at 300, 250 and 200 °C for 0.5, 24 and
48 h, respectively. Finally, the samples were cooled down in the air to the room temperature. In the
quenching and tempering (Q&P) martensitic transformation process, the specimens were austenitized
at 880 °C for 30 min, and then successively quenched for 2 min at 150 °C and tempered for 30 min at
450 °C in two salt bath furnaces, respectively. Finally, the samples were cooled down in water. In order
to determine the volume fraction of each phase, scanning electron microscope (SEM, Nova 400 Nano
field emission, FEI, Hillsboro, OR, USA) images were used by the standard point counting technique
by using the Image-Pro Premier Image Analysis Software 9.1 (Meyer, Houston, TX, USA) [35].

Table 1. Chemical composition and measured characteristic temperatures of the investigated steel used
in this study. Bs (bainitic start temperature) and M (martensitic start temperature).

C Si Mn Cr Ni Mo Fe Bs (°C) M; (°Q)

wt% 060 030 080 0.85 1.75 0.20
at.% 277 059 079 091 1.65 0.12

balance 452+3 246+3
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Figure 1. The schematic illustration of different heat treatments.

A high-speed testing machine (Zwick HTM 5020, ZWICK/ROELL, Ulm, Germany) at strain rates
of 0.1, 50, 100, 200, and 500 s~! was used to carry out the dynamic tensile testing. The dynamic tensile
testing setup and the specimen dimensions are shown in Figure 2. Two samples were prepared for
each strain rate in order to minimize the error. The deformation of samples is primarily measured
by strain gauges attached to the specimen’s deformation parts in the process of testing, as is shown
in Figure 2b. The strain gauge positioning was identical for all dynamic tensile test specimens.
During the test, a linear displacement transducer (LDT) was used to measure the displacement of the
crosshead, and the strain of the specimen was calculated from this acquired displacement. The data
synchronous acquisition of dynamic load, displacement, strain and loading rate was performed at a
natural frequency of 1 MHz during the dynamic tensile tests.
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Figure 2. Dynamic tensile testing setup of (a) Amsler HTM 5020 testing system, (b) Specimen attached
with strain gages and (c) Specimen dimensions (unit: mm).
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Samples were collected near the fracture along the tensile direction and polished using standard
techniques, and then etched in a nital solution (4 vol %) followed by the tensile test. By using an optical
microscope (OM, Olympus BM51, Olympus Corporation, Tokyo, Japan), the uniaxial tension samples
were selected at different strain rates and subjected to microstructural analysis. In order to observe
the tensile fracture morphology and the microstructure near tensile fracture sites, scanning electron
microscope (SEM, Nova 400 Nano field-emission, FEI, Hillsboro, OR, USA) and transmission electron
microscope (TEM, JEM-2100, JEOL, Tokyo, Japan) were used. The TEM images were conducted to
determine the true plate-thicknesses ¢, by measuring the mean lineal intercept L = 71¢/2 in a direction
normal to the platelength [10]. In order to analyze the carbon content in different microstructures,
electron probe micro-analysis (EPMA, JXA-8530F, JEOL, Tokyo, Japan) was used. The acceleration
voltage was found to be 15 kV, beam current was found to be 20 mA, and the scanning step was
found to be 0.08 pm. The size of the map and spot scanning was 24 x 18 um? and 24 pm, respectively.
A D/max-2500VL/PC X-ray diffractometer (XRD, Rigaku, Tokyo, Japan) with a Cu K« radiation was
used to determine the austenite (200)y, (220)y and (311)y peaks and the martensite (200)x and (211)x
peaks at room temperature [36]. A hardness indenter (Buehler Micromet 5101, Buehler, Lake Bluff, IL,
USA) was used to perform Vickers hardness tests. The applied force was reported to be 1.0 kg (9.8 N).
Twenty measurements were conducted on each sample, and the corresponding average values are
reported in this work.

3. Results

3.1. Original Microstructures

Figure 3a,b show the morphology of the bainite, retained austenite, and martensite in B3 and Q&P
specimens. They are constituted of two types of retained austenite, which are blocky and film-like
retained austenite. The volume fraction and the size of the retained austenite are different in these two
samples. In this study, the blocky retained austenite obtained in the Q&P samples was quite large as
compared to that obtained in B3 samples. Figure 3c shows a high magnification of SEM microscopic
image of B3 samples. Moreover, it shows that the one-step bainite (with a thickness of 100~300 nm),
which is obtained in the first step of the isothermal process, is conventional bainite. The two-step
bainite (with a thickness of 50~210 nm) and the three-step bainite (50~100 nm of thickness), which are
obtained in the second and third steps of the isothermal process, are nanostructure bainite.

Blocky M/A

Blocky RA N

N

Bainite

NS

Figure 3. Scanning electron microscope (SEM) micrographs for samples (a,c) three-step low temperature
bainitic transformation (B3) and (b) quenching and tempering (Q&P).
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Table 2 presents the measured average size of blocky martensite/austenite (M/A) and the
thickness of film-like bainite and martensite, hardness and the volume fraction of retained austenite in
each sample. For the B3 samples, the average size of blocky M/ A and the thickness of bainite were
found to be 500 + 220 nm and 100 £ 50 nm, respectively. For the Q&P samples, the average size of
blocky M/ A and the thickness of martensite plates were found to be 2000 £ 450 nm and 500 £ 150 nm,
respectively. It is obvious that the average microstructure size obtained in B3 samples was much
thinner than that in Q&P samples. Although the total volume fraction of retained austenite was
not much different, more blocky M/A was generated in the Q&P samples (an increase from 2.3% to
19.0%) as obtained by the quantitative measurements. It indicates that the B3 process promotes grain
refinement. The hardness was considerably larger in the B3 samples than that of the Q&P samples due
to the large amount of fine film-like bainite and retained austenite.

Table 2. The measured average size of blocky martensite /austenite (M/A) and thickness of bainite and
martensite, hardness and the volume fraction of retained austenite before and after dynamic tensile
testing under the strain rate of 500 s~! for different heat treatments.

Before Dynamic Tensile After Dynamic Tensile
Heat Average Size of Blocky M/A and Volume Fraction of Retained Average Volume Fraction of
Treatment  Thickness of Bainite and Martensite, nm Austenite, % Hardness, Retained Austenite, %
M/A B/M Va Via Vm/a HV1 \'N
B3 500 + 220 100 + 50 23.7 214 2.3 595 +5 12.1
Q&P 2000 =+ 450 500 + 150 22.4 34 19.0 436 + 4 17.6

Remarks: M/ A is blocky martensite/austenite constituent, B/M is film-like bainite and lath martensite constituent,
Va and V' are volume fraction of total austenite before and after tensile test (determined by XRD), Vga and Vga
are the volume fraction of film-like austenite and blocky austenite (determined by electron micrographs).

Figure 4 shows the point scanning results of the carbon element with different heat-treated
samples. The results are shown by the mean value of the measurement area of the beam spot with a
diameter of 1 pm. It is evident that the carbon content in the film-like retained austenite is higher than
that of the blocky retained austenite.
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Figure 4. Carbon content of retained austenite measured by spot scanning in different heat treated
samples before dynamic tensile testing.

3.2. Dynamic and Quasistatic Tensile Behavior

The engineering stress-strain curves at quasistatic tension with a strain rate of 0.1 s~! and at
dynamic tension with strain rates of 50, 100, 200 and 500 s~!, respectively, as shown in Figure 5.
The results indicate that the tensile strengths of both treatments are improved with an increase in the
strain rate. It is also very interesting to note that there is a large gap between the strain rate of 100 s~
and 200 s~! for the B3 sample, whereas the large gap exists between the strain rate of 0.1 s~! and
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50 s~! for the Q&P samples. The ultimate tensile strength (UTS), total elongation (EI), and the product
of the tensile strength and the total elongation (UTS x EI) of the samples with varying strain rates are
shown in Table 3. The product of tensile strength and elongation is a comprehensive property and is
traditionally considered to represent the property of toughness [37]. This indicates that the B3 samples
exhibit a better comprehensive property than the Q&P samples.
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Figure 5. Engineering stress-strain curves of the quasi-static and the dynamic tensile tests of (a) B3 and
(b) Q&P treatment samples.

Table 3. Dynamic tensile properties of samples with different heat treatments. Ultimate tensile strength
(UTS), total elongation (EI), and the product of the tensile strength and the total elongation (UTS x EI).

. _1 B3 Q&P
Strain Rate, s
UTS, MPa EL % UTS x EI, MPa-% UTS, MPa EL % UTS X EI, MPa-%
0.1 1249 £5 7.7 +0.1 9617 1072 £3 6.8+0.2 7289
50 1268 + 6 9.3+02 11,792 1366 £ 6 82+0.1 11,201
100 1376 + 4 128 £0.1 17,612 1384 +5 8.6 £0.1 11,902
200 1713 + 3 89+0.1 15,246 1426 + 8 92+0.2 13,119
500 1772 + 4 10.5+0.3 18,606 1505 £ 3 102+ 0.1 15,802

With a high-speed tensile test at a strain rate of 500 s~!, the volume percentage of retained
austenite for the samples of B3 and Q&P processes were 12.3% and 17.6%, respectively (Table 2).
The volume fraction decreased by 48.1% for the B3 sample and by 21.4% for the Q&P sample as
compared to the initial volume percentage of retained austenite before the tensile test. This result
indicated that the martensitic transformation occurs in the B3 and Q&P steels with the decrease of
retained austenite. Figure 6 show the bright field (BF) image, dark field (DF) image and the selected
area electron diffraction (SAED) pattern of the specimens at a strain rate of 500 s~! after the dynamic
tensile test. After conducting the dynamic tensile test the martensite was identified according to SAED
pattern in B3 and Q&P samples. The spots (011), (200) and (011), (501) correspond to martensite in
Figure 6¢,f, respectively. The existence of the retained austenite after the dynamic tensile test is also
confirmed near the martensite by the TEM observation, as shown in Figure 6¢f. This finding verifies
that the martensite is formed by the strain-induced transformation of the retained austenite during
the deformation.
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Figure 6. The transmission electron microscope (TEM) micrographs of (a) morphology, (b) bright field
(BF) image and (c) dark field (DF) image and inserted selected area electron diffraction (SAED) pattern
of the retained austenite of the B3 specimen at a strain rate of 500 s~ after the dynamic tensile test;
(d) morphology, (e) BF image and (f) DF image and inserted SAED pattern of the retained austenite
and the twin martensite of the Q&P specimen at a strain rate of 500 s~! after the dynamic tensile test.

3.3. Dynamic Tensile Fracture Morphology

The typical SEM fracture morphologies of different heat-treated samples at a strain rate of 500 s !
are shown in Figure 7. Under the high strain rate conditions, a large number of dimples with different
sizes and tearing edges were observed in the B3 sample. This indicates that the material in these regions
experienced considerable plastic deformation. More cleavage facets but fewer dimples were observed
at Q&P sample at strain rates of 500 s~!. This indicates that the material experienced less plastic
deformation. As analyzed above, it can be concluded that the B3 specimen exhibits better ductility.
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Figure 7. Typical SEM fracture morphologies of samples (a) B3 and (b) Q&P tested at a strain rate of
5001,

4. Discussion

4.1. Effect of the Carbon Content on the Stability of Retained Austenite

Studies have claimed that film-like austenite contains the higher carbon content than that in
blocky austenite [23,24]. They proposed that the morphology change of the retained austenite would
have to lead to the carbon redistribution. Consequently, it also caused a change in the chemical
stability of the austenite. EPMA was carried out to follow carbon content changes accompanying the
morphology change for B3 and Q&P processes. The subsequent measurement also revealed that the
carbon content in the film-like austenite is higher than that in blocky austenite (Figure 4). Assuming
that all alloying elements except carbon were homogeneously distributed during the slow cooling,
isothermal process [21], it is possible to estimate M temperature for both high and low carbon austenite
by the empirical equation [30]:

M;(°C) = 539 — 423C — 30.4Mn — 7.5Si + 30 Al (wt.%) 1)

From Equation (1), the M temperatures for high carbon film-like and low carbon blocky austenite
of B3 process are estimated as 39.8 °C and 149.8 °C, respectively. Similarly, they are 116.8 °C and
335.9 °C for Q&P process, respectively. It indicates that the high carbon film-like austenite should be
much more stable than the low carbon blocky austenite during deformation. Therefore, the stability of
retained austenite in the B3 samples was better as compared to the Q&P samples in this study.

4.2. Effect of the Stability of Retained Austenite on Dynamic Tensile Behavior

The strength of steel primarily depends on its hard phases, such as ferrite, bainite, and martensite,
and the plasticity primarily depends on the retained austenite. Retained austenite can have a TRIP
effect and increase the strength and plasticity of the steel during the tensile process [38]. The stability of
retained austenite is affected by the amount, morphology, and carbon content of retained austenite, and
it depends on the strength of the TRIP effect [11-13]. The dynamic tensile test of the steel is different
from that of the static tensile test, which follows the strain rate hardening effect [39,40] and TRIP effect
for retained austenite, and the adiabatic softening effect for martensite [31]. Film-like retained austenite
between bainite or martensite laths/plates is helpful. Because the film-like retained austenite has
appropriate stability and high dispersion within the bainite matrix and is very beneficial for a steady
and gradual martensitic transformation. Hence it can retard the initiation of local strain concentrations
and provide a continuous work-hardening effect [34]. However, the blocky retained austenite may
play a major role for the initiation of voids and cracks, due to the low stability facilitating an abrupt
transformation of retained austenite into martensite [34].



Metals 2018, 8, 907 9of11

In the present work, the ultimate tensile strength and the total elongation of B3 samples are better
as compared with the Q&P samples when the strain rate increases from 0.1 to 500 s!, as shown
in Table 3. The film-like retained austenite has a great effect during the deformation for B3 process.
When it was crashed with high-speed strain rate, the film-like retained austenite showed a better TRIP
effect and strain rate hardening effect compared to the blocky retained austenite. By comparing the
engineering stress and strain curves in Figure 6, it is very interesting to note that the large gap occurred
at quite different strain rates for the B3 and Q&P samples. As there is a big gap between the strain rate
of 100 s~ ! and 200 s~ for the B3 sample; whereas the large gap exists between the strain rate of 0.1 57!
and 50 s~! for the Q&P samples. These results suggest that more unstable blocky retained austenite
in the Q&P samples suddenly transformed into martensite under low strain rate, which causes the
large gap between the low strain rates. However, for the B3 sample, stable film-like retained austenite
showed a good TRIP effect under a higher strain rate. This finding provides an indirect evidence that
the film-like retained austenite is more stable than the blocky one.

5. Conclusions

The effects of the carbon content in retained austenite on dynamic tensile properties in
nanostructured bainitic steel were investigated. The same experimental tests were performed on
those of steels with the same chemical compositions treated by the conventional quenching and
partitioning process. The major findings and conclusions can be drawn as follows:

(1) The high carbon film-like austenite was much more stable than the low carbon blocky austenite
during deformation.

(2) The nanostructured bainitic steels exhibited the more remarkable dynamic tensile properties due
to the better TRIP effect and strain rate hardening effect exhibited by the high carbon film-like
retained austenite.

(3) The large gap in engineering stress and strain curves occurred at a higher strain rate (100-200 s ')
for the nanostructured bainitic steels because of the better stability of film-like austenite.
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